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Abstract: Whey proteins tend to interact with metal ions, which have implications in different
fields related to human life quality. There are two impacts of such interactions: they can provide
opportunities for applications in food and nutraceuticals, but may lead to analytical challenges
related to their study and outcomes for food processing, storage, and food interactions. Moreover,
interactions of whey proteins with metal ions are complicated, requiring deep understanding, leading
to consequences, such as metalloproteins, metallocomplexes, nanoparticles, or aggregates, creating a
biologically active system. To understand the phenomena of metal–protein interactions, it is important
to develop analytical approaches combined with studies of changes in the biological activity and
to analyze the impact of such interactions on different fields. The aim of this review was to discuss
chemistry of β-lactoglobulin, α-lactalbumin, and lactotransferrin, their interactions with different
metal ions, analytical techniques used to study them and the implications for food and nutraceuticals.

Keywords: whey proteins; metal–protein interactions; food storage; food safety;
nutraceuticals; metallocomplexes

1. Introduction

The protein fraction of whey is composed of different proteins, including β-lactoglobulin (β-LG),
α-lactalbumin (α-LA), lactoferrin (LTF), small amounts of immunoglobulin (IG), bovine serum albumin
(BSA), and lactoperoxidase (LP) [1]. Structures of LTF, β-LG, and α-LA are presented in Figure 1.

1.1. β-Lactoglobulin

β-Lactoglobulin is the major bovine whey protein, accounting for approximately 10% of the total
protein in bovine milk and approximately 50% in ruminants [2], but it is not present in human milk.
β-LG contains 162 amino acid residues, which form nine antiparallel β-sheets [3]. It belongs to the
lipocalin family and has the ability to bind different hydrophobic molecules [4], which can be useful
for reducing allergenicity owing to its covalent conjugation to flavonoids because β-LG is one of the
major milk allergens responsible for cow milk allergy [5].

β-LG has eleven genetic variants (A, B, C, D, E, F, G, H, W, I, and J). Genetic variants A and B are
most common in bovine milk and differ in positions 64 and 118. Two bovine β-lactoglobulins I and J
were isolated from bovine milk by isoelectric focusing by Godovac-Zimmermann et al. [4]. Moreover,
various variants of β-LG translate into different metal affinities, e.g., to nickel or cobalt complexes [6].

Int. J. Mol. Sci. 2020, 21, 2156; doi:10.3390/ijms21062156 www.mdpi.com/journal/ijms
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Figure 1. Structures of whey proteins at high resolution extracted from the protein data bank database;
iron atoms are denoted in red color for LTF together with carbonate ions; calcium atom is denoted in
green color for α-lactalbumin, PDB codes: LTF—1BIY; α-LA—1HFX; β-LG—6RYT.

Additionally, β-LG has two disulphide bonds (Cys-106 to Cys-119; Cys-66 to Cys-160) [7] that
maintain the structural integrity during hydrolysis and heat treatment and one free cysteine group
(Cys-121) as the binding site for d-block metal ions, such as iron (II/III), copper (II), and silver (I) [8]. Due
to the disulphide bonds and free sulfhydryl group in its hydrophobic core, β-LG prevents oxidation
by capturing reactive oxygen species (ROS) [9]. β-LG may be modified by phosphorylation [10]
or glycation [11], which are examples of post-translational modifications (PTMs) of the protein
after its translation by proteolytic cuts or by adding a modifying group to one or more amino
acids [12]. The molecular weight of β-LG and of other whey proteins is dependent on post-translational
modifications (Table 1). It also can be observed that the number of significant figures in the value of
molecular weight can be determined by the precision of the analytical method applied for its analysis.

Heating causes changes in a protein’s structure, and subsequently, its properties, thus affecting
the quality of food products. De Wit summarized the thermal behavior of β-LG up to 150 ◦C and
concluded that thermal behavior of β-LG is dependent on pH, temperature, time of heating, and
concentration [13]. Reversible conformational changes up to 60 ◦C, which are known as the Tanford
transition (negligible between pH 6.5 and 7.8, accounts for 18% at pH 7.0), irreversible denaturation by
unfolding and aggregation of monomers between 60 and 70 ◦C at pH ≥ 7.0 in the presence of OH-

ions) have been reported by several authors [13]. In addition, thiols oxidation between 65 and 75 ◦C,
disulphide/thiol exchange reactions prevailing between 75 and 85 ◦C and induction of larger aggregates
by specific non-covalent aggregation, and unfolding of the residual protein structures above 125 ◦C
have been indicated in a number of publications [13]. Liu et al. reported a loss of antioxidant activity
of β-lactoglobulin as a result of cross-linking free thiol groups upon heating (100 ◦C for 2 min) [14].
Wijayanti and co-authors evaluated the effect of lipoic acid in its acidic and reduced forms on
heat-induced unfolding of β-LG and obtained results showed that the reduced form was more effective
and its effects were similar to N-ethylmaleimide (NEM) and dithio(bis)-p-nitrobenzoate (DTNB) [15].
In contrast to heating, the antioxidant activity of β-lactoglobulin can be enhanced by ultrasound and
enzymatic treatment, which modify its secondary structure and strengthen proteolysis [8].
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Interestingly, Mercadante et al. [23] reported the ability of bovine β-LG to form dimers and studied
the dissociation equilibrium and rate constant over the pH range of 2.5–7.5. The equilibrium constant
increased with an increase in |pH-pI|, thus indicating the major role of the hydrophobic effect in the
stabilization of the dimer and suggesting that electrostatic repulsion destabilizes the dimer, especially
at low pH.

1.2. α-Lactalbumin

α-Lactalbumin consists of 123 amino acids, except for rat α-lactalbumin, which contains 17 more
amino acids and is an extension of the carboxyl end enriched with proline [24]. α-LA constitutes
approximately 22% of the total protein of human milk and approximately 36% of whey protein in
human milk, and it constitutes approximately 3.5% of the total protein and approximately 17% of the
whey protein in bovine milk [25].

The native α-LA consists of two domains: a large α-helical domain and a small β-sheet domain
connected by a calcium-binding loop. α-LA possesses a strong calcium-binding site with residues
of Lys79, Asp82, Asp84, Asp87, and Asp88 [26]. Calcium-binding has a significant influence on
the molecular stability of LA. Moreover, it is required for the refolding and formation of a native
disulphide bond in the reduced, denatured protein [27]. The nuclear magnetic resonance (NMR) and
circular dichroism (CD) pH titration studies reported by Kim et al. suggested that critical electrostatic
interactions concentrated in the calcium-binding region contribute to the denaturation of the protein
by determination of the pKa values of individual functional ionizable groups [28]. When calcium ions
dissociate from α-LA at an acidic pH, the protein adopts the molten globule conformation, which
has been described as a compact state with a significant degree of secondary structure in the native
protein but with a fluctuating tertiary structure [29]. The molten globule has a weakly folded α-helix
domain and a domain with a disordered β-sheet domain [30]. The removal of calcium (II) ions
resulted in conformational changes, as indicated by spectral (fluorescence and absorbance) changes [31].
Interestingly, the work of Noyelle and co-authors showed that magnesium (II) binding occurred more
likely via interactions with the residues belonging to the zinc (II)-binding site in contrast to its expected
binding to the calcium (II)-binding site [26]. A study by Wehbi et al. demonstrated that binding of
calcium to bovine α-LA increases the resistance of the protein structure to thermal treatment [32].

α-LA is stabilized by four disulphide bonds between the cysteine residues (Cys-6 to Cys-120, Cys-61
to Cys-77, Cys-73 to Cys-91, and Cys-28 to Cys-111) [33]. The active molecular form of α-LA may have
various post-translational modifications in contrast to the native form [19]. Moreover, for structural
reasons, the α-LA has a metal affinity to ions of s-block elements, such as magnesium (II) and transition
metal ions, e.g., zinc (II), which is especially promoted in the reaction with β4-galactosyltransferase,
according to immobilized metal-affinity chromatography (IMAC) [34]. In addition, calcium ions
increase the stability of α-LA in its native state [35]. Zinc ions may also bind to the calcium-binding
site, thus increasing its absorption and bioavailability. In this way, the α-LA complex of zinc can be
used as a natural carrier for the supply of zinc in food systems [36].

1.3. Lactoferrin

Lactoferrin (LTF) is a highly glycosylated protein of the transferrin family [37] that has a molecular
weight of approximately 80 kDa, depending on its post-translational modifications [20], [21]. Wei et al.
suggested the presence of five N-glycosylated sites of bovine LTF-a (bLTF-a): -Asn-233, -281, -368,
-476, and -545 [38]. The degree of glycosylation may vary and thus determines the rate of resistance to
proteases or to very low pH [39].

Lactoferrin consists of a single polypeptide chain with approximately 700 amino acids folded
into two symmetrical lobes: a N-lobe and C-lobe. These are homologues with respect to each other
(33%–41% homology). Each lobe consists of two domains, such as C1, C2, N1, and N2 [37]. Both lobes
contain approximately 345 residues, and their disposition in each lobe creates an interdomain pocket
with a high affinity to iron; the binding is accompanied by synergistic binding of carbonate ions [39]. In
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more details, in each lobe, a single Fe atom is coordinated by amino acid side chains that are dispersed
in each domain and connecting region because of the changes in conformations occur, causing domains
to come together. A distorted octahedral coordination sphere is formed by coordinating ligands as
carboxylate-O (Asp), two phenolate-O (Tyr), and imidazole-N (His), which is completed by bidentate
binding of carbonate or bicarbonate ion. Carbonate is considered as synergistic since its presence is
essential for iron binding. The stability constant for iron (III) complex is high (logβ 28 at pH 7.4) [40,41].

LTF can exist in two forms, apo-Lf and holo-Lf, depending on whether it binds iron (III) or
not [37]. In addition to iron, LTF is capable of binding other ions, such as aluminum (III), gallium (III),
manganese (III), cobalt (III), copper (II), and zinc (II), but with lower affinity [42]. It was reported that
LTF releases iron in acidic conditions (pH below 4) [43], and diferric transferrin readily loses iron at
pH < 6.7 [44]. It is also very important to consider the iron saturation and concentration at low pH,
especially in places of infection and inflammation, where, as a result of metabolic activity of bacteria or
stimulated leucocytes, the pH may be lower than 4.5 [45].

2. Interaction of Whey Proteins with Metals

Metal ions interact with proteins, thus affecting their biological activity [46]. The evaluation of
these changes is of considerable importance because proteins have many functions in the human
body and applications in many industries. The following factors are crucial for the assessment of
changes induced by interactions with metals: (a) the creation of new binding sites that determine the
interactions of protein with other ligands, (b) changes in the protein structure, (c) interacting groups
for studying the nature and thus strength of the interaction, and (d) possible protein aggregation.

The results of metal–protein interactions may include metalloproteins, metallocomplexes, and
nanoparticles. Metalloprotein is primarily formed by coordination bonds between metal ions and
functional groups of amino acids, for example, carboxyl, of the protein, thus embedding in the protein
structure. These protein functional groups form a special binding site in a form of ‘cavity’ that is
determined by protein quaternary structure and its biological activity. In addition, metalloprotein
can interact with metal ions, forming either metallocomplexes (as first step) or metal/metal oxide
nanoparticles. A metallocomplex is an artificial system defined by weak interactions such as electrostatic,
hydrogen bonding, Wan der Waals forces, or donor–acceptor bonds, which are stronger than previously
mentioned interactions. The binding affinity of metal ions to protein in the metallocomplex can
be defined also by inductive (artificial) binding sites and collective strength of weak interactions.
In contrast to metalloproteins, the interactions, leading to formation of metallocomplex, occur mostly via
sorption or by intraparticle diffusion (modeled by Weber–Morris), while the metal ion of metalloprotein
is embedded or ‘buried’ in a protein structure forming a natural system as for, e.g., hemoglobin,
transferrin, etc. Interactions of a protein and metal ions with active functional groups of amino acids
can be reversible and labile and lead to the formation of nanoparticles as was reported in the study of
LTF and silver ions [47]. The formed system consisting of metalloprotein, the formed metallocomplex,
and nanoparticles can be considered as a nanocomposite [48]. A graphical representation of the possible
results of metal–protein interactions is illustrated in Figure 2. Additionally, it is worthy to mention that
statistically, different types of interactions of metal ion and different functional groups of the protein
can occur and even simultaneously occur from a theoretical point of view, however the final result is
dependent on the conditions of such interaction (temperature, pH, etc.) that determines conformation
of the protein, its folding/unfolding and thus formation of binding sites for the metal ion, orientation
of functional groups of the protein (steric factor for interaction). This also explains strong coordination
bonds of the metal ion and protein in the metalloprotein since many factors can lead to formation of
‘cavities’ as binding sites for metal ion that are quite challenging to reproduce in the artificial system,
thus making it possible the synthesis mostly of metallocomplexes, while metalloproteins are formed
mostly by a natural way.
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Figure 2. Consequences of metal–protein interactions: (A) metalloproteins, (B) nanoparticles, and
(C) metallocomplexes; 2A—carbonate binding site of LTF as a metalloprotein; 2B—formed nanoparticles
as a result of interaction of LTF with a metal ion; 2C—metallocomplexes formed by weak electrostatic
and sandwich interactions; B and C can form a nanocomposite.

Besides the formation of metallocomplexes and their nanocomposites, metal-induced protein
aggregation also occurs, thus causing a loss in biological activity, protein precipitation from solution thus
being detrimental for the quality of the product. Chemistry of the metal-induced protein aggregation can
be explained by the Derjagin–Landau–Verwey–Overbeek (DLVO) theory of intraparticle interactions,
which treats the stability of a biocolloidal system in terms of balance between attractive van der Waals
forces and repulsive electrical double-layer forces [49]. The addition of metal ions shifts the attractive
forces to increase, thus strengthening the interactions between protein units, causing the formation
of large aggregates. An interesting example was shown by Hedberg et al., where the synergistic
effects of iron (II/III), chromium (III), and nickel (II) ions were suggested for aggregation of the human
serum albumin (HSA) protein. This study also emphasized the importance of considering the safety of
metal-based materials upon exposure to the human body and serves as a brilliant example of changes
in the biological activity after protein interactions with metals. Changes in the electrostatic forces upon
binding were evidenced by changes in electrophoretic mobility [50].

Moreover, such aggregation could cause (a) adsorption of proteins on metal surfaces, creating
a problem with cleaning, (b) fouling of the filtration membranes by protein, complicating dairy
processing by further disruption of membranes for ultra- and microfiltration, which could be explained
by the increase in adhesion of proteins on the metal surface after the addition of metal ions. Interesting
studies have been carried out to investigate the factors affecting whey proteins fouling. Yang et al. [51]
reported that addition of calcium ions was a more prevailing factor for fouling of β-LG rather than its
temperature-induced denaturation. Magens et al. showed the influence of surface type on the fouling
performance, deposit structure, and composition in terms of the interactions between whey proteins
and surface forces. DLVO theory was applied as mentioned earlier for the analysis of particle–surface
forces and surface energy [52]. Such studies serve as direct evidence of the importance of studying
whey protein–metal interactions and its implications for daily life.

The current section will be dedicated to interactions between whey proteins and metals, such as
copper, zinc, silver, lanthanum, palladium, and ruthenium, as well as to the effects of iron, chromium,
nickel, and calcium on the biological activity of whey proteins.
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First of all, the major part of metals described in this review are transition metals because the most
common inorganic cofactors in biological systems are d-block metals that facilitate various functions
of proteins and their complexes [53], thus making the studies of changes in the biological activity of
proteins upon their interaction with metals relevant. Moreover, d-block metals have a natural affinity
for interacting with proteins owing to the lack of electrons, thus making them able to coordinate to
electron-rich moieties in proteins. This makes metalloproteins widespread in nature because metal
cofactors are bound to proteins via coordination bonds: it is estimated that more than 50% of all
proteins are metalloproteins [46]. Moreover, such metal ions as copper (II), iron (II), manganese
(II), and molybdenum (II) have the ability to have the strongest coordination due to their properties
such as density and small atomic radius [54]. More importantly, the presence of transition metals is
ubiquitous in the environment, and sources and routes of human exposure can greatly vary. In addition,
interestingly, metal complexes are applied as drugs for patients with iron-deficient anemia, kidney
diseases [55], cancer (complexes of palladium, ruthenium, and platinum [56]), and malnutrition.

Finally, the increased consumption of metal–microelements as supplements to food increases the
probability of their interactions with proteins because global demand for protein-rich food has increased
with improved living standards [57] along with the prevailing percentage of proteins functions in the
human body.

2.1. Nature of the Metal–Protein Interaction

The nature of metal–protein interactions provides insights into the type and strength of the
interaction as well as involvement of functional groups of a protein. For example, sorption at the
surface of the protein, which is characteristic for metallocomplexes, may occur via weak non-covalent
interactions that are unstable and reversible. Coordination bonds that allow embedding of a metal into
the structure of protein are stronger.

Polypeptide chains of proteins usually coordinate with the metal ion, and side chains with
functional groups can act as an additional binding site for metals, including the imidazole group of
histidine, carboxyl group of aspartate and glutamate, the phenol ring of tyrosine [58], and nitrogen
of lysine and arginine side chains. Hydrogen, electrostatic, and hydrophobic bonds, and van der
Waals interactions are significant for the metal–protein interaction, which has a considerable effect
on the stabilization of protein structures [58]. Factors affecting the binding of a metal to proteins
include the metal properties, such as the valence state, ionic radius, charge-accepting ability, and free
metal concentration in the respective biological compartment [59]. However, studies on the nature
of metal–protein interactions and characterization of metal binding to proteins are challenging and
carried out by instrumental analytical techniques as well as combinations of techniques, as summarized
in Table 2.

7



Int. J. Mol. Sci. 2020, 21, 2156

T
a

b
le

2
.

In
te

ra
ct

io
ns

of
m

et
al

io
ns

w
it

h
pr

ot
ei

ns
an

d
th

ei
r

ch
ar

ac
te

ri
za

ti
on

.

M
e

ta
l/

C
o

n
c.

C
o

m
p

o
u

n
d
/C

o
n

c.
In

te
ra

ct
io

n
A

n
a

ly
ti

ca
l

m
e

th
o

d
R

e
f.

Z
n2+

st
ro

ng
bi

nd
in

g
affi

ni
ti

es
:

IT
C

[6
0]

LT
F

2.
7
×1

05
M
−1

BS
A

2.
3
×1

05
M
−1

α
-L

A
1.

5
×1

05
M
−1

β
-L

G
1.

5
×1

05
M
−1

Z
n2+

(6
.2

3
m

M
)

α
-L

A
(6

3.
9
μ

M
)

tw
o

se
ts

of
in

de
pe

nd
en

tb
in

di
ng

si
te

s
fo

r
zi

nc
(I

I)
IT

C

[3
4]

tw
o

io
ns

bi
nd

w
ith

th
e

bi
nd

in
g

co
ns

ta
nt

of
4.

53
×1

04
M
−1

flu
or

es
ce

nc
e

fo
ur

io
ns

bi
nd

w
ith

th
e

bi
nd

in
g

co
ns

ta
nt

of
96

3
M
−1

C
D

el
ec

tr
os

ta
ti

c
in

te
ra

ct
io

ns
D

SC

Z
n2+

w
he

y-
de

ri
ve

d
pe

pt
id

es
zi

nc
ch

el
at

io
n

FT
-I

R
[6

1]
el

ec
tr

os
ta

ti
c

in
te

ra
ct

io
ns

zi
nc

ch
el

at
in

g
ca

pa
ci

ty

Z
nO

W
PI

D
SC

cu
rv

es
al

lo
w

ed
to

su
gg

es
t;

hy
dr

og
en

bo
nd

in
g;

O
–Z

n–
O

bo
nd

in
g;

or
el

ec
tr

os
ta

ti
c

in
te

ra
ct

io
ns

;X
R

D
an

d
U

V
-V

is
al

lo
w

ed
to

ob
se

rv
e

ev
id

en
ce

fo
r

ph
as

e
st

ru
ct

ur
e

an
d

cr
ys

ta
lq

ua
lit

y
of

Z
nO

na
no

pa
rt

ic
le

s;
TE

M
—

im
ag

e
of

Z
nO

-W
PI

na
no

co
m

po
si

te

X
R

D
,T

EM
,D

SC
,U

V
-V

is
[6

2]

A
g+

LT
F

tw
o

st
ag

es
:

(i
)i

nt
er

na
ld

iff
us

io
n

an
d

so
rp

ti
on

on
to

th
e

ex
te

rn
al

su
rf

ac
e

of
la

ct
of

er
ri

n
gl

ob
ul

es
;

(i
i)

in
te

rn
al

di
ff

us
io

n
an

d
bi

nd
in

g
to

th
e

la
ct

of
er

ri
n

st
ru

ct
ur

e;
vi

a
el

ec
tr

os
ta

ti
c

an
d

hy
dr

op
ho

bi
c

in
te

ra
ct

io
ns

M
A

LD
I-

TO
F/

TO
F-

M
S,

IC
P-

M
S,

FT
-I

R
,S

ER
S,

TE
M

,
ED

X
,e

le
ct

ro
ph

or
et

ic
te

ch
ni

qu
es

[4
7]

La
(I

II
)-

C
ys

co
m

pl
ex

hy
dr

og
en

bo
nd

s,
va

n
de

r
W

aa
ls

in
te

ra
ct

io
ns

N
M

R
,U

V
-V

is
,F

T-
IR

,
TG

-D
TA

,F
R

ET
,C

D
[6

3]
BS

A
K

BS
A

-L
a

0.
11
×1

04
M
−1

;

β
-L

G
K
β

-L
G

-L
a

0.
63
×1

03
M
−1

La
(I

II
)-

Tr
p

co
m

pl
ex

hy
dr

op
ho

bi
c

in
te

ra
ct

io
ns

:
N

M
R

,U
V

-V
is

,F
T-

IR
,

TG
-D

TA
[6

4]
H

SA
K

b
0.

13
8
×1

04
M
−1

(3
03

K
)

La
(I

II
)-

Ph
e

co
m

pl
ex

hy
dr

og
en

bo
nd

s,
hy

dr
op

ho
bi

c
in

te
ra

ct
io

ns
K

b
0.

17
4
×1

04
M
−1

(3
03

K
)

N
M

R
,U

V
-V

is
,F

T-
IR

[6
5]

H
SA

8



Int. J. Mol. Sci. 2020, 21, 2156

T
a

b
le

2
.

C
on

t.

M
e

ta
l/

C
o

n
c.

C
o

m
p

o
u

n
d
/C

o
n

c.
In

te
ra

ct
io

n
A

n
a

ly
ti

ca
l

m
e

th
o

d
R

e
f.

Pd
(I

I)
co

m
pl

ex

hy
dr

og
en

bo
nd

s,
va

n
de

r
W

aa
ls

in
te

ra
ct

io
ns

N
M

R
,U

V
-V

is
,F

T-
IR

[6
6]

H
SA

(1
×1

05
M

)
K

b
0.

5
×1

04
M
−1

;

β
-L

G
(1
×1

05
M

)
K

b
0.

2
×1

03
M
−1

Pd
(I

I)
co

m
pl

ex
es

(1
0−

4

M
)

hy
dr

og
en

bo
nd

s,
va

n
de

r
W

aa
ls

in
te

ra
ct

io
ns

N
M

R
,U

V
-V

is
,F

T-
IR

,F
R

ET
[6

7]
H

SA
(2

m
g/

m
L)

Ic
om

pl
ex

:K
b

0.
49
×1

04
M
−1

(2
93

K
);

II
co

m
pl

ex
:K

b
0.

79
×1

04
M
−1

(2
93

K
)

C
o

(I
I)

-N
i(

II
)c

om
pl

ex
es

hy
dr

og
en

bo
nd

s,
va

n
de

r
W

aa
ls

in
te

ra
ct

io
ns

U
V

-V
is

,F
T-

IR
,fl

uo
re

sc
en

ce
[6

8]
H

SA
K

b
3.

16
×1

06
M
−1

(3
03

K
);

β
-L

G
K

b
0.

54
×1

05
M
−1

(3
03

K
)

M
n

(I
I)

-C
o

(I
I)

co
m

pl
ex

es
(5
×1

0−
3

M
)

hy
dr

og
en

bo
nd

s,
hy

dr
op

ho
bi

c
in

te
ra

ct
io

ns

U
V

-V
is

,F
T-

IR
,F

R
ET

[6
9]

H
SA

(5
×1

0−
4

M
)

I:
K

b
7.

4
±0

.0
4
×1

04
M
−1

(3
03

K
);

II
:K

b
6.

08
±0

.0
9
×1

03
M
−1

(3
03

K
)

β
-L

G
(5
×1

0−
4

M
)

I:
K

b
7.

13
±0

.0
3
×1

04
M
−1

(3
03

K
);

II
:K

b
2.

62
±0

.0
5
×1

03
M
−1

(3
03

K
)

9



Int. J. Mol. Sci. 2020, 21, 2156

Another factor affecting metal–protein interactions is pH. Magyar et al. reported interesting
results showing potential pitfalls during metal–protein interactions studies and discussed how pH,
temperature, use of different buffers, and the presence of competing ligands affect the Kd value [70].
The effect of pH on such interactions can be explained by the protonation state of amino acids of
the proteins. Firstly, Asp, Glu, and His respond to pH changes leading to association/dissociation of
their complexes with metal ions and they are deprotonated at neutral-alkaline pH that leads to the
increase in electrostatic attraction and strengthening of the complex, while in acidic pH protonation
occurs and weakens the attractive forces [61,71]. Furthermore, cysteine has a thiol group that has to be
deprotonated to be involved in metal coordination as well as tyrosine can be deprotonated to produce
a phenolate oxygen donor atom, which, e.g., can be a good ligand for Fe (III) [40]. Interesting, that in
the case of the effect of pH on binding affinity of iron to LTF, the carbonate ion is involved, since it is
essential for iron binding and this ion is unstable at low pH leading to a release of iron from LTF [40].
Another aspect of the effect of pH is related to conformational changes in a protein structure, e.g.,
it was reported that β-LG at acidic conditions it caused dimerization that involved changes in the
exposed β-strands, but in alkaline conditions the denaturation was observed [72].

Tang et al. also showed that glutamate and aspartate should be combined with a nitrogen donor
or a sulphur donor to facilitate zinc-binding in peptides or proteins by using isothermal titration
calorimetry (ITC). Whey proteins, such as lactoferrin, α-lactalbumin, and β-lactoglobulin showed
strong zinc-binding affinities that were similar to each other, even though zinc binding to bovine
serum albumin and lactoferrin was exothermic while binding to α-lactalbumin and β-lactoglobulin
was slightly endothermic. In addition, authors suggested that zinc binds to the disulphide bonds of
oxidized cysteine in LTF and to the thiol group of the cysteine (Cys34) in BSA with significant heat
evolution, whereas zinc binds to histidine, aspartate, or glutamate in α-LA and β-LG [60].

Shahraki et al. reported ultraviolet-visible spectroscopy (UV-Vis) results that showed that the
interaction of the lanthanum (III)–cysteine complex with β-lactoglobulin and bovine serum albumin
induces conformational changes for both proteins. In addition, the lanthanum (III)–cysteine complex
strongly quenched the fluorescence of Trp fluorophore in β-LG and BSA in the static quenching
mode. Hydrogen bonds and van der Waals forces stabilized the complexes for both proteins [63].
Similar studies on lanthanum–protein interactions were carried out for a lanthanum (III) complex with
tryptophan [64] and phenylalanine [65] in relation to human serum albumin. In both cases, spectroscopic
techniques indicated the inhibition of protein fluorescence by a static quenching mechanism, whereas
data on thermodynamic parameters indicated hydrophobic interactions and hydrogen bonds between
the lanthanum (III) complex and protein. In addition, structural studies indicated the conformational
changes in proteins in the presence of the lanthanum complex. The lanthanum complex with tryptophan
also showed moderate to good antibacterial activity against different bacterial strains. Comparable
results were obtained for interactions between human serum albumin and β-lactoglobulin with
palladium (II) complexes [66,67]. Spectroscopic studies indicated conformational changes in proteins as
a result of the action of the palladium (II) complex. Data on thermodynamic parameters of interaction
showed that hydrogen bonds and van der Waals interactions play an important role in HSA/β-LG and
palladium (II) complexes associations. In addition, the results of the study showed strong fluorescence
quenching of HSA and β-LG by Pd (II) complex via static mechanism [66,67].

2.2. Analytical techniques for separation and analysis of whey proteins

Methods of separation of whey proteins include chromatographic (affinity, anion-, cation-exchange,
and reverse-phased), membrane-based (ultrafiltration and microfiltration), and electrophoretic methods.
All these methods, except for the electrophoretic, were applied at all stages including isolation,
purification, and separation, prior to analysis. Table 3 shows the methods applied for separation of
whey proteins for their isolation, analysis, and identification, including real matrixes (different types of
cheese and milk).
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Membrane-based methods are very diverse and can be applied for the isolation of whey proteins
from real matrices, for the preparation of whey protein concentrate (WPC) and whey protein isolate
(WPI), and for separation prior to analysis/detection.

Electrophoretic techniques include capillary (CE), gel (SDS-PAGE, Native PAGE), and microchip
electrophoresis (MCE). The microfluidic “lab-on-a-chip” technique for the separation of proteins has
been reported as a high-throughput, automated alternative to conventional SDS-PAGE that allows
the separation and quantification of many samples within 30 min. Another advantage is the low
sample and material volumes required, which are usually less than 0.5 mL of the total volume
chip (10 samples) [76]. In comparison, SDS-PAGE requires several liters of materials (acrylamide
solutions, running buffers, and staining/destaining solutions). Thus, Anema S.G. applied this technique
for the separation of α-LA and β-LG in different forms and compared with traditional SDS-PAGE
and concluded that it is a rapid alternative for separation and quantification of milk proteins [76].
Buffoni et al. used MCE together with LC-ESI-MS to characterize the major proteins from milk of
Mediterranean water buffalo [77]. However, the main limitation of the capillary and microfluidic
system is the relatively low electro-separation reproducibility owing to the adhesion of proteins to the
capillary, the denaturation and sensitivity of the system to changes in pH, and the ionic strength of
the buffers. However, Costa et al. indicated that addition of buffers (TPS and SEP) to milk prior to
separation showed excellent effects on α-LA and β-LG, whereas separation of caseins was better with
the SEP buffer, and the results were comparable to those obtained by SDS-PAGE [75].

Chromatographic techniques for separating whey proteins are also diverse. Separation in this case
is based on hydrophobic, ionic, and specific (based on affinity) interactions and consists of adsorption
of proteins on a solid (column or membrane) that are eluted with the liquid phase [82]. Ion-exchange
chromatography has many advantages over column-packed technology, such as a rapid association
rate between the target protein and functional groups, short processing times, ease of scale-up, no
heat, and chemical pretreatments or pH changes that could affect the protein structure by altering
its properties [80]. Moreover, the column-packed chromatographic technique is expensive and thus,
not economically viable suitable for industrial scale-up in the food industry [82]. Anion- [80] and
cation-exchange [81] membrane columns were exploited for fractionation of whey proteins from
WPC and mozzarella cheese whey, followed by fast protein liquid chromatography (FPLC) and high
performance liquid chromatography (HPLC) separation, detection with UV-Vis, and identification
with SDS-PAGE, respectively. Doultani et al. [81] found that the one ion exchange system can be used
for different purposes depending on the elution buffer. The first step included capturing positively
charged whey proteins in the cation exchange column, the second step was the removal of unbound
contaminants by rinsing, and the last step involved selective desorption of one or more proteins of
interest. One advantage of this study was the use of inexpensive, food-grade buffers within one
column to yield high-purity proteins. However, chromatographic approaches in comparison with
classical electrophoretic techniques, e.g., two-dimensional gel electrophoresis, still have quite a low
resolution power.

2.3. Analytical Techniques for Studies of Interactions of Whey Proteins with Metal Ions

Instrumental techniques used for the study of the consequences of metal–protein interactions
and their potential applications are summarized in Table 4. They include microscopic, spectroscopic,
spectrometric, electrophoretic, and even quantum mechanical techniques that provide data regarding
the structure, morphology, and chemical composition of metal to protein binding.
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2.3.1. Mass Spectrometry

Mass spectrometric methods as highly sensitive techniques that have low detection limits were
applied for studying metal–protein interactions by measuring the concentrations of metal ions and
protein. Inductively coupled plasma mass spectrometry (ICP-MS) is capable of detecting metal
concentrations as it was reported for determination of concentration of the silver (I) ion to study the
mechanism of binding of silver to LTF [47]. Acosta et al. used size exclusion chromatography (SEC) in
combination with ICP-MS to determine the metals, such as manganese, cobalt, copper, and selenium,
present in different whey milk protein fractions of human breast milk (HBM) to detect the elements
with appropriate sensitivity and accuracy, whereas MALDI-TOF/TOF-MS and nano-LC–MS/MS were
used to analyze the protein fraction composition and quantitative profile [84]. Despite the advantages
and fast development of MALDI-TOF-MS protocols for analysis of proteins [96], the gold standard
for determination of mass, sequence of proteins, their analysis, and characterization is ESI-MS [97].
Limitations of ESI-MS for metal–protein interactions can include redox reactions that may occur during
the ionization, atmospheric pressure that can contribute to oxidation of sensitive species, requirements
for high purity of the sample and incompatibility with most commonly used non-organic buffers and
salts [98]. Moreover, a drift cell was developed for ion mobility mass spectrometry that allowed one
to characterize 14 proteins and protein complexes [99]. In addition, Allen et al. studied the effects of
polarity on the structures and charge states of native-like proteins and complexes in the gas phase
by ESI-MS and ion-mobility mass spectrometry [100]. Additionally, Lermyte et al. studied metal ion
binding to the β-amyloid monomer by native FT-ICR mass spectrometry [101] and effects of transition
metals in proteinopathies by ESI-MS [98].

2.3.2. Spectroscopic Techniques

In addition to mass spectrometric techniques, other methods used to understand the mechanism
of binding silver to LTF have included Fourier transform infrared spectroscopy (FTIR) and Raman
spectroscopy (RS). Both FTIR analysis and Raman spectroscopy have shown significant differences
between LTF spectra with the addition of silver from native protein in terms of additional peaks.
These techniques are complementary for the study of metal ion interactions with active functional
groups of proteins. However, FTIR in comparison with RS is less specific and sensitive owing to the
presence of water in the system, limiting the participation of the hydroxyl group in the interaction.
Alternatively, RS is limited by the fluorescence processes of aromatic residues of LTF and requires
surface-enhanced procedures, e.g., by gold or silver nanoparticle sputtering [102]. Additionally, to
accurately indicate the location of silver cation binding with LTF, Pomastowski et al. used molecular
dynamics (MD) analysis. Moreover, by determining the locations of silver cation bonding with LTF,
the reduction of silver ions to elementary silver via density functional theory (DFT) was indicated. On
the other hand, X-ray photoelectron spectroscopy (XPS) was used to confirm the attachment of the LTF
peptide (hLf1-11) to titanium surfaces by determining the chemical composition of the surface of the
system [93]. Another important technique is fluorescence spectroscopy (FS) since it allowed one to
determine binding affinity of whey proteins and metal ions by measurements of quenched fluorescence
of the protein upon addition of metal. However, this method is suitable mostly for moderate and strong
affinities and includes a number of details that are necessary to consider during the measurements [103].
Binding affinities of different metal ions and whey proteins were mostly determined by fluorescence
spectroscopy [60–66]. The second method that was used for the determination of binding affinity of
the interaction of metal ions and whey proteins was isothermal titration calorimetry (ITC). Obviously,
it is not a spectroscopic method, but in contrast to FS, it was used only in two studies (Table 2). ITC is
based on measurements of the heat changes during the interaction. One advantage of this method over
other techniques is that it is possible to measure thermodynamic parameters of the interaction together
with binding affinity, however for very high- or low-affinity complexes it is challenging [104,105].
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2.3.3. Microscopic Techniques

Microscopic techniques can serve as indirect methods for study of consequences of interaction
and description of the mechanism of metal ions binding to a protein leading to the formation of
nanoparticles as it was carried out previously [47]. Kumari and Kondapi used FT-IR spectroscopy to
confirm 5-FU entrapment in LTF nanoparticles in their studies on fluorouracil capture in lactoferrin
nanoparticles to increase its effectiveness in the treatment of malignant melanoma. Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) analyses were used for physicochemical
characterization of LTF nanoparticles formed as a result of an interaction of LTF with silver ions. TEM
analysis helped to determine the morphology and size of nanoparticles, while SEM helped to determine
that the obtained particles have a spherical shape in the range of 90–110 nm. Additionally, studies based
on dynamic light scattering showed that the hydrodynamic diameter of the LTF nanoparticles obtained
was 150 ± 20 nm. These differences can be explained by the fact that dynamic light scattering (DLS)
analysis takes into account the hydrodynamic size of the solvated protein, but electron microscopy
approaches are used for the study of topology, porosity, and metal–organic core size [87]. However,
Kumar et al. characterized the morphology of LTF nanoparticles using both SEM and atomic force
microscopy (AFM), which showed that the nanoparticles had a spherical shape and a diameter of
50–60 nm [91]. In the study of Bollimpelli et al., DLS analysis of LTF nanoparticles loaded with
curcumin was used to determine their size (100 nm), whereas SEM and AFM analyses indicated their
sizes were 43–60 nm. In this case, different sizes were related to the surface charge of the particles and
their interaction with the water shell [88].

2.3.4. Complementarity of MALDI- and NALDI-TOF-MS for Metal–Protein Interactions Studies

The matrix-assisted laser desorption ionization technique (MALDI) coupled to the time-of-flight
mass spectrometry (TOF-MS) has become one of the common methods for protein characterization in
addition to other MS-based approaches. The advantages of MALDI-TOF-MS include the simplicity of
use, sensitivity, large mass range, and relative resistance to interferences from matrices [96]. Moreover,
this technique is reasonable to use not only for protein characterization but also for studies of protein
interactions because biological activity and biomolecular recognition are defined by non-covalent
interactions. The interactions of various ligands with proteins are interesting to study because
they fulfill many functions in nature as well as in the human body. For example, MALDI-TOF-MS
analysis of β-lactoglobulin was used to study its influence on human immunity and promotion of cell
proliferation [106], and the analysis of carbonic anhydrase IX [107] complexes with potential synthetic
inhibitors allowed the identification of only strong binding inhibitors to proteins owing to the nature
of MALDI ionization. Authors suggested that the stoichiometry of binding showed a possible second
binding site, supporting the hypothesis of the induced-fit model of the interaction. In some cases,
in studies of the origins of disease, the role of metal–protein complexes and metal speciation are of
big interest, particularly for Alzheimer’s disease and its implications. Although MALDI-MS is not
able to quantify metals in biological samples as well as in model systems for such studies, it can be
used for quantitative determination of proteins and identification of post-translational modifications
sites. Despite the challenges of MALDI-MS quantification associated with the reproducibility of results,
approaches, such as using isobaric tags for relative and absolute quantization (iTRAQ), are widely
used for differentiation of expressed proteins in comparative proteomics owing to large-scale, high
throughput, and highly sensitive procedures of different MS-based approaches [108]. This technology
applies a 4-plex set of amine reactive isobaric tags to derivatize peptides at the N-terminus and at the
lysine side chains, thus labeling all peptides in a digest mixture [109].

Moreover, PTMs are crucial for protein biological activity, and their identification is an important
analytical challenge. The MALDI-TOF-MS technique can be applied for this purpose by protein
digestion to peptides and then identification of PTM sites. Although MALDI-TOF-MS is widely used
for the analysis of digested proteins as well, analysis of LMW peptides can be complicated owing to
the matrix interference and thus, signal suppression (<700 Da). Matrix-free approaches include many
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methods of analysis with the use of materials to replace the matrix. Nano-assisted laser desorption
ionization (NALDI) is a promising technique. Nanomaterials assist the ionization that leads to signal
enhancement owing to surface plasmon resonance. For example, Shenar et al. reported that a NALDI
plate provided results with better sensitivity as compared to a DIOS chip, carbon powder, and porous
silica for model peptides in the range of 519–2853 Da [110]. Interestingly, the NALDI approach can be
promising for studies of metal–peptide interactions, which is also an important part of metal–protein
interactions studies because they can indicate if some peptides can be specifically bound to a metal
of interest.

Thus, the MALDI and NALDI techniques can be complementary to each other in terms of
characterization of metal–protein interactions when coupled with other instrumental techniques in
the following cases: (a) analysis and characterization of intact and digested proteins, analysis of
metal–protein adducts by MALDI, (b) analysis of peptides digested from original proteins in the low
molecular mass range, peptide adducts with metals and PTM sites located on the peptides with a low
MW using NALDI in the mid to high range by MALDI, and (c) quantitative analysis of proteins by
MALDI/NALDI.

3. Implications of Whey Protein–Metal Interactions in Food and Nutraceuticals

3.1. Changes in Bioactivity after Metal Interactions

There are many publications that have reported biological claimed activities of whey proteins;
however, the changes in these activities upon metal addition have not yet been deeply discussed.

To the best of our knowledge, whey proteins exert antioxidant activity by forming glutathione
(GSH) [111], which may be connected with anticancer activity. GSH can be formed due to high sulphur
content of whey proteins provided by the presence of cysteine, which forms γ-glutamylcysteine, and
this step is rate-limiting in GSH synthesis [112]. In addition, LTF can serve as an antioxidant agent by a
binding iron in a form that prevents it to act as a Haber–Weiss catalyst [113]. However, complexes of
whey proteins with metals demonstrate anticancer activity, serving as carriers for metal complexes,
such as lanthanum (III) with β-LG [63] and cobalt and nickel complexes with HSA and β-LG [68].

Nevertheless, the effect of metals on anticancer activity of whey proteins can be shown by the
example of LTF. It has been reported that iron-unsaturated apo-LTF inhibits the growth of cervical
cancer (HeLa) cells after 48 h of treatment, whereas diferric-bLf was not effective [114]. Additionally,
Gibbons et al. indicated that both iron-unsaturated apo-LTF and iron-saturated b-LTF (> 90% Fe3+

sat.) showed antitumorigenic properties; however, the apo-form showed a higher effect in inducing
cytotoxicity in both cell lines (MDA-MB-231 and MCF-7) compared to Fe-bLf, which was more effective
at inducing apoptosis in MCF-7 cell lines [115]. Studies conducted on mice by Kanwar et al. showed
that chemotherapy eradicated EL-4 lymphomas in mice that received iron-saturated LTF for 6 weeks
before chemotherapy but not in mice receiving lesser iron-saturated forms. It was concluded that bLf
may be a potential natural adjuvant agent for supporting chemotherapy, but when saturated with iron,
it can be more effective [116].

LTF possesses antibacterial activity itself along with having immunomodulatory functions [117].
However, in previous research by Pomastowski et al. [47], it was reported that the formed nanocomposite
as a result of the interaction of silver ions with LTF and a spontaneous reduction of silver ions to
nanoparticles exerted a strong antibacterial activity against Pseudomonas aeruginosa, Staphylococcus
aureus, Escherichia coli, and Enterococcus faecalis. The growth of the drug-resistant P. aeruginosa strain was
inhibited by more than 97%, which was comparable to the traditional cefotaxime antibiotic. Moreover,
Komatsu et al. demonstrated that lactoferrin might be used to reduce the risk of aspiration pneumonia
among elderly people for whom oral care remains difficult [118]. Additionally, the antiparasitic effect
of LTF is different depending on the species. LTF interferes with iron acquisition by some parasites;
however, LTF may act as a specific iron donor for some parasites that use LTF for their growth. More
specifically, holo-LTF interacts with cell membrane receptors, and the cell starts to secrete iron reductase

16



Int. J. Mol. Sci. 2020, 21, 2156

complex, which includes NADPH that requires the reductase, and it donates electrons, thus changing
the membrane potential and leading to its disintegration [119].

An interesting study by Thawari et al. [120] on β-LG and apo-α-LA was reported on the effect
of copper (II) ions on the formation of protein dimers and the catalytic activity of the formed
nanobiomaterials, which were inorganic hybrid nanomaterials in its nature. Nanostructures in the form
of nanoflowers and nanofibers combined with copper-LG and copper-LA with Cu as the inorganic part
exhibited peroxidase-like catalytic activity. Important conclusion of the study was that β-LG produced
a pH-dependent protein–protein dimer that formed at up to pH 12 and at a concentration of 1000 equiv.
of copper (II), whereas in the case of α-LA, the formation of a dimer was not observed, which was
explained by the non-availability of free Cys-SH compared to exposed Cys121 in β-LG.

3.2. Consequences of Changes in Biological Activity in Food and Nutraceuticals

Whey proteins as a component of milk and dairy products are a part of the everyday diet of many
people. Together with the trend of uncontrolled consumption of supplements by the public, it creates a
window for interactions between whey proteins and metals. Clearly, additional supplementation to
food in the form of organic complexes that have metals can make up the deficiency of microelements,
which has some advantages. Microelement deficiency is a serious problem that is common for
developing countries, especially for infants, preschoolers, pregnant and lactating woman, and older
adults [121], and in the long-term perspective it can cause chronic diseases and inflammation [122].
Since inorganic complexes with metals (e.g., chloride, etc.) have many side effects, they have been
replaced by organic complexes with proteins and peptides that, in addition to minimizing the side
effects, are more biologically available [123]. However, accidental interaction between WP and metals
can be harmful because it can lead to unpredictable consequences. The formation of nanoparticles
as a result of interactions, as it was discussed before, or the enhanced release of metals owing to the
instability of the complex in gastric fluid can be toxic to humans. For example, zinc in the form of a
dietary supplement is quite popular among modern consumers and has been studied for its chelating
ability. It was found [61] that zinc was released from zinc–peptide complexes after simulated gastric
digestion, thus confirming the suggestions that such complexes are not stable. However, two types of
whey protein hydrolysate (WPH) were studied, the most negatively charged (1) and the least negatively
charged (2), according to zeta potential measurements; and in a dispersion stability study, zinc release
was found to be much higher for the second hydrolysate. The authors suggested that such differences
in stability could be explained by the differences in the surface charge, particle size, and strength of the
formed complexes. The molecular size of the peptides could also have an effect because smaller-sized
peptides could reach the metal target more easily; however, both hydrolysates have a similar degree of
hydrolysis and amount of peptide per mass. Moreover, zinc release increased with pancreatic digestion
with a higher level of the second hydrolysate. Although similar studies were performed for casein,
silver [124], and zinc-peptide complexes [125], the problem of the stability of metal–organic complexes
as well as the unpredictable consequences of such interactions for the production of nutraceuticals has
not been well-studied and deserves attention. In the study by Wang et al. [125], complexes of zinc and
three peptides were almost unaffected under gastric conditions; however, the release of zinc ions was
observed under pancreatic conditions; nevertheless, the zinc-Asn-Cys complex has potential for the
improvement of zinc bioavailability.

Another window for whey protein–metal interactions is the contact of milk products with stainless
steel surfaces during storage, transport, and processing. Stainless steel alloys are of widespread use
in the food industry owing to their high resistance to corrosion, good mechanical properties [126],
and relative ease of cleaning. Although a few studies on metal release from stainless steel have
been conducted, little attention has been paid to the effects of proteins on metal release, and data
on these interactions during food storage and processing is scarce and not systemically investigated.
Atapour et al. reported a study on metal release from stainless steel 316L under static and stirring
conditions using a whey protein solution, simulated milk solution, and phosphate buffered saline
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solution for mechanistic comparison, and the results showed the release of iron, chromium, and
nickel ion was much more significant for the whey protein solution, causing enhanced rates of
protein aggregation and its precipitation from solution. Additionally, the authors remarked that
the released concentrations of iron, chromium, and nickel did not exceed the limits estimated by
European guidelines; nevertheless, the ratio of the solution volume of milk needs to be considered,
and future toxicological assessments need to be performed. Alternative contact materials might not be
better from a health perspective, but the effects of contact with milk needs to be investigated [127].
Then, the same research group studied the effect of the grade of corrosion on metal release using
electrochemical methods, also confirming the importance of metal complexation by whey proteins on
metal release [128].

One more important point is whey protein–metal interactions occurring in the process of
purification of whey by magnetic metal nanoparticles that is a good alternative to membrane processes.
It is crucial not only for the design of functional foods and its safety but also for utilization of whey
because its utilization in the purified form is more safe compared to that of the raw form [129].

4. Conclusion

Whey proteins have a rich chemistry, thus providing interesting properties for many applications.
Their natural affinity to metals has advantages as well as disadvantages in the fields of food chemistry
and nutraceuticals. Advantages may include their potential applications as nutraceuticals, for the
design of functional foods, whey purification, and utilization of whey wastes, while the drawbacks
include their interactions with metals in food products, metals as drugs, and dietary supplements that
may cause loss of the drug/supplement activity or toxic effects. This may occur with metals contact
surfaces during processing, storage, and transport.

Moreover, the effect of metals on their biological activity deserves attention because this also
creates opportunities for new applications and is an important factor to consider in all stages of
food processing, food safety, quality, and utilization. Formation of complex biocolloidal systems as
a result of metal–protein interactions may occur in different ways, such as via (i) metalloproteins,
(ii) metallocomplexes, (iii) nanocomposites, and (iv) aggregated systems. This review is focused on a
discussion of the biological activities, interactions with metals, and analytical techniques applied for
their study.
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Abbreviations

5-FU 5-Fluorouracil
α-LA α-lactalbumin
β-LG β-lactoglobulin
AFM Atomic Force Microscopy
BSA Bovine Serum Albumin
CE Capillary Electrophoresis
CD Circular Dichroism
DAD Diode Array Detector
DFT Density Functional Theory
DLS Dynamic Light Scattering
DLVO Derjagin–Landau–Verwey–Overbeek theory of intraparticle interactions
DSC Differential Scanning Calorimetry
DTNB Dithio(bis)-p-nitrobenzoate
EDX Energy Dispersive X-ray Spectroscopy
ELISA Enzyme-Linked Immunosorbent Assay
ESI-MS/MS Electrospray Ionization Tandem Mass Spectrometry
FAAS Flame Atomic Absorption Spectrometry
FE-SEM Field Emission Scanning Electron Microscopes
FRET Förster Resonance Energy Transfer
FT-ICR Fourier transform ion cyclotron resonance
FPLC Fast Protein Liquid Chromatography
HBM Human Breast Milk
HPCEC High Performance Cation Exchange Chromatography
HPIMAC High Performance Immobilized Metal Ion Affinity Chromatography
HPLC High Performance Liquid Chromatography
HPSEC High Performance Size Exclusion Chromatography
HSA Human Serum Albumin
IG Immunoglobulin
ICP-MS Inductively Coupled Plasma Mass Spectrometry
IMAC Immobilized Metal Affinity Chromatography
ITC Isothermal Titration Calorimetry
iTRAQ Isobaric Tags for Relative and Absolute Quantization
LC-ESI-MS Liquid Chromatography Electrospray Ionization-Mass Spectrometry
LTF Lactoferrin
LP Lactoperoxidase

MALDI-TOF MS
Matrix-Assisted Laser Desorption Ionization technique coupled to Time-of-Flight
Mass Spectrometry

MCE Microchip Electrophoresis
MD Molecular Dynamics
NALDI Nano-Assisted Laser Desorption Ionization
NEM N-ethylmaleimide
NMR Nuclear Magnetic Resonance
PDA Photodiode Array Detector
PTMs Posttranslational Modifications
ROS Reactive Oxygen Species
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RS Raman Spectroscopy
SDS-PAGE Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis
SEC Size Exclusion Chromatography
SEC-ICP-MS Size Exclusion Chromatography-Inductively Coupled Plasma-Mass Spectrometry
SERS Surface Enhanced Raman Spectroscopy
SEM Scanning Electron Microscope
SEP buffer Separating Milk Protein Buffer
TEM Transmission Electron Microscope
TPS Buffer Total Protein Solubilization Buffer
TG-DTA Thermogravimetry/Differential Thermal Analysis
UV-Vis Ultraviolet/ Visible Spectroscopy
WPC Whey Protein Concentrate
WPH Whey Protein Hydrolysate
WPI Whey Protein Isolate
XPS X-ray Photoelectron Spectroscopy
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Abstract: A combination of electrochemistry (EC) and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (off-line EC-MALDI-TOF-MS) was applied for determination of the
studied biologically active compounds (D-glucose, D-fructose, D-galactose, D-pinitol, L-chiro-inositol,
and myo-inositol) and their possible electrochemical metabolites. In this work, boron-doped diamond
electrode (BDD) was used as a working electrode. MALDI-TOF-MS experiments were carried out
(both in positive and negative ion modes and using two matrices) to identify the structures of
electrochemical products. This was one of the first applications of the EC system for the generation
of electrochemical products produced from saccharides and cyclitols. Moreover, exploratory data
analysis approaches (correlation networks, hierarchical cluster analysis, weighted plots) were used
in order to present differences/similarities between the obtained spectra, regarding the class of
analyzed compounds, ionization modes, and used matrices. This work presents the investigation and
comparison of fragmentation patterns of sugars, cyclitols, and their respective products generated
through the electrochemistry (EC) process.

Keywords: biologically active compounds; saccharides; cyclitols; electrochemistry; MALDI-TOF-MS

1. Introduction

Carbohydrates are a complex group of organic compounds occurring in all plants. They are
the main source of energy for both humans and plant organisms. They play an important role in
the proper functioning of the brain [1,2]. Cyclitols are another group of compounds found in plant
material. Cyclitols are responsible for the plant’s self-protection against unfavorable environmental
conditions, they are involved in signal transduction, in biogenesis and osmoregulation, and in
phosphate storage [1,3–6].

Biologically active substances and compounds with potential biological activity of plant origin,
i.e., both those with beneficial effects and used as medicines and those that have harmful effects
on human health, require monitoring in the environment and in the human body [7]. One of the
techniques that allows the monitoring of biologically active compounds is matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) [8]. The MALDI-TOF-MS
technique in recent decades became irreplaceable in the analysis of individual compounds and their
mixtures and also in complex biological matrices. The development of ‘soft’ ionization methods,
high-throughput techniques and quantitative methods has expanded the use of mass spectrometry
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(MS) in the study of the structure, function, and modification of low molecular weight compounds [8,9].
The use of MALDI-TOF-MS in the analysis of metabolites of low molecular weight compounds
allows eliminating chromatographic separation [10]. MALDI-MS is widely used for the analysis
of large compounds, such as proteins, peptides, and also whole bacteria cells [11–13]. Analysis of
low molecular weight compounds by MALDI-MS is a current analytical challenge [14]. However,
despite many limitations such as signal suppression, acidity of the matrix solution, and degradation of
the analyte, MALDI-MS has found its place in application in the analysis of low molecular weight
compounds [14,15]. MALDI-TOF-MS was used in the analysis of anthocyanins, sugars, and organic
acids in strawberry [16], the analysis and characterization of oligosaccharides [17], and the identification
of flavonoids in berry extracts [18] as well as sugars and alkaloids in food [19].

In recent years, electrochemistry (EC) has been increasingly used in research on the metabolic
biotransformation of biologically active compounds. Electrochemical methods allow for real-time
measurements often with high resolution in both in vitro and in vivo studies. The electrodes can be
used to analyze metabolites released by the cell or to assess the consumption of compounds already in
the culture medium, but they can also generate compounds in the immediate vicinity of the cell and then
measure how the cell responds to such stimulation [20,21]. The combination of electrochemistry with
mass spectrometry allows mimicking the reactions of phase I and II metabolism as well as identifying
electrochemical products that can serve as potential metabolites [22,23]. This simple instrumental
analytical technique allows the production, detection, and identification of a number of metabolic
products, including reactive intermediate metabolites, that are responsible for drug activation. EC/MS
also allows the identification of the final products of electrochemical reactions of the tested compounds
and is used in redox (oxidation–reduction) studies [24–26].

The study of a compound biotransformation is a complex process. Among the available analytical
techniques, EC-MS is a universal tool that has been used to confirm the presence of parent compounds
and identify their candidate metabolites, which are most often targeted in a complex biological
environment in metabolomics studies. In this work, a new method using an off-line EC-MALDI-TOF-MS
system for the analysis of possible products of low-molecular biologically active compounds was
developed. For the first time, an electrochemical system and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry were used to determine and identify electrochemical products of
selected saccharides (D-glucose, D-fructose, and D-galactose) and cyclitols (D-pinitol, L-chiro-inositol,
and myo-inositol). Statistical methods were used to provide data visualization and to highlight the main
characteristics of data structure, supporting the discussion of fragmentation pathways. The present
goals comprised the elucidation of fragmentation patterns of sugars, cyclitols, and their suggested
metabolites, as well as the investigation of correlations between their MS spectra. The intention was to
propose a wide range of EC products of these compounds, presenting a methodology that could be
used in the monitoring of such species and the modeling of potential metabolic reactions of phase I
oxidative cell metabolism.

2. Results and Discussion

2.1. Effect of Matrix

MALDI-TOF-MS has been mostly used to identify large biomolecules such as proteins, peptides,
nucleic acids, and polymers. Qualitative and quantitative analysis of low molecular weight compounds
(LMWC) is challenging due to the large number of signals coming from the ionizing matrix, which
consequently prevents identification of the analytes. Despite this limitation, the application of
MALDI-MS in the analysis of low molecular weight compounds has been constantly increasing due to
the large tolerance of the buffers used during the analysis, formation of mostly single-charged ions,
high sensitivity, and throughput [15].

Two matrices, a benzoic acid derivative, 2,5-dihydroxybenzoic acid (DHB), and a cinnamic acid
derivative, α-cyano-4-hydroxycinnamic acid (HCCA), were employed. Both matrices belong to the
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first-generation matrices with molecular weight below 300 Da [15]. The use of these matrices ensured
stable ionization, high reproducibility, and a high resolution of recorded MS spectra. MALDI spectra
for DHB and HCCA matrices were registered to eliminate the signals coming from matrices from the
spectra. Several ions were formed during laser irradiation for the HCCA matrix, as it can be observed
from the spectra. Except for a molecular ion [M +H]+ at m/z 190.0, a fragment of high intensity was
probably formed at m/z 172.0 and m/z 379.0, which may correspond to [M-H2O +H]+ and matrix cluster
[2M +H]+, respectively. Less intense fragments also could appear in the spectrum at m/z 146.1, m/z
164.1, m/z 212.0, and m/z 335.1, which may correspond to [M-CO2 + H]+, [MH-CN]+, sodium adduct
[M + Na]+, and [2M + H-CO2]+, respectively [15,27]. In case of the DHB matrix, less ions coming from
the matrix were generated. A signal of high intensity at m/z 137.0 that may correspond to [M+H-H2O]+

can be observed from the spectrum as well as less intense signals at m/z 155.0 and m/z 177.0 that may
correspond to the protonated molecular ion from matrix [M +H]+ and the sodium adduct [M+Na]+,
respectively. It can be assumed that the DHB matrix is found to be more suitable for the analysis of low
molecular weight analytes such as sugars and cyclitols, since less ions coming from the matrix were
generated during laser irradiation, which can cause interferences during the identification of analytes.

2.2. Off-Line EC-MALDI-TOF-MS

In order to generate possible transformation products of cyclitols and saccharides, a system
consisting of an off-line electrochemical cell coupled with matrix-assisted laser desorption/ionization
was used. The off-line EC-MALDI system was used for the first time in the analysis of metabolites of low
molecular weight compounds. The methodology of the experiment included use of the boron-doped
diamond electrode (BDD) working electrode and ammonium acetate at an approximate pH of 7.4.
Standards of cyclitols and saccharides were introduced to the electrochemical cells, and fractions
after conversion were collected manually. Each fraction was evaporated using a Labconco Centri Vap
DNA concentrator (Kansas City, USA). In a second step, fractions were analyzed by MALDI-TOF-MS.
Figures 1–6 present the suggested fragmentation pathways of cyclitols and saccharides before and after
electrochemical analysis. There are very few reports regarding the analysis of cyclitols and saccharides
using MALDI-TOF-MS in the literature.

Moreover, representatives of species of sugars and cyclitols were selected in order to observe the
possible similarities and differences in their EC products, since these analytes have similar structural
features. Such similarity was interesting, since they possess opposite activities (e.g., in Diabetes Mellitus)
that in particular cases is structure-dependent. In addition, the anti-diabetic activity of cyclitols has
different aspects, but the mechanisms are still understood poorly. Besides that, literature on the
potential metabolites of cyclitols in human organism is quite scarce [28].

2.2.1. D-Pinitol

Figure 1a shows a suggested fragmentation pathway of D-pinitol (signals before the electrochemical
process are denoted in red color, signals after the electrochemical process are denoted in blue). Figure 1b,c
show the mass spectra of D-pinitol before and after electrochemical analysis. The signals A and B (in
both mass spectra; denoted in black color) belong to the DHB matrix. In the spectrum, the molecular
ion of D-pinitol at m/z 195.0 (C) can be observed. The signal at m/z = 193.0 (D) could be derived from
the signal C by the loss of hydrogen (dehydrogenation). The ion at m/z = 212.1 (R) could be originated
from electrochemical oxidation and the detachment of a methyl group from ion 193.0 (D). The signal
m/z 228.0 (S) appeared only in the spectrum before the electrochemical process and may correspond to
the addition of a hydroxyl group. Ions at m/z 230.9 (more intense before the electrochemical process and
less intense after the electrochemical process; T) and m/z 249.9 (occurred only before electrochemical
process; U) may correspond to the addition of two hydrogen atoms (hydrogenation) and the addition
of sodium and loss of four hydrogen atoms, respectively. Other products of D-pinitol are E, J, and K
(Figure 1a,c). The ions at m/z 370.9 (E), 354.9 (J), and 346.9 (K) may correspond to [C14H26O11]+ (dimer of
D-pinitol), [C13H22O11]+ (loss of methyl group), and [C13H14O11]+ (loss of eight hydrogen atoms from
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hydroxyl groups). The fragment that was observed at m/z 392.9 (F) may correspond to [C14H25NaO11]+

(dimer of D-pinitol and adduct with sodium). The signals at m/z 376.9 [C13H21NaO11]+ (G) and m/z
361.9 [C13H23NaO10]+ (I) could result from the ion at m/z 392.9 by the loss of a methyl group (14 u) and
oxygen atom (16 u), respectively. The ions detected at m/z 366.9 (H), 344.0 (L), 328.9 (M), 288.2 (N),
273.0 (O), and 265.9 (P) can be ascribed to [C14H22O11]+, [C13H12O11]+, [C13H12O10]+, [C13H20O7]+,
[C13H21O6]+, and [C13H13O6]+, probably corresponding to the formation of a dimer of D-pinitol and
the loss of two hydrogen atoms (2 u), loss of one carbon atom and 10 hydrogen atoms (22 u), loss of
one oxygen atom (16 u), loss of 3 × O, addition of 8 × H, and the loss of oxygen (16 u), and the loss of
five hydrogen atoms (5 u), respectively. The ions at m/z 273.0 (O) and m/z 265.9 (P) may correspond to
the formation of radical cations (Figure 1a,b).

 
Figure 1. (a) Fragmentation pathways of D-pinitol; (b) MS spectrum before electrochemical process, (c)
MS spectrum after electrochemical process.

2.2.2. L-Chiro-Inositol

The signal observed at m/z 164.1 (D) may correspond to the loss of hydroxyl group (17 u) from
L-chiro-inositol (Figure 2b). The molecular ion [M+H]+was not observed in the MS spectra (Figure 2b,c).
The ion at m/z 193.0 (C) could be formed by the addition of a methyl group to the hydroxyl group.
In Figure 2c, L-chiro-inositol’s derivative at m/z 199.0 [C6H8NaO6]+ (E) can be observed. This ion
could be formed by replacement of the methyl group to sodium (Figure 2a). The fragment at m/z 230.9
[C6H14O9]+ (G) could be originated from the ion at m/z 214.9 [C7H11NaO6]+ (F) by the loss of CH–Na
and the addition of three hydroxyl groups (51 u). The dimer of L-chiro-inositol can be observed at m/z
343.2 [2M]+ (H) presented in Figure 2a,b. Ions at m/z 304.2 [C12H16O9]+ (I), m/z 298.3 [C12H10O9]+ (J),
m/z 256.2 [C12H16O6]+ (K), and m/z 244.2 [C11H16O6]+ (L) may correspond to the loss of two oxygen
atoms and seven hydrogen atoms from the phenol group (H7O2, 39 u), the loss of six hydrogen atoms
(dehydrogenation), the loss of three oxygen atoms (oxidation) and addition of six hydrogen atoms
(hydrogenation), and the loss of one carbon atom (cleavage of ring), respectively. The ion at m/z 339.0
(M) can be ascribed to the adduct of one molecule of the DHB matrix with L-chiro-inositol and sodium
(Figure 2c). The signal at m/z 317.0 (N) is created from the ion M by the loss of sodium and addition
of one hydrogen atom. The ion at m/z 316.2 (O) may result from the dehydrogenation of a carboxyl
group from DHB molecules at m/z 317.0. Another signal at m/z 288.2 (P) was observed in spectra
before the electrochemical process and may correspond to [C13H20O7]+. The peak at m/z 284.3 (R) may
correspond to the loss of four hydrogen atoms (dehydrogenation) from ion [C13H20O7]+. The ion at
m/z 376.9 (S) could result from the formation of a sodium adduct of L-chiro-inositol with one molecule
of the DHB matrix and two hydroxyl groups [C13H21NaO11]+. The ions detected at m/z 360.9 (T), 354.8
(U), 331.017 (V), and 332.2 (X) can be ascribed to [C13H21NaO10]+, [C13H15NaO10]+, [C13H15O10]+, and
[C13H16O10]+, probably corresponding to the loss of one hydroxyl group (17 u) from the DHB ring,
dehydrogenation (the loss of four hydrogen atoms), the loss of one sodium atom from the carboxyl
group of DHB molecules, and hydrogenation (addition of one hydrogen), respectively. Furthermore,
the ion at m/z 361.9 (Y) could result from the addition of one hydrogen atom to the ion at m/z 360.9.
The ion at m/z 346.9 (W) may be derived from the ion at m/z 354.8 by the loss of eight hydrogen atoms.
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Figure 2. (a) Fragmentation pathways of L-chiro-inositol; (b) MS spectrum before electrochemical
process, (c) MS spectrum after electrochemical process.

2.2.3. Myo-Inositol

In the case of myo-inositol, the molecular ion also could not be observed (Figure 3b,c). Signals at
m/z 174.9 [C6H6O6]+ (D) and 172.0 [C6H4O6]+ (E) could correspond to myo-inositol after the loss of
three and four hydrogen atoms (dehydrogenation) from hydroxyl groups, respectively. In the spectrum
before and after electrochemical analysis, the fragment at m/z = 193.0 (C) can be observed, which
may correspond to the addition of a methyl group to the hydroxyl group similarly to L-chiro-inositol
(Figure 3a–c). Figure 3c shows the ions at m/z 199.0 (F) and 212.1 (G), which may correspond to the
exchange of the methyl group to sodium [C7H12O6 − CH4 + Na]+, the addition of two oxygen atoms,
and the loss of sodium [C6H12O6 −Na + O2]+, respectively. The ion at m/z 203.0 [C6H12NaO6]+ (H)
may correspond to the addition of sodium and the loss of carbon and hydrogen atoms from ion C. The
signals at m/z 219.9 (I), 228.0 (J), 230.9 (K), and 242.2 (L) may correspond to [C6H12NaO7]+ (addition of
one hydroxyl group, 17 u), [C6H12O9]+ (addition of 2 hydroxyl groups, 34 u, and loss of one sodium
atom, 23 u), [C6H14O9]+ (addition of 2 hydrogen atoms, 2 u) and [C7H14O9]+ (addition of methyl group,
12 u), respectively. Ions at m/z 288.2 [C13H20O7]+ (M) and 284.3 [C13H16O7]+ (N) may correspond
to the addition of hydroxymethyl-phenol and the loss of four hydrogen atoms (dehydrogenation),
respectively. Ions observed at m/z 366.9 (O), 339.0 (P), and 325.2 (R) may be obtained by the addition of
C5HO7 (173 u), the loss of 2 × O, and the addition of 5 × H (27 u) and loss of the CH2 group (14 u)
from the ring, respectively (Figure 3a). The fragmentation pathway of myo-inositol S→T→U→V looks
similar to that of L-chiro-inositol (Figures 2a and 3a). The ion at m/z 328.9 (W) could be derived from
the ion at m/z 346.9 (V) by the loss of sodium and the addition of five hydrogen atoms. Moreover, the
ion at m/z 299.0 [C13H15O8]+ (X) could be originated from the ion at m/z 328.9 [C13H12O10]+ and was
characteristic for myo-inositol after the electrochemical analysis.

 

Figure 3. (a) Fragmentation pathways of myo-inositol; (b) MS spectrum before electrochemical process,
(c) MS spectrum after electrochemical process.
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2.2.4. D-Glucose

The saccharides can be ionized by the MALDI technique in positive and negative ionization
modes. In the positive mode, the fragmentation process was preferentially toward ring–ring
cleavage. Furthermore, in the negative mode, the cross-ring cleavage mechanism of fragmentation
was dominant [29]. In the case of positive ionization, MALDI-TOF-MS mass spectra for sugars were
characterized by similar signals to those of cyclitols. Therefore, mass spectra were present in the
negative ionization mode for sugars to show a different fragmentation mechanism. Post-source decay
(PSD) spectra of molecular ion at m/z 179.0 (B) of D-glucose are shown in Figure 4a–c. The ion detected at
m/z 114.6 (C) may correspond to tetrahydropyran with two carbonyl groups [C5H6O3]−. The fragment
at m/z 225.0 (D) could be formed by the addition of a carboxyl group (46 u). Ions equivalent to m/z
261.6 (E) and 247.7 (F) correspond to the addition of a cyclohexane ring and the loss of CH2 (cleavage
of a cyclohexane ring) (Figure 4a). A dimer of glucose can be observed at m/z 343.3 [C12H23O11]−
(G). The fragment ion at m/z 345.3 (L) could be formed from the ion at m/z 343.3 by the addition of
hydrogen (hydrogenation). The fragment ion at m/z 327.3 (H) could be the result also from the ion
at m/z 343.3 by loss of a hydroxyl group. The ion at m/z 321.4 [C12H17O10]− (M) could be formed by
the loss of six hydrogen atoms from the ion G, and probably in this case, the ring closes between the
free hydroxyl groups (Figure 4a). The ions detected at m/z 307.4 (I), 289.5 (J), and 273.6 (K) can be
ascribed to [C12H19O9]− (loss of a hydroxyl group and three hydrogen atoms, 20 u), [C12H17O8]− (loss
of water molecules, 18 u), [C12H17O7]− (loss of an oxygen atom, 16 u), respectively. The ion at m/z 315.4
[C10H19O11]− (N) could be derived from the molecular ion [C6H11O6]− by the addition of a “glucose
ring” (Figure 4a). The loss of hydrogen from the ion at m/z 315.4 may produce the ion at m/z 314.7
[C10H18O11]− (O).

 

Figure 4. (a) Fragmentation pathways of D-glucose; (b) MS spectrum before electrochemical process,
(c) MS spectrum after electrochemical process.

2.2.5. D-Fructose

MALDI-TOF-MS spectra of D-fructose are shown in Figure 5a–c. D-fructose belongs to
monohexoses and Figure 5b presents the deprotonated molecule [M − H]− at m/z 179.4 (B). The
signal at m/z 170.2 (C) may correspond to deprotonated D-fructose [C6H2O6]−. The signal at m/z 114.7
(D) could be created from the molecular ion B by the loss of three hydroxyl groups and loss of a CH2

group. The ion at m/z 289.6 (E) can be attributed to the addition of a C5H2O3 (110 u) molecule to a
molecular ion. The ion at m/z 267.7 [C9H15O9]− (F) may be formed due to the cross-ring cleavages and
the loss of a carbon atom (Figure 5a). The signal at m/z 251.7 [C9H15O9 − O]− (G) could be formed
due to the loss of an oxygen atom from the ion at m/z 267.7. The sodium adduct with two molecules
of D-fructose followed by the loss of two hydrogen atoms may correspond to the ion at m/z 361.4
[C12H18NaO11]− (H). The ion observed at m/z 377.3 [C12H18NaO11 + O]− (I) can be formed by the
addition of an oxygen atom. The loss of one hydrogen atom (dehydrogenation) from the ion at m/z
361.485 may form the ion at m/z 360.3 [C12H17NaO11]− (J). In addition, the loss of an oxygen atom from
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the ion at m/z 361.4 could create the ion at m/z 345.4 [C12H18NaO10]− (K). The fragment formation at
m/z 329.4 (L) with low abundance can correspond to [C12H18NaO9]− (loss of an oxygen atom from the
ion at m/z 345.4). The addition of four hydrogen atoms (hydrogenation) and cross-ring cleavages from
the ion at m/z 329.4 can produce the fragment at m/z 321.5 [C12H18NaO9 − C + 4H]− (M). The signals
detected at 315.5 (N) and 307.6 (O) can be ascribed to [C11H22NaO9 − 5H]− (the loss of five hydrogen
atoms and the formation of a radical anion) and [C11H16NaO9 − C + 4H]− (the loss of one carbon atom
and addition of four hydrogen atoms), respectively (Figure 5a).

 

Figure 5. (a) Fragmentation pathways of D-fructose; (b) MS spectrum before electrochemical process,
(c) MS spectrum after electrochemical process.

2.2.6. D-Galactose

The ion at m/z 179.2 (B) was detected in the MS spectra for D-galactose [M −H]− (Figure 6a–c). The
signals at m/z 170.1 (C) and 114.6 (D) may correspond to [C6H2O6]− (loss of eight hydrogen atoms and
formation of a radical anion) and [C5H6O3]− (loss of three hydroxyl groups and loss of a CH2 group).
The fragments at m/z 315.4 [C11H23O10]− (E) may correspond to [M −H + C5H11O5]− from a molecular
ion. The loss of 3 × OH and loss of a CH group from the ion at m/z 315.4 could create the ion at m/z
251.7 (F). The signal at m/z 233.8 [C9H13O7]− (G) can be obtained from the ion at m/z 251.7 [C10H19O7]−
by the loss of CH6 (18 u). The ion observed at m/z 361.1 [C12H18NaO11]− (N) could be formed by the
addition of one molecule of D-galactose and sodium and the loss of two hydrogen atoms (Figure 6a).
The addition of a hydroxyl group (17 u) to the ion observed at m/z 361.1 could create the ion at m/z
377.2 [C12H18NaO11 + OH]− (P). Moreover, the loss of six hydrogen atoms from the ion at m/z 377.2
could produce the ion at m/z 371.3 [C12H18NaO12 − 6H]− (R). The small intense signal at m/z 360.3 (O)
could be formed by the dehydrogenation process from the ion [C12H18NaO11]− (Figure 6c). The ions at
m/z 345.3 (H), 329.3 (I), 307.4 (K), 289.4 (L), and 273.5 (M) probably corresponding to [C12H25O11]−
(addition of one molecule of D-galactose and four hydrogen atoms with the cross-ring cleavages),
[C12H25O10]− (loss of one hydroxyl group, 17 u), [C12H19O9]− (loss of one hydroxyl group, 17 u, and
five hydrogen atoms, 5 u), [C12H17O8]− (loss of one water molecule, 18 u) and [C12H17O7]− (loss of an
oxygen atom, 16 u), respectively. Additionally, the fragment at m/z 321.3 [C12H17O10]− (J) could be
generated from the ion at m/z 329.3 by the loss of eight hydrogen atoms (dehydrogenation).

In general, analysis of the obtained mass spectra (Figures 1–6) has shown that some signals
appeared only after the electrochemical process (Figure 1c, Figure 2c, Figure 3c, Figure 4c, Figure 5c,
Figure 6c), and some signals had different intensities before and after the electrochemical process. This
can be evidence of the occurrence of possible metabolites of the analyzed compounds. Regarding
cyclitols, Figure 1b,c have shown that many signals (denoted as E, G, I, J, K, and R) occurred only after
the electrochemical process. The ion at m/z 265.9 disappeared after the electrochemical oxidation. In
addition, the fragments T and S (denoted in red color) had higher intensity before the electrochemical
analysis (Figure 1b,c). The electrochemical oxidation for chiro-inositol also seemed to generate many
signals since they occurred only after the EC fragmentation. The signals E, N, M, R, S, T, U, V,
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and W were found to be characteristic for chiro-inositol and thus can be indicators of the simulated
bioconversion process. In the spectrum in Figure 2b, it can observed that ions at m/z 244.2 and 256.2
disappeared. In case of myo-inositol, characteristic signals also appeared as well as in the case of
L-chiro-inositol (Figure 3b,c). Moreover, chiro-inositol and myo-inositol are supposed to have higher
affinity for the formation of DHB and HCCA matrix adducts compared to D-pinitol [30]. Considering
saccharides before and after EC assay, fewer products of electrochemical conversion are observed.
For D-glucose and D-galactose, only five signals appeared after the electrochemical process (Figures
4c and 6c). In the case of D-fructose (Figure 5c), only one signal can be observed, which appears in
the spectrum after the electrochemical process. Moreover, the saccharides have a high ability to form
dimers (disaccharides).

 

Figure 6. (a) Fragmentation pathways of D-galactose; (b) MS spectrum before electrochemical process,
(c) MS spectrum after electrochemical process.

Table 1 presents the fragments of sugars and cyclitols that were suggested to be formed during the
electrochemical oxidation and detected by MALDI-TOF-MS. Fragments arising from reactions such as
hydrogenation/dehydrogenation and hydroxylation can be considered as possible metabolites, since
these are mainly expected metabolic reactions of phase I oxidative cell metabolism. Cross-ring cleavage
was also suggested to occur for saccharides. Fragments coming from the association of molecules
with sodium (metal adducts), matrix compounds, or units that belong to the core of the matrix’s
structure (matrix adducts) cannot be considered as potential metabolites that could be produced
endogenously. However, such adducts may be valuable for compound identification using the present
technique; additionally, metabolic reactions that might occur with the target analyte still can be
observed. Therefore, the mentioned fragments were also included in Table 1. Compounds marked
with an asterisk have a higher probability to be formed endogenously. Other fragments may refer to
less probable candidate metabolites, since MALDI ionization adducts may be formed due to the lower
stability of the parent molecule. Once the proposed approach consists of an off-line mode, only stable
analytes could be analyzed. Nevertheless, the formation of adducts during ionization indicates that
these are thermodynamically less stable forms in a gas phase, unlikely acting as effective bioactive
compounds in the organism because are prone to further rearrangement. Thus, it is important to
consider that candidate metabolites created in the electrochemical cell were identified in this study
by their ionization in a gas phase. Subsequently, the study is addressed to model potential metabolic
reactions that may occur in phase I of cell metabolism. Enzymatic reactions also should be taken into
account to propose metabolites for studied analytes similarly to the application of state-of-the-art
on-line EC-LC-MS approach.
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Table 1. Fragments electrochemically generated for cyclitols and sugars, characterized by different m/z
values and the proposed involved reaction (* = fragments referring to candidate metabolites once these
were assumed to be possibly produced in a biological system).

Compounds Fragment m/z Ionization Proposed Reaction

D-pinitol

C7H6O5 172.1 +
OH − 7H loss

(dehydroxylation/dehydrogenation)

* C6H12O8 212.1 +
CH3 loss − 2 OH gain

(hydroxylation)

C13H16O7 284.3 + CH3 loss − Benzaldehyde gain

C13H17O10 333.0 +
Cyclohexane + H2O + 3O gain

(hydration/reduction)

C13H16NaO9 339.0 +
CH3 loss − DHB + Na gain

(adduct with matrix and metal)

C13H14O11 346.9 +
Cyclohexane + 5O gain

(reduction)

C13H22O11 354.9 +
Cyclohexane + 4OH + O gain

(hydroxylation/reduction)

C13H23NaO10 361.9 +
D-pinitol + Na gain − OH − CH3 loss

(dimerization/adduct with metal/dehydroxylation)

C14H26O11 370.9 +
D-pinitol gain
(dimerization)

C15H27O11 383.9 +
D-pinitol + =CH2 gain

(dimerization)

C13H22NaO10 360.3 − D-pinitol + Na gain − OH − CH3 loss
(dimerization/adduct with metal/dehydroxylation)

C20H36O12 467.1 − D-pinitol + phenol gain
(dimerization)

C20H35NaO12 490.2 − D-pinitol + phenol + Na gain
(dimerization/adduct with metal)

C20H35NaO14 522.9 − D-pinitol + phenol + Na + 2OH gain
(dimerization/adduct with metal/hydroxylation)

C27H48O18 660.0 − 2D-pinitol + phenol + OH gain
(dimerization/hydroxylation)

L-chiro-inositol

C6H4O6 172.0 +
8H loss

(dehydrogenation)

C6H8NaO6 199.0 +
Na gain − 4H loss

(adduct with metal/dehydrogenation)

C13H16O7 284.3 + Benzaldehyde gain

C13H17O9 317.0 +
DHB gain

(adduct with matrix)

C13H15O10 331.0 +
DHB + OH gain

(adduct with matrix/hydroxylation)

C13H16NaO9 339.0 +
DHB + Na gain

(adduct with matrix and metal)

C13H7NaO10 346.9 +
DHB + Na + OH gain − 10H loss

(adduct with matrix and metal/hydroxylation/
dehydrogenation)

C13H15NaO10 354.8 +
DHB + Na + OH gain

(adduct with matrix and metal/hydroxylation)
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Table 1. Cont.

Compounds Fragment m/z Ionization Proposed Reaction

L-chiro-inositol

C13H21NaO10 360.9 +
DHB + Na + OH gain + 4H

(adduct with matrix and
metal/hydroxylation/hydrogenation)

C14H26O11 370.9 +
L-chiro-inositol + 2CH3 gain

(dimerization)

C13H21NaO11 376.9 +
DHB + Na + 2OH gain − 4H

(adduct with matrix and metal/hydroxylation/
dehydrogenation)

C14H23O12 383.9 +
L-chiro-inositol + C2H4 + =O gain

(dimerization/reduction)

* C6H10O6
· 178.8 − H loss

(dehydrogenation)

C12H15O6 255.9 − Benzene gain

C12H15O7 271.9 − Benzene + OH gain
(hydroxylation)

C12H15O10 319.9 − Benzene + 4OH gain
(hydroxylation)

C18H31O13 455.9 − L-chiro-inositol + phenol + OH gain
(dimerization/hydroxylation)

C24H37O19 629.0 − 2L-chiro-inositol + phenol + 2O gain
(dimerization/reduction)

C24H41O20 649.0 − 2L-chiro-inositol + phenol + 3OH gain
(dimerization/hydroxylation)

Myo-inositol

C6H4O6 172.0 +
8H loss

(dehydrogenation)

C6H8NaO6 199.0 +
Na gain − 4H loss

(adduct with metal/dehydrogenation)

* C6H12O8 212.1 +
2OH gain

(hydroxylation)

C13H16O7 284.3 + Benzaldehyde gain

C13H15O8 299.0 +
Benzene + OH + C=O gain
(hydroxylation/reduction)

C13H12O10 328.9 +
DHB + OH gain − 4H loss

(hydroxylation/dehydrogenation)

C12H19O11 339.0 +
Cyclohexane + 2OH + =2O + H2O gain

(hydroxylation/reduction/hydration)

C13H7NaO10 346.9 +
DHB + Na + OH gain − 10H loss

(adduct with matrix and metal/hydroxylation/
dehydrogenation)

C13H21NaO10 360.9 +
DHB + Na + OH gain + 4H

(adduct with matrix and metal/hydroxylation/
hydrogenation)

C12H21O6 261.7 − Cyclohexane gain

C12H21O10 325.5 − Cyclohexane + 4OH gain
(hydroxylation)

C18H31O13 455.2 − Myo-inositol + Cyclohexane + 2OH gain
(dimerization/hydroxylation)

C18H31O16 503.2 − 2Myo-inositol gain
(dimerization)

C24H40NaO18 639.0 − 2Myo-inositol + Cyclohexane + 2OH + Na gain
(dimerization/hydroxylation/adduct with metal)

C24H39Na2O18 661.0 − 2Myo-inositol + Cyclohexane + 2OH + 2Na gain
(dimerization/hydroxylation/adduct with metal)
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Table 1. Cont.

Compounds Fragment m/z Ionization Proposed Reaction

D-glucose

* C7H13O6 193.0 + =CH2 gain

* C6H12O8 212.9 +
2OH gain

(hydroxylation)

C12H16O8 288.3 +
Benzene + 2OH gain

(hydroxylation)

C12H22O9 310.0 +
Cyclohexane + 3OH gain

(hydroxylation)

C12H22NaO8 317.0 +
Cyclohexane + H2O + Na + O gain

(hydration/adduct with metal/oxidation)

C12H20NaO9 331.9 +
Cyclohexane + H2O + Na + 2O gain

(hydration/adduct with metal/oxidation)

C13H23O10 339.0 +
Cyclohexane + 3OH + H2O + CH2 gain

(hydroxylation/hydration)

* C7H13O8 225.0 − CH + 2OH gain
(hydroxylation)

C10H19O11 315.4 − D-glucose gain − 2CH2
(dimerization, cross-ring cleavage)

C12H17O10 321.4 − D-glucose gain − OH − 3H loss
(dimerization/dehydroxylation/dehydrogenation)

C18H31O13 455.1 − D-glucose + Cyclohexane + 2OH gain
(dimerization/hydroxylation)

C24H31O21 655.9 − 3D-glucose gain − 10H loss
(dimerization/dehydrogenation)

C24H35O21 659.9 − 3D-glucose gain − 6H loss
(dimerization/dehydrogenation)

C24H41O21 665.9 − 3D-glucose gain (dimerization)

D-fructose

* C6H8O3 128.1 +
3OH − 4H loss

(dehydroxylation /dehydrogenation)

C6H4O6 172.0 +
8H loss

(dehydrogenation)

* C7H13O6 193.0 + CH2 gain

C10H18O7 250.9 + Tetrahydrofuran gain

C11H20O7 264.0 + Tetrahydrofuran + CH3 gain

C11H20O8 280.0 + Tetrahydrofuran + CH2OH gain

C11H20O9 296.0 +
Tetrahydrofuran + CH2OH + OH gain

(hydroxylation)

C12H18O11 338.0 +
D-fructose gain − 4H loss

(dimerization/dehydrogenation)

C12H18O13 370.9 +
D-fructose + 2OH gain − 4H loss

(dimerization/hydroxylation/dehydrogenation)

C17H29O13 441.2 − 3D-fructose gain − 3OH − C loss
(dimerization/dehydroxylation)

C17H29O14 457.1 − 3D-fructose gain − 2OH − C loss
(dimerization/dehydroxylation)

C18H27O15 483.1 − 3D-fructose gain − OH − 4H loss
(dimerization/dehydroxylation/dehydrogenation)

C23H38NaO18 625.0 − 4D-fructose + Na gain − 3OH − CH2 loss
(dimerization/adduct with metal/ dehydroxylation)

C24H38NaO19 653.0 − 4D-fructose + Na gain − 2OH loss
(dimerization/adduct with metal/ dehydroxylation)

C24H37O21 661.9 − 4D-fructose gain − 4H loss
(dimerization/ dehydrogenation)
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Table 1. Cont.

Compounds Fragment m/z Ionization Proposed Reaction

D-galactose

C6H4O6 172.0 +
8H loss

(dehydrogenation)

C12H22O6 262.0 + Cyclohexane gain

C12H18O8 284.3 +
Benzene + 2OH gain − 10H loss

(hydroxylation/dehydrogenation)

C12H22O8 294.0 +
Cyclohexane + 2OH gain

(hydroxylation)

C12H22O9 310.0 +
Cyclohexane + 3OH gain

(hydroxylation)

C12H20NaO9 331.0 +
Cyclohexane + H2O + Na + O gain

(hydration/adduct with metal/reduction)

C13H23O10 339.0 +
Cyclohexane + 3OH + H2O + CH2 gain

(hydroxylation/hydration)

* C9H13O7 233.8 − C3HOH gain

* C10H19O7 251.7 − C4H7OH gain
(cross-ring cleavage)

C12H17O10 321.3 − D-galactose gain − OH − 4H loss
(dimerization/dehydroxylation/dehydrogenation)

C12H12NaO12 371.3 −
D-galactose + Na + O gain − 6H loss

(dimerization/adduct with metal/reduction/
dehydrogenation)

C18H31O13 455.2 − D-galactose + Cyclohexane + 2OH gain
(dimerization/hydroxylation)

C18H32O14 472.2 − D-galactose + Cyclohexane + 3OH gain
(dimerization/hydroxylation)

C24H31O21 655.1 − 3D-galactose gain − 10H loss
(dimerization/dehydrogenation)

C24H37O21 661.1 − 3D-galactose gain − 4H loss
(dimerization/dehydrogenation)

C24H41O21 665.0 − 3D-galactose gain
(dimerization)

The application of MALDI-TOF-MS for the analysis of sugar and cyclitol transformations is a new
approach in the identification of candidate metabolites. Additionally, little is known regarding the
elucidation of the fragmentation pathways of these products or the determination of such compounds
in real samples. Only a few papers reporting on the application of the MALDI technique for the
determination of sugars and cyclitols can be found in the literature [30–35].

2.3. Data Analysis Approaches

Network analysis (NA) depicted relationships (edges) among groups of studied compounds
(nodes), allowing a visualization of the ions (generated MS fragments) concurrent between sugars
and cyclitols and their correspondent variants, which were submitted to the electrochemical method
(Figure 7). Overlapping ions refer to ions connected to more than one node, while ions specifically
incident in the MS spectrum of a given analyte are represented by loose edges coming from a
corresponding node. Each of the species (colored blocks) emit lines, which can be connected to a
second compound, demonstrating that they have that feature in common. For example, in Figure 7a,
m/z 268 is present in the MS spectra of D-pinitol, D-galactose, myo-inositol, and also the D-fructose
variant after EC. On the other hand, m/z 228 is a fragment that is exclusively found in D-pinitol, once
the edge representing this fragment is emitted by the D-pinitol node and is not connected to any other
node. In this way, fragments situated in the center of the net are shared between most of the nodes
surrounding it; thus, they are shared between many species. Those located at the periphery of the
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net are more exclusive fragments that are less recurrent in the MS spectra of analytes. Concurrent
fragments were evidenced in the case of all used sets of analysis parameters, suggesting a relevant
relationship between the fragmentation patterns of the different investigated compounds. This may be
due to the similarities in their original structures and in the processes of adduct formation. Regarding
the DHB matrix, the positive ionization mode yielded more correlated spectra between the original
and electrochemically processed analytes, whereas for the HCCA matrix, the opposite is observed.
Concerning the observation of distinctive ions with greater intensity, these were hindered in the case of
EC-treated analytes when the DHB matrix was used. Such an aspect may hamper the differentiation of
such compounds in impurified samples.

Figure 7. Networks built based on MS spectra obtained using (a) 2,5-dihydroxybenzoic acid (DHB)
and (b) α-cyano-4-hydroxycinnamic acid (HCCA) matrices, in positive ionization mode; (c) DHB and
(d) HCCA matrices, in negative ionization mode. Colored nodes: compounds, white rectangles: MS
ions, e—compounds subjected to the electrochemical process, FRU: D-fructose, GAL: D-galactose, GLU:
D-glucose, PI: D-pinitol, CI: L-chiro-inositol, and MI: myo-inositol.

The relative distance between the nodes also indicates their level of correlation based on the
number of interconnected variables. For example, more intricate networks are formed by using DHB
in the positive mode and HCCA in the negative mode. This shows that in these conditions, less unique
MS spectra are obtained for the investigated species in terms of incident ions. Additionally, different
patterns of correlation are observed, depending on the used analytical parameters. However, there is a
more prominent grouping between species submitted to the electrochemical assay, indicating that the
species obtained from this process share more fragmentation products with considerable intensity.

Considering the analysis in the positive mode and using the DHB matrix, the ions shared between
saccharides and cyclitols—original and artificially metabolized—were m/z 377 and m/z 393, with m/z
193 being absent solely in the D-glucose spectrum. The fragment m/z 377 corresponds to the association
of a sodium adduct of methylated [M +H]+ ion with a DHB unit (in the case of D-pinitol, it corresponds
to the demethylated sodium adduct of the dimerized form); m/z 393 can be addressed as a precursor of
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the later fragment, due to an oxygen loss in the structure. The ion m/z 193 may be ascribed to [C7H12O6

+ H] + or [C6H8O7 + H] + fragments, the first one preferably generated by cyclitols and the second one
by D-fructose and D-galactose.

The fragments m/z 361, 338, 376, and 339 were coincident among all species after the electrochemical
treatment. The ion m/z 343 can be formed by dimerization; in D-pinitol, it refers to the dimer after the
loss of 2H and one methyl group; m/z 361 can be related to the latter after the gain of one hydroxyl
group and one proton (or simply, in the case of L-chiro-inositol and myo-inositol, to [2M +H]+); m/z
376 can be related to the gain of one oxygen and one hydroxyl molecule; m/z 339 can be related to the
abstraction of 4H (in D-pinitol and myo-inositol, m/z 339 may also be generated from [M + H]+ by the
combined associations: +M + Na + DHB unit). Finally, m/z 338 can be produced by the subtraction of
oxygen in ion m/z 354 in cyclitols and from the subtraction of 4H in the ion m/z 342 in sugars (generated
by [M+H]+ combined with one more molecule).

Ions such as m/z 230, 233, and 288 were coincident solely in both species before electrochemical
processing. The fragment m/z 203 can be connected with the ion [M + Na]+ (in cyclitols, it can be
obtained by the scission of [2M + H]+ and subsequent combination with sodium and abstraction of a
hydrogen atom), which in combination with an ethyl group yields m/z 230. The same process having
as its precursor [M +H +Na]+ may lead to m/z 233. The ion m/z 288 may refer to the association of
a cyclitol molecular ion (or its directed derivative -H, for D-pinitol) together with a benzaldehyde
unit. In saccharides, the association of [M +H]+ with the moiety C3H8O3 can lead to m/z 273 in the
spectrum, in which methylation can give rise to m/z 288.

Using the HCCA matrix, in the positive mode, the ions m/z 192 and m/z 189 appear to be shared
among both original and treated analytes. [M + H]+(or scission product of cyclitol core in [2M + H]+)
suffers water loss and if combined with the formyl group, it produces the fragment m/z 192. If associated
with the loss of a CN group from the matrix, the ion m/z 189 is produced. Ions m/z 284 and m/z 289
were common for all species subjected to the electrochemical process: the first can be obtained by the
addition of moiety C4H7O3 to the molecular ion and the second can be obtained by association of the
latter with the benzyl alcohol portion of the 4-HCCA molecule. Still regarding this analysis method,
m/z 288 again appears recurrent in all analytes in their original form. In negative mode analysis, any
characteristic ions were found regarding the groups of studied chemical species.

HCA (hierarchical cluster analysis) (Figure 8a,b) provides information regarding sample grouping
with its basis on the calculated dissimilarity coefficient. The similarity between two MS spectra is
measured according to a parameter, in this case, the Spearman coefficient. The level of correspondence
between a pair of profiles that are being compared is related to height of the dendrogram: the shorter
the height, the greater the similarity. In this way, in HCA, the assays are spatially organized according
to their level of congruence with each other. Correspondence between the obtained MS spectra
did not enable a clear discrimination between saccharides and cyclitols species once these did not
form an isolated cluster for each type of ionization mode. However, compounds after EC appeared
grouped together, indicating that analytes subjected to electrochemical assay generated more coincident
fragments, and thus, coincident possible metabolites. Figure 8c presents a chart with ions incident
solely in the MS spectrum of one of the analytes, showing that distinctive ions were not detected for
most of the performed assays, as expected due to the structural similarity of analytes. The formation of
an ion at m/z 152 [C5H11O5 +H]+ was favored for L-chiro-inositol, it consists of a molecular ion after
dehydrogenation and decarboxylation. The ion at m/z 207 may refer to the gain of –CH and the loss of
a proton in the region of D-pinitol’s methyl radical, leading to an epoxy structure, while m/z 228 can
be obtained after the loss of a methyl group, followed by oxidation (the gain of two atoms of oxygen
and one hydroxyl group). For myo-inositol, a signal at m/z 325 appears as a specific fragment that was
probably generated by a loss of water followed by the loss of CH2O in a molecule dimer. D-glucose
has associated the ion at m/z 256, which may arise from the combination of the original structure with
C3H7O2. The methylation and dehydrogenation of a glucose dimer can result in the fragment at m/z
356; at the same time, m/z 330 in the D-fructose MS spectrum can be a product of hydroxymethyl
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group loss followed by hydroxyl gain. D-galactose ion m/z 276 can be generated by the loss of two
molecules of water and one –CH2O group in the structure of the dimer (m/z 343). Species that were
electrochemically transformed also presented distinguishable fragments. The ion at m/z 384 can be
a product of L-chiro-inositol dimerization with posterior dehydrogenation and the incorporation of
sodium. The fragment m/z 274 from D-pinitol may result from m/z 387 [2M − H]+, followed by the
loss of two –CH2O groups and three molecules of water. Transformed myo-inositol is characterized by
the m/z 285 ion, which may refer to [2M − H]+ after the loss of four molecules of water. In negative
mode, transformed L-chiro-inositol was associated to the formation of a signal at m/z 188, which may
correspond to [C7H8O6]− after methylation and successive dehydrogenations. Although investigated
analytes are structurally similar and display corresponding molecular weights, the verification of
ions specific for some of the studied species suggests that some mechanisms related to molecule
rearrangement and fragmentation may be favored to the detriment of others in circumstances of factors
such as the steric effect.

Figure 8. Heatmaps associated to hierarchical cluster analysis (HCA), which were generated for analysis
using (a) DHB and (b) HCCA matrix; (c) chart showing ions specifically incident in the spectrum of
one of the analytes. P: positive mode, N: negative mode, e—compounds subject to electrochemical
process, FRU: D-fructose, GAL: D-galactose, GLU: D-glucose, PI: D-pinitol, CI: L-chiro-inositol, MI:
myo-inositol.

Figure 9 presents a scatter plot of values of fold change in ion intensity after compounds were
electrochemically treated. All the represented ions are those that suffered statistically relevant changes
in their intensities in comparison to the EC-treated form. The increasing size of plotted variables
indicates their increasing level of significance (expressed in terms of common logarithm of p value).
Considering this, bigger dots refer to fragments associated to smaller p-values. Colors of features
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represent four main responses in the spectra obtained after modification of the products: ions that
have become absent after the EC process, those that have become incident, and those that increased
or decreased their intensities after EC treatment. The graphs allow to observe that, in positive mode,
the DHB matrix provided spectra with a greater number of discriminating ions. In negative mode,
only a few significant changes between the compounds’ spectra before and after treatment were
observed. This aspect is probably related to a greater dissimilarity occurring among the spectra of
sugars and cyclitols in negative mode analysis. The existence of such discriminating variables denotes
the resemblance of MS profiles belonging to the two investigated groups of compounds, a factor that
can hinder a proper differentiation between them. However, these features may serve as indicative
species that are useful in the monitoring of the metabolization process of the studied compounds.
Together with previously presented evidence, the compounds subject to the electrochemistry step tend
to present MS spectra containing a greater variety of ions addressed to the total or partial combination
of molecular ions with moieties of itself or with matrix compounds. In general, the addressed fragments
involve dimerization, alterations, and sodium adduct formation in the dimer structure as well as
combination with DHB and 4-HCCA molecules. This suggests that the transformed varieties of
analytes tend to be more prone to recombination, due to their increased reactivity. After processing,
the MS spectra similarity increases and the number of diverse fragments decreases, pointing to an
allowed interconversion of these species into coincident structures, which can refer to ions marked in
Figure 9 with “incident” behavior after EC assay. Ions that had their intensities significantly decreased
are related to fragments coming from minor transformations in the molecular ion unit. Those related
to punctual chemical alterations of molecular ions, or from the fragmentation of original structure
itself, tend to appear “absent” after EC assay. Such approach provides an overview of the significance
of possible metabolites. The conversion of bioactive compounds as a part of metabolism by cells is
important to consider for biological activity studies and thus, new approaches for the simulation of
cell metabolism should be proposed. The developed off-line EC-MALDI-TOF-MS approach can find its
application in the metabolomics studies for the identification of candidate metabolites of potential
drugs. In addition, the approach can be interesting for researchers in the field of natural bioactive
compounds since, as it was mentioned above, the identification of metabolites can be valuable for the
assessment of biological activity.

 
Figure 9. Scatter plots weighted according to the significance of ions (-log10 (p)), referring to a
comparison between MS spectra obtained before and after the electrochemical process, using (a) DHB
and (b) the HCCA matrix.
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3. Materials and Methods

3.1. Chemicals and Reagents

D-pinitol (95% mass), L-chiro-inositol (95% mass), myo-inositol (≥98% mass), D-glucose, D-fructose,
and D-galactose were purchased from Sigma-Aldrich (Steinheim, Germany). Water, acetonitrile,
methanol (all solvents were of LC-MS grade purity), trifluoroacetic acid (≥99% purity), and ammonium
acetate (≥99% purity) were purchased from Sigma-Aldrich (Steinheim, Germany). MALDI matrices
such as 2,5-dihydroxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic acid (HCCA) as well as cesium
triiodide for mass calibration were purchased from Sigma-Aldrich (Steinheim, Germany). Water was
obtained with a Milli-Q RG apparatus by Millipore (Millipore Intertech, Bedford, MA, USA).

3.2. Sample Preparation

Stock solutions of standards were prepared by dissolving standards of cyclitols and saccharides in
water (Milli-Q). Solutions for subjection to electrochemical conversion were prepared at neutral pH by
dissolving 50 μL of standard in 5 mL of 10 mM ammonium acetate and 2 mL of acetonitrile to a final
concentration of 10 μg/mL. Control samples that were not subjected to EC conversion were prepared
by the same procedure. Two fractions of each compound after EC conversion were collected to 2-mL
Eppendorf tubes (the first fraction was collected during the first 10 min and the second was collected
during the next 7 min). After collection of the fractions, the solvent was evaporated and frozen in
−80 ◦C. Prior to analysis, samples were re-dissolved in 50 μL of methanol–water (1:1) mixture.

3.3. Instrumentation

The ROXY™EC system (Antec, Zoeterwoude, The Netherlands) was used for the electrochemical
conversion of analytes. The system consisted of a potentiostat equipped with a ReactorCell™with a
reference electrode HyREF™ (Pd/H2) and working electrode (boron-doped diamond electrode, BDD),
an infusion pump (Harvard, Holliston, MA, USA), and all necessary capillary tubes. The DialogueTM

version 2.02.145 software (Antec, Zoeterwoude, The Netherlands) was used. The BDD electrode
consisted of an ultra-thin layer deposited on top of a silicon substrate in a potential range from 0 to
3000 mV. Additionally, an electrochemical three-electrode arrangement was composed of a Pd counter
electrode and a HyREF (Pd/H2) reference electrode. All working solutions of cyclitols were freshly
prepared from stock solutions at final concentrations of 10 μg/mL. Working solutions of cyclitols and
saccharides were prepared using 10 mM ammonium acetate (pH 7.4) with the addition of 2 mL of
acetonitrile and injected to the system using a 1-mL syringe (Hamilton, Reno, NV, USA). The analysis
was performed using a flow rate of 10 μL/min and 37 ◦C oven temperature. All the fractions and
controlled samples were transferred to 2-mL Eppendorf tubes and analyzed by MALDI-TOF-MS
(Bruker Daltonics, Bremen, Germany).

3.4. MALDI-TOF-MS

The samples of cyclitols and saccharides were analyzed by an ultra-fleXtreme MALDI-TOF-MS
instrument (Bruker Daltonics, Bremen, Germany). The instrument is equipped with a modified
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (Smart beam II™) operating at the
wavelength of 355 nm and frequency of 2 kHz, which was used for all measurements. The spectra
were analyzed in a reflective positive and negative ionization mode in the 60–1600 m/z range at 80% of
laser power and global attenuator at 50%. Fragment spectra were determined using the LIFT mode in
the m/z range of 50–1000. All mass spectra were acquired and processed using software such as Flex
Control and Flex Analysis, respectively (Bruker Daltonics, Bremen, Germany).

The matrices such as α-cyano-4-hydroxycinnamic acid (HCCA) and 2,5-dihydroxybenzoic acid
(DHB) at a concentration of 10 mg/mL were prepared by dissolving 10 mg of HCCA and DHB in 1 mL of
standard solution (30% acetonitrile 70% H2O and 0.1% trifluoroacetic acid. The mixtures of 1 μL of each
sample and 1 μL of matrix solutions were applied to the spot on a MALDI-TOF-MS MTP AnchorChip
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384 plate, in triplicate. All mass spectra were calibrated by using the cesium triiodide-cluster (CsI3); 10
mg of CsI3 was dissolved in 1 mL of mixtures of methanol–DHB (1:1).

3.5. Exploratory Data Analysis

The following methods were conducted in R environment, using RStudio console v. 1.1.463
(RStudio, Boston, MA, USA) and employing the packages “gplots”, “sna”, and “ggplot2”. NA aimed to
represent coincident ions among the spectra of the investigated compounds. HCA using the Spearman
rank correlation method was conducted in order to observe the grouping of performed assays according
to the distribution of MS ions. For NA, data concerning only ions with at least 1% of the total spectral
abundance were considered, and the dataset was converted into binary entries. For HCA input,
Z-score normalization of the data was carried out. Finally, weighted scatter plots were intended to
highlight the main significant trends presented by MS ions when submitted to the electrochemical
method. These results were expressed in terms of binary logarithm of the fold change in ion intensity.
Using IBM SPSS Statistics v. 24 (IBM, Armonk, NY, USA), the Mann–Whitney U test was performed,
aiming to point out discriminant features between the group of analytes in original form and when
submitted to the electrochemical process; a p value < 0.05 was considered as the significance criterion.
All prepared datasets comprehended ions within the range of 150 to 400 m/z. Matrix spectra (“blanks”)
were subtracted from analyses, and the average of intensity values coming from fractions 1 and 2 were
used. Exploratory data analysis encompassed the general fragments generated by MALDI-TOF-MS
analysis, obeying the aforementioned thresholds of intensity and statistical significance.

4. Conclusions

The study used electrochemical analysis with MALDI-TOF-MS detection for the first time to
identify candidate metabolites of biologically active compounds. Using the off-line EC-MALDI-TOF-MS
method, it was possible to identify and characterize the EC-generated profile of cyclitols (pinitol—m/z
346.9, 354.9, 361.9, 370.9, chiro-inositol—m/z 317.0, 331.0, 376.9, myo-inositol—m/z 172.0, 199.0, 212.1,
284.3, 299.0, 328.9, 339.0, 346.9, 360.9) and sugars (glucose—m/z 225.0, 315.4, 321.4, 345.3, fructose—m/z
329.4, galactose—m/z 233.8, 251.7, 321.3, 360.3). In addition, the identified products were characteristic
for the sugars and cyclitols tested. The use of electrochemistry is a new approach for the simulation and
detection of possible bioconversion products using electrochemical reactions. In addition, the use of
statistical analysis showed differences/similarities between MS spectra acquired for compounds before
and after the electrochemical process for the two tested matrices. EC assay products provided less
distinguishable MS spectra and were mainly characterized by the combination of analytes with more
complex structures. The applied method proved to be adequate for the identification and assessment
of the analytes and their derived species to model potential metabolic reactions of phase I oxidative
cell metabolism for cyclitols and saccharides. Candidate metabolites of the studied substances were
indicated, and these results can be introduced in further studies regarding the bioactivity of these
compounds, influencing parameters, and in the design of possible pharmacological applications.
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Abstract: The root bark of Morus has long been appreciated as an antiphlogistic, diuretic and
expectorant drug in Chinese herbal medicine, albeit with barely known targets and mechanisms of
action. In the 1970s, the development of analytic chemistry allowed for the discovery of morusin as
one of 7 different isoprene flavonoid derivatives in the root bark of Morus. However, the remarkable
antioxidant capacity of morusin with the unexpected potential for health benefits over the other
flavonoid derivatives has recently sparked scientific interest in the biochemical identification of target
proteins and signaling pathways and further clinical relevance. In this review, we discuss recent
advances in the understanding of the functional roles of morusin in multiple biological processes such
as inflammation, apoptosis, metabolism and autophagy. We also highlight recent in vivo and in vitro
evidence on the clinical potential of morusin treatment for multiple human pathologies including
inflammatory diseases, neurological disorders, diabetes, cancer and the underlying mechanisms.

Keywords: morusin; antioxidants; natural products; cell signaling; inflammatory diseases;
neurological disorders; diabetes; cancer

1. Introduction

The therapeutic relevance of the root bark of the mulberry tree (genus Morus) as an antiphlogistic,
diuretic and expectorant drug has long been acknowledged in Chinese herbal medicine [1]. The rapid
development of analytic chemistry in the 1970s led researchers to explore the constituents of this
mysterious plant with remarkable clinical potential [2–5]. As a result of these efforts, a group at Toho
university in Japan achieved the consecutive purification of two 2-arylbenzofuran derivatives and
seven isoprene-substituted flavonoid derivatives from the benzene extracts of the root bark of a variety
of plants in the genus Morus including Morus alba L. and Morus nigra L. Such discoveries, taken together
with the anti-inflammatory properties of flavonoid species, significantly provoked scientific attention
to the potential application of Morus-derived flavonoids to a myriad of human pathologies beyond its
known benefits, leading to subsequent biochemical studies from multiple research groups in which the
chemical and bioactive properties of the phytochemicals were tested.

Morusin is one of the Morus-derived flavonoids, which has been highlighted for its outstanding
antioxidant capacity over the other flavonoids due to unique chemical and bioactive properties
(Figure 1) [6]. Its versatile potential against human pathologies including cancer, immune dysfunction
and metabolic disorders has been intensively tested in in vitro systems, although the underlying
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mechanisms and clinical evidence in vivo are yet to be fully explored. In this review, we describe
the previously reported physiological processes induced by morusin, as well as in vitro and in vivo
evidence connecting its therapeutic potential to relevant human pathologies including cancer. Finally,
we highlight our recent discoveries of mechanisms regarding the strategies employed by cancer cells to
resist morusin treatment and propose the cotreatment of morusin and relevant inhibitors as a potential
tactic for boosting the anti-tumor capacity of the morusin.

Figure 1. The chemical structure of morusin. Molecular targets of morusin include cyclooxygenase-2
(COX-2), lipoxygenases (LOXs), pancreatic lipase (PNLIP), epidermal growth factor receptor (EGFR),
UDP-glucuronosyltransferase, cytochrome P450 (CYP) and HIV reverse transcriptase (* in silico
analysis only).

2. Results

2.1. Chemical Properties of Morusin

Various classes of prenylated flavonoids have been isolated from the root bark of Morus.
Among these, morusin has been highlighted for its versatile effects on human physiology and
pathology. Morusin is a prenylated flavone with strong antioxidant capacity, which is structurally
characterized by (1) a prenyl unit at position 3, (2) hydroxy groups at 5, 2′′ and 4′ and (3) a 2,2-dimethyl
pyran group across positions 7 and 8 (Figure 1) [6]. The structure-bioactivity relationship was analyzed
by the comparison of many prenylated flavonoids in the number and position of prenyl moieties [7–10].
In general, attachment of hydroxy group and prenyl group on the flavone backbone affects the
bioactivities of a compound depending on the position and number of functional groups. Prenylation
results in a more lipophilic compound to provide high affinity with the cell membrane, while leads to
decreased bioavailability and plasma absorption [10]. The prenylations at the C-3 and C-7 position
in the flavone backbone of morusin greatly contribute to its high cytotoxicity against murine P-388
cells [11,12]. However, the change from a cyclic form of the prenyl group at the C-8 position of morusin
to a free prenyl group in kuwanon C slightly reduced the cytotoxic effects, while inhibitory activity
against β-secretase and anti-bacterial activity against E.coli as well as S. typhimurium were markedly
increased [8,9]. On the other hand, cyclization of the prenyl group at C-7 of morusin reduced inhibitory
activity against tyrosinase and α-glucosidase [7].

Morusin may allosterically regulate several enzymes including cyclooxygenase-2,
lipoxygenases, pancreatic lipase, epidermal growth factor receptor, UDP-glucuronosyltransferase,
acetylcholine esterase (AChE), matrix metalloproteinases (MMP-9 and MMP-2), cytochrome P450
and HIV reverse transcriptase (further discussed in later sections) [13–17]. Such abilities have been
decoupled from its antioxidant and anti-inflammatory capacities, since each carbon residue appears to
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play differential roles in mediating biological functions. For example, a prenyl substitution on C-3
of morusin caused noncompetitive inhibition characteristics toward AChE, while non-prenylated
flavonoids showed mixed inhibition kinetics [18]. In addition, hydroxylation at C-5′ of morusin
determined the selective inhibition of different oxygenases. Morusin, which lacks the 5′-hydroxyl
group of artonin E, was a less potent 5-lipoxygenase inhibitor. Morusin displayed broad inhibitory
activities against several lipoxygenases, while artonin E, produced by hydroxylation at C-5′ of
morusin, displayed inhibitory activity against 5-lipoxygenase higher by one order of magnitude [19].
Molecular docking analysis between morusin and the cytochrome isoform CYP3A4 indicated that
oxygens in the pyran ring, C-5 and C-2′ are involved in hydrogen bonds with CYP3A4 and the B ring
structure of morusin is involved in π-π interaction with Phe108 of CYP3A4 [16,20]. Hydrogen bond
formation between the 2′-hydroxy group of morusin and Tyr393 of MMP-9 and cation-pi interactions
between the flavone backbone of morusin and Tyr423 of MMP-9 were also associated with morusin
binding to MMP-9 [21]. Docking analysis of morusin with 5-lipoxygenase (5-LOX) indicated that the
2′- and 4′-hydroxy groups of the B ring structure of morusin form hydrogen bonds with Val127 of both
the B and F chain in 5-LOX, respectively. Moreover, the 3-prenyl group of morusin aligned into the
hydrophobic groove generated by Val127, Ala128, Leu124, Leu135 and Phe131 of the 5-LOX active
site [22], indicating that hydroxylation and prenylation of morusin are crucial in molecular recognition
of the target protein. Molecular modeling of proteins and docking analysis was utilized to screen
for ligands of GABA transporter 1. In this study, morusin was identified as the strongest potential
ligand for GABA transporter 1, in which Tyr140 and Ser396 of GABA transporter 1 may be involved in
hydrogen bonding with morusin [23].

We briefly mentioned the chemical properties of morusin here, since this review mainly focuses
on the biological aspects of morusin treatment with various clinical relevance. More detailed
physiochemical properties of flavonoids including morusin and their purification processes are well
described elsewhere [3,6,7].

2.2. The Effects of Morusin Treatment on Cellular Processes

Multiple physiological processes have been proposed as effectors of morusin treatment in various
biochemical studies (Figure 2). In this section, we describe the cellular processes specifically implicated
in morusin-targeted human pathophysiology discussed later on.

2.2.1. Inflammation

Many studies have confirmed the anti-inflammatory capacity of morusin in different in vivo
and in vitro contexts—(1) Morusin treatment inhibits secretion of cytokines such as CCL5 and
CCL17 in TNFα- and IFN-γ-stimulated keratinocytes and also inhibits the release of histamine and
LTC4 in A23187-stimulated MC/9 mast cells [24]. (2) Morusin treatment inhibits PMA-induced
MUC5AC production in a human pulmonary mucoepidermoid cell line NCI-H292, showing
prominent anti-inflammatory effects in vitro [25]. (3) Morusin treatment ameliorates IL-1β-induced
chondrocyte inflammation and abrogates osteoarthritis in destabilization of the medial meniscus model
in vivo [26]. (4) Morusin treatment inhibits NO production from LPS-induced RAW264.7 cells [27].
(5) Morusin treatment protects against 2,4,6-trinitrobenzensulfonic acid (TNBS)-induced colitis in
rats [28]. (6) Morusin treatment alleviates inflammatory signaling thereby controlling the outgrowth of
mycoplasma pneumonia [29].

This explosion of observations on the anti-inflammatory effects of morusin have raised
questions of the molecular and biochemical targets of morusin and the underlying mechanisms.
In this context, the antioxidant capacity of morusin has been linked to the suppression of iNOS induction,
thereby reducing nitric oxide formation [27,30,31]. This mechanism may also be associated with the
neuroprotective function of morusin against NO-induced cell death in SH-SY5Y cells [31]. Although the
mechanism underlying iNOS regulation by morusin has not been directly addressed yet, it may be
recapitulated by the NF-κB pathway, a key intracellular pathway that governs pro-inflammatory
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signaling in multiple ways including reactive oxygen species (ROS) production, cytokine production
and immune cell activation [32,33]. Furthermore, morusin suppressed STAT1-mediated cytokine
secretion in TNF-α- and IFN-γ-stimulated keratinocytes [24]. Indeed, many studies have already
emphasized that the versatile effects of morusin may be associated with downregulation of the NF-κB
pathway and its crosstalk with STAT1, STAT3 and Wnt/β-catenin signaling [24–26,29,34–40]. Given that
activation of the NF-κB and STAT signaling pathways is one of the downstream events of EGF receptor
signaling and since morusin directly binds to the catalytic domain of the EGF receptor for inactivation
of EGFR [14], it is plausible that morusin-mediated blocking of EGFR signaling may contribute to the
down-regulation of NF-κB-mediated iNOS induction and NO synthesis, as well as STAT1-mediated
cytokine secretion, to result in anti-inflammatory effects. In addition, several in vitro studies argued
that the anti-inflammatory effects of morusin are partly attributed to its role as an allosteric inhibitor
of cyclooxygenase-2 (COX-2) and lipoxygenases (LOXs), which are key rate enzymes implicated in
arachidonic acid metabolism [41]. Given that arachidonic acid is a key molecule spiking intracellular
pro-inflammatory signaling followed by immune cell activation [42], such regulations may be clinically
relevant to diseases associated with aberrant inflammation.

 
Figure 2. The effects of morusin on cellular processes. Morusin elicits various cellular processes
including suppression of inflammation, induction of apoptosis, autophagy and stress granule formation
and is involved in the homeostasis of glucose and lipid metabolism. Red solid arrow and solid bar
indicates activation and suppression of target molecule, respectively. Upwards and downwards arrow
indicates an increase and decrease of target protein or pathway, respectively.
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2.2.2. Apoptosis

Although cytotoxicity upon morusin treatment has been observed across multiple cancer cell lines,
biochemical characterization of the underlying mechanisms and clinical potential in vivo are still active
areas of research. In particular, multiple recent studies have performed a thorough assessment of the
biochemical targets of morusin, allowing for the identification of apoptosis as a critical tumor-killing
effect of morusin.

Apoptosis is a type of tightly regulated programmed cell death, characterized by cell
shrinkage, nuclear fragmentation, chromatin condensation and chromosomal DNA fragmentation [43].
Apoptosis can be subclassified into extrinsic and intrinsic pathways according to the origin of stimuli
(intracellular vs extracellular signals). This biological process has been appreciated as an attractive
druggable target in numerous pathological contexts especially including cancer [44]. Morusin effects
on apoptosis in cancer cells has been mostly linked to its capacity to suppress the NF-κB pathway,
since suppressors of the intrinsic apoptotic pathway, such as cIAP and Bcl-xL, are representative
downstream targets of p50/p65, the core transcription factor of the NF-κB pathway [43]. The potential
involvement of the NF-κB pathway was first suggested by a study in which morusin treatment led
to inhibition of the NF-κB pathway and activation of intrinsic apoptosis in human colorectal cancer
cells [35]. Such observations were also substantiated by studies across multiple cancer cell lines
in which morusin treatment resulted in concomitant NF-κB pathway inhibition and activation of
apoptosis [40,45,46].

In addition, several studies have suggested the possibility of STAT3 as a component of the
mechanisms underlying the pro-apoptotic effects of morusin [14,36,38,47,48], which may be relevant
since (1) ROS formation is both a consequence and a driving force of STAT3 activation [49] and (2)
the STAT3 and NF-κB pathways synergistically promote transcriptional activation of suppressors of
the intrinsic apoptotic pathway [50]. Consistently, STAT3 target genes, such as anti-apoptotic genes
encoding Bcl-xL, Bcl-2, XIAP, survivin and cell cycle regulators (c-Myc and cyclin D), are down-regulated
upon morusin treatment, while pro-apoptotic Bax expression was induced [36,38,40,47,51]. In addition,
the administration of morusin reduces mitochondrial membrane potential resulting in the release of
cytochrome c and Smac/DIABLO and thus, apoptosis is facilitated by the activation of caspase-9 and
caspase-3 [35,48,52].

Turning off signaling pathways implicated in cell survival and proliferation has been
functionally associated with the activation of apoptosis [53]. In this regard, morusin also exerts
its pro-apoptotic effects by inhibiting relevant pathways including the PI3K-AKT and MAPK signaling
pathways [35,54,55]. However, it is still unclear if such mechanisms can be dissociated from morusin
effects on the NF-κB pathway, which has cross-talk with the PI3K-AKT, MAPK pathways in many
physiological and pathological contexts [54,55].

Finally, some evidence has suggested that morusin treatment also results in the activation of
extrinsic apoptotic pathways, in which morusin strongly increased expression of the death receptor
DR5 at the transcriptional level and conferred sensitization of glioblastoma to TRAIL signaling [35,38].
However, thorough assessment of the underlying mechanisms may be further required to interpret
morusin effects on the extrinsic apoptotic pathways, considering the intimate crosstalk between the
intrinsic and extrinsic apoptotic pathways [56].

2.2.3. Metabolism

Metabolism plays key roles in energy homeostasis and signal transduction, which are fundamental
aspects of organisms. One of the unique aspects of metabolism is the remarkable metabolic flexibility in
response to various stimuli [57]; metabolic pathways are dramatically rewired as an adaptive response
to specific physiological contexts such as starvation and energy overload. Such adaptations have also
been proposed as either the consequence or cause of numerous human pathologies including metabolic
disorders, cardiovascular diseases and cancer.
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Morusin treatment was shown to exert beneficial effects on systemic and cellular metabolism.
Those effects have also been mostly associated with the antioxidant capacity of morusin. Multiple
studies have shown that morusin treatment reduces reactive oxygen species in metabolically relevant
organs, in which redox homeostasis is tightly associated with general metabolic fitness including
increased mitochondrial performance and the amelioration of dysregulated fuel metabolism [58].
For example, treatment of Morus alba root bark extract including morusin reduces lipid peroxidation,
thereby leading to hypoglycemic effects in vivo in a streptozotocin-induced mouse model of type I
diabetes. Such beneficial effects may be associated with decreasing oxidative stress and preservation of
pancreatic β-cell integrity by reducing cell death [59,60].

It has recently been shown that morusin also serves as an allosteric inhibitor of metabolic
enzymes including pancreatic lipase, UDP-glucuronosyltransferase (UGT) and cytochrome p450
(CYP450) [16,61]. Such findings may be clinically relevant, since these enzymes have been implicated
in the dysregulation of lipid homeostasis and endoplasmic reticulum stress, which play key roles in
the pathogenesis of various metabolic disorders including diabetes [62,63]. Of note, CYP450 and other
ER-resident lipid oxygenases including CYP1A2, CYP2C9, CYP2D6, CYP2E1, CYP3A4 and CYP2C19
have been proposed as metabolizing enzymes of morusin per se [17,20], although it is unclear whether
the mechanisms contribute to the drug resistance or whether the intermediates mediate the beneficial
effects of morusin.

Morusin has also been highlighted as a potent de novo lipogenesis inhibitor as well as a lipolysis
stimulator [64]. The study was performed in 3T3-L1 and primary adipocytes in which morusin treatment
leads to reduced lipid build-up and increased lipid breakdown. Such observations may be associated
with changes in multiple processes including down-regulation of the MAPK pathway downstream
of insulin receptor signaling, adipogenic transcription factors (PPARγand C/EBPα) and lipogenic
factors (aP2 and FAS), while expression of lipolytic factors (HSL, ATGL and perilipin) are enhanced
by morusin administration in differentiated 3T3-L1 adipocytes. However, the trans-differentiation of
glioblastoma multiforme (GBM) cancer stem cells into adipocyte-like cells was induced by morusin
treatment, in which the expression of adipogenic proteins including PPARγ, Adipsin D and aP2 were
enhanced in a dose-dependent manner [39]. A similar result was observed with breast cancer cells in
which differentiation of breast cancer cells into adipocyte-like cells was induced by morusin treatment
and concomitantly expression of adipogenic protein was increased [65]. The detailed clinical potential
of morusin treatment for metabolic disorders including diabetes has been discussed in a later section.

2.2.4. Autophagy

Autophagy is a physiological process through which unnecessary and dysfunctional cellular
components are removed or recycled [66]. Various extracellular and intracellular signals induce autophagy
and thus autophagy plays a key role in the intricate regulation of cellular homeostasis including cell fate
determination, fuel metabolism and mitochondrial fitness. In this context, autophagy has been implicated
in numerus human pathologies particularly associated with energy stress and mitochondrial dysfunction,
such as cancer and neurodegeneration, respectively. This notion, together with previous reports in which
drug resistance of cancer cells are tightly associated with the capacity of cells to induce autophagy [67],
brought us to the question as to whether cancer cells employ autophagy as a protective mechanism against
morusin-induced cell death. Biochemical evidence in our study showed that morusin treatment leads
to mTOR1 inhibition and the subsequent activation of AMPK, resulting in ULK1-mediated autophagy
activation. Such autophagy activation is associated with the reduced apoptosis induced by morusin
(Figure 3), corroborating the idea that activation of autophagy confers drug resistance to cancer cells [68].
This mechanism may be noteworthy in the context of the therapeutic relevance of morusin for neurological
disorders, given the anti-cell death effects of morusin on neuronal cells [31] and the intimate connection
between autophagy and neurodegenerative diseases [69].
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Figure 3. Morusin-induced autophagy and stress granule (SG) formation inhibits induction of apoptosis
at early times of the stress response. Morusin induces apoptosis, autophagy and SG formation. However,
induction of autophagy and SG formation occurs ahead of apoptosis induction at the early times of
morusin treatment, resulting in a delay of the induction of apoptosis.

2.2.5. Stress Response

Cells have evolved multiple physiological strategies to cope with diverse environmental and
intracellular stresses. Among these is stress granule (SG) formation, during which macromolecular
aggregates of mRNA and proteins are assembled, leading to the attenuation of translation and
activation of various physiological pathways for DNA damage repair and cell survival [70]. Since study
of the SGs has mainly focused on biochemical or mechanistic perspectives, the physiological and
pathological relevance of the SGs is still enigmatic. Recent in vitro and in vivo clinical evidence has
proposed the potential implication of SGs in cancers and neurodegenerative diseases, warranting a
more detailed examination of the underlying mechanisms [71,72]. In particular, the SGs are induced
by various types of cytotoxic drugs, thereby contributing to drug resistance [73]. Our recent study
showed that SG formation is induced by morusin treatment [74]. PKR was identified as a target of
morusin in an un-biased systemic phospho-antibody array. PKR activation and subsequent eIF2α
phosphorylation are key biochemical events for morusin-induced SG formation, which leads to the
retention of RACK1 within the SGs. Since RACK1 is a pro-apoptotic molecule that activates intrinsic
apoptotic pathways and together with our data in which RACK1 manipulation decouples SG formation
and morusin-induced cell death, we suggested that morusin-mediated cell death may at least in part
be attributed to RACK1 activation (Figure 3).

Although our study only highlighted the potential connection between SG formation and the
intrinsic apoptotic pathway, it may also be of interest to study the biochemical mechanism(s) and the
pathological relevance of interplay with other pathways including the extrinsic apoptotic pathways
also activated by morusin, as well as inflammatory signaling, given the involvement of PKR in
this mechanism.

2.3. Clinical Potential of Morusin Treatment in Pathophysiology

Exploding number of causality studies linking specific cellular processes to human pathologies,
together with morusin implication in the processes, warranted assessment of the clinical potential
of morusin in various disease settings in vivo and in vitro. Here, we discuss recent advances in the
understanding of the potential application of morusin in treating common human diseases.
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2.3.1. Inflammatory Diseases

The anti-inflammatory capacity of morusin has been tested in various models of inflammatory
diseases, which was initiated with several in vitro studies on morusin-mediated inhibition of iNOS,
cyclooxygenases and lipoxygenases [27,41]—(1) Lee et al. demonstrated that morusin reduces
musin secretion in NCI-H292 cancer cells with mucoepidermoid characteristics following chronic
inflammation [25]. This in vitro observation was concordant with in vivo results in which morusin
treatment alleviates the hypersecretion of airway mucin in a rat model of bronchitis induced by
sulfur dioxide treatment. (2) Morusin displays potential anti-allergic and anti-inflammatory effects on
atopic dermatitis, a common chronic inflammatory skin disease, which was well-demonstrated by
Jin et al., in their in vitro study with MC/9 mast cells and HaCat keratinocytes [24]. Mechanistically,
they proposed the dual roles of morusin in modulating inflammatory signals in both keratinocytes
and immune cells via STAT1/NF-κB and lipoxygenase, respectively. (3) Morusin treatment inhibits
the NF-κB signaling pathway and thereby dampens IL-1β-induced chondrocyte inflammation and
osteoarthritis using mouse chondrocytes and destabilization of the medial meniscus (DMM) model,
a mouse model of osteoarthritis [26]. (4) Morusin treatment has been tested in a chemical-induced rat
model of colitis. Histological observations following morusin gavage in the rats showed a significant
reduction of tissue damage score and pro-inflammatory markers (TGF-β1 and IL-1β) and an increase
in the level of antioxidant enzymes (superoxide dismutase and catalase), indicating that morusin may
have therapeutic potential in treating inflammatory bowel disease [28].

Numerous microbes and viruses take advantage of host cellular processes and machineries
to maximize their infection capacities. One such strategy is to provoke cellular and systemic
inflammatory responses. Morusin has been administered to a few models of infectious diseases,
such as an in vivo mouse model of mycoplasma pneumonia infection, in which morusin treatment
efficiently suppressed mycoplasma pneumonia via the inhibition of Wnt/β-catenin and NF-κB
signaling [29]. Morusin also appears to exert anti-microbial and anti-viral activities on microorganisms
per se; Pang et al. and We et al., demonstrated that morusin has the remarkable capacity to target
Staphylococcus aureus and clinical methicillin-resistant Staphylococcus aureus (MRSA) in vitro and
in vivo [75,76]. The mechanism of action may be associated with the chemical properties of morusin as
an isopentenyl leading to an increase in membrane permeability, inhibition of the phospholipid-repair
system and dissipation of the proton motive force of the bacteria [77]. Mechanisms underlying the
anti-viral effects of morusin are less clear. One possible explanation may be that morusin exerts its
effects by allosteric inhibition of essential viral components. Of note, an in silico analysis proposed that
morusin could directly inhibit HIV-1 reverse transcriptase activity [78] and SARS-CoV-2 protease [79].

2.3.2. Neurological Disorders

In Chinese medicine, Morus alba has been used as a neuroprotective herb. The neuroprotective
functions of morusin and the implications for disease have recently been appreciated at the cellular
and molecular levels. For example, morusin treatment protects neuroblastoma SH-SY5Y cells from
nitric oxide-induced cell death [31]. This in vitro observation was also recapitulated by a follow-up
study in which the in vivo relevance of the antioxidant capacities of morusin in neuroprotection was
tested [80]. In the study, authors used a rat model of memory disorder induced by aluminum trichloride
(AlCl3), showing that morusin ameliorates the impaired memory and learning capacity by decreasing
the AlCl3-induced rise in brain acetylcholinesterase (AChE) activity and brain oxidative stress
levels. Although in vivo studies of the effects of morusin on neurological disorders are very limited,
morusin may exert beneficial functions against neurodegenerative diseases including Alzheimer’s
disease, given that (1) morusin shows inhibitory activity against AChE, butyrylcholinesterase (BChE)
and β-site amyloid precursor protein cleaving enzyme 1 (BACE1), which play important roles in the
prevention and treatment of Alzheimer’s disease [18,81] and (2) morusin treatment activates autophagy
in normal cells and the dysregulation of autophagy significantly contributes to the pathogenesis of
neurodegenerative disorders [68,69]. Accordingly, an integrative approach of pharmacokinetics and
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a structural bioinformatics approach of 210 plant compounds revealed that morusin displays high
potential as an anti-Alzheimer drug [82], corroborating the idea of the clinical potential of morusin in
targeting neurodegenerative diseases.

2.3.3. Diabetes

Diabetes mellitus is a pathological condition in which the body displays impaired capacity to maintain
coordinated systemic fuel metabolism upon various nutrient perturbations, particularly perturbations
of glucose, due to (1) pancreatic β-cell dysfunction followed by reduced serum levels of insulin (Type I
diabetes), and/or (2) reduced insulin sensitivity of systemic cells and relatively reduced insulin secretion
from pancreatic β-cells (Type II diabetes) [83]. Although numerous factors have been implicated in such
confounding metabolic disorders, the causalities and underlying mechanisms are not fully understood.
Among these, the reduced lipid storage capacity of adipocytes and aberrant lipid metabolism with ROS
accumulation in metabolically relevant organs including adipocytes, liver, muscle and pancreatic β-cells
have been tightly associated with the pathogenesis of the disease [84,85]. In this context, multiple in vivo
and in vitro evidence linked the versatile effects of morusin on the metabolic pathways to its clinical
potential in treating diabetes. For example, two independent studies showed that morusin treatment
ameliorates hyperglycemia and dysregulated lipid homeostasis in a mice model of type I diabetes induced
by streptozotocin treatment that specifically kills pancreatic β-cells [59,60]. Such mechanisms may involve
morusin-mediated alleviation of the peroxidation of lipid species spilled over from adipocytes, due to
insulin secretion levels insufficient to maintain the fat storage capacity of adipocytes.

Although no studies have yet tested the effects of morusin on the pathogenesis of type II diabetes
using relevant in vivo models (e.g., ob/ob, db/db mouse or HFD-fed mice), morusin may also exert
anti-diabetes effects in this context, considering that morusin potentially regulates systemic ROS levels,
lipogenesis, lipolysis, C/EBPβ and PPARγ signaling, arachidonic acid metabolism and ER-resident
proteins implicated in ER stress [16,59,64], all of which have been frequently implicated in type II
diabetes as well as type I diabetes [42,63,86,87].

2.3.4. Cancer

The implication of morusin in multiple biological pathways that cancers take advantage of,
described above, led to many studies testing the antitumoral capacities of morusin in vitro, with recent
initiation of research on its clinical potential in vivo. Indeed, very early studies on the chemical
properties of morusin already appreciated its antitumoral potential [6], connecting the strong antioxidant
capacity of morusin to the aberrant ROS production broadly relevant to the pathogenesis of cancers [88].

The effects of morusin on specific subtypes of cancers and the underlying biochemical mechanisms
have recently been studied using various in vitro and in vivo model systems (Table 1). For example,
Wang et al., demonstrated the clinical potential of morusin in targeting the stemness capacity of human
cervical carcinoma in vitro [40]. Such an approach may be relevant, as NF-κB is a well-established
upstream transcription factor of genes for stemness and metastatic capacities of various cancers
including cervical cancers [33]. In this study, morusin treatment was shown to decrease the expression
of Oct4, SOX2, ALDH1, as well as epithelial-to-mesenchymal markers, thereby decreasing the stemness
signature of the cancer cells. Morusin-mediated inhibition of the NF-κB pathway also leads to
reduced expression of Bcl-2 and upregulation of pro-apoptotic proteins including Bax and caspase-3,
which results in the apoptotic death of the cancer cells. Morusin may also display antitumor effects
independent of its capacity to activate apoptosis at non-cytotoxic concentrations (lower than 10 μM),
since morusin promotes VDAC-mediated Ca2+ influx into mitochondria leading to mitochondrial Ca2+

overload and mitochondrial dysfunction and subsequent paraptosis-like cell death observed in an
in vitro and in vivo model of epithelial ovarian cancer with apoptotic resistance [37].
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Table 1. The Effects of Morusin on Subtypes of Cancer.

Organ Cell Type Effects on Cellular Processes System Reference

Liver LO2
HepG2 Hep3B

Apoptosis induction & angiogenesis inhibition

• increases the expression of caspase-3 and the Bax/Bcl-2
expression ratio

• inhibits tube formation of HUVECs in vitro and suppresses
constitutive as well as IL-6-induced STAT3 phosphorylation

in vitro
in vivo [47]

Liver SK-Hep1

Anti-tumor progression through suppressing STAT3 and NF-kB

• suppresses cell-matrix adhesion, cell motility and cell
invasion at non-cytotoxic concentration

• increases the expression of E-cadherin and decreases the
expression of vimentin and α2-, α6-, β1-integrin

in vitro
in vivo [34]

Lung A549

Apoptosis induction & cell migration suppression

• induces apoptosis by loss of mitochondrial function and
increases the antioxidant activities by up-regulation of SOD

• inhibits the invasion and migration by down-regulation of
COX2 and VEGF at the transcription level

in vitro [52]

Lung
H1299
H460
H292

Apoptosis induction by suppression of EGFR/STAT3 activation

• inhibits phosphorylation of EGFR and STAT3 and shows
potential to treat advanced NSCLC with acquired resistance
to EGFR tyrosine kinase inhibitor

• The docking analysis: morusin directly binds to the tyrosine
kinase domain of EGFR

in vitro [14]

Breast
MCF-10A

4T1
MCF-7

Suppression of cancer cell growth through C/EBPβ- and
PPARγ-mediated lipoapoptosis

• inhibits human breast cancer cell proliferation and increases
the expression of C/EBPβ, PPARγ, adipsin D and perilipin

• induces adipogenic differentiation, apoptosis and
lipoapoptosis of cancer cells

in vitro
in vivo [65]

Breast
MCF-10A

MCF-7
MDA-MB231

Apoptosis induction

• The apoptosis marker proteins, cleaved caspase-3 and
caspase-9 were consistently upregulated

• suppresses the expression of the anti-apoptotic Survivin and
induces pro-apoptotic Bax expression

in vitro [51]

Brain
U87
GI-1

HCN-1A

Morusin-loaded nanoparticles for targeted glioblastoma therapy

• Morusin was loaded in chlorotoxin-modified PLGA
nanoparticles which target chloride channels and MMP-2 in
glioma tumor cells

• Morusin-loaded nanoparticles inhibit growth of U87 and
GI-1 glioma cells by ROS generation, enhanced caspase
activity, cytoskeletal destabilization and inhibition of
MMP activity

in vitro [89]

Brain WJ1
WJ2

Inhibition of glioblastoma stem cell growth through stemness
attenuation, adipocyte transdifferentiation

• increases adipogenic markers, such as PPARγ, adipsin D,
aP2 and perilipin and induces apoptosis

• reduces stemness of GSCs by inhibition of the expression of
stemness markers (CD133, nestin, Sox2 and Oct4)

in vitro
in vivo [39]

Brain
U251MG

LN18
U87MG

TRAIL sensitization by regulating EGFR and DR5 in human
glioblastoma cells

• Combinatorial treatment of TRAIL with morusin
synergistically decreased cell viability and
increased apoptosis

• induces the expression of DR5 and decreases anti-apoptotic
survivin and XIAP by reduced expression of EGFR
and pSTAT3

in vitro [38]
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Table 1. Cont.

Organ Cell Type Effects on Cellular Processes System Reference

Skin JB6 P+

Blocking TPA-induced malignant transformation of mouse
epidermal cells

• reduces the TPA-induced ROS production, AP1 and NF-κB
in JB6 P+ cells at non-cytotoxic concentration

• decreases TPA-upregulation of COX-2, N-cadherin
and Vimentin

in vitro [45]

Stomach MKN45
SGC7901

Inhibition of cell proliferation and tumor growth by
down-regulating c-Myc

• suppresses tumor growth and down-regulates CDKs and
cyclins, such as CDK2, CDK4, cyclin D1 and cyclin E1.

• reduces the expression of c-Myc and c-Myc protein binding
at the E-Box regions

in vitro
in vivo [90]

Pancreas

AsPC-1
BxPC-3

MIAPaCa-2
PANC-1

Apoptosis induction and inhibition of invasion by blockage of
STAT3 signaling pathway

• inhibits STAT3 activation and suppresses activation of
upstream JAK1, JAK2 and c-Src kinases.

• arrest cell cycle at G1/G0 or G2/M phase and causes
induction of apoptosis and loss of mitochondrial
membrane potential

in vitro [48]

Bone U2OS
HOS

Inhibition of human osteosarcoma via PI3K-AKT signaling
pathway

• promotes apoptosis and reduces the migration and invasion
of osteosarcoma

• inhibits the PI3K/AKT signaling pathway and induces the
expression of caspase-3 and caspase-8

in vitro [55]

Ovary
A2780

SKOV-3
HO-8910

Paraptosis-like cell death induction through mitochondrial
calcium overload and dysfunction

• causes mitochondrial Ca2+ influx and induces
paraptosis-like cell death via mitochondrial Ca2+ overload

• increases ROS and decreases mitochondrial membrane
potential and inhibits the growth of SKOV-3 xenograft in
nude mice

in vitro
in vivo [37]

Prostate

DU145
PC-3

LNCaP
RWPE-1

Cell death induction through inactivating STAT3 signaling

• reduces STAT3 activity by suppressing kinase activities of
JAK2 and Src and increases SHP1 phosphatase activity

• down-regulates the expression of STAT3 target genes
encoding Bcl-xL, Bcl-2, Survivin, c-Myc and cyclin D1

in vitro [36]

Cervix HeLa

Apoptosis induction & inhibition of human cervical cancer stem
cell growth and migration through attenuation of NF-κB activity

• decreases the proliferation, tumor sphere formation and
migration of human cervical CSCs and increases apoptosis

• decreases the expression levels of NF-κB/p65 and Bcl-2,
while increases expression levels of Bax and caspase-3

in vitro [40]

Kidney
769-P
786-O

OSRC-2

Anti-cancer activity by disturbing MAPK signaling pathways

• inhibits cell growth and migration, induces cell apoptosis
and induces the cell cycle arrest in the G1 phase

• up-regulates P-p38 and P-JNK levels, while the
down-regulates P-ERK level

in vitro
in vivo [54]

Liver
Spleen H22

Inhibition of transplanted H22 hepatocarcinoma

• inhibits the tumor growth of transplanted H22
hepatocarcinoma in mice by reducing the expression
of NF-κB

• increases the expression of p53, Survivin, cyclin B1
and caspase-3

in vitro
in vivo [46]
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Table 1. Cont.

Organ Cell Type Effects on Cellular Processes System Reference

Colon
Liver
Breast

HT-29
Hep3B
MCF-7

Apoptosis induction & suppression of NF-κB activity

• inhibits the phosphorylation of IKK-α, IKK-β and IκB-α and
suppresses NF-κB nuclear localization and its DNA binding

• causes activation of caspase-8, change of mitochondrial
membrane potential, release of Cytochrome c and
Smac/DIABLO and activation of caspase-9 and caspase-3

in vitro [35]

Cervix
Breast
Bone

HeLa
U2OS
ZR75B

Attenuation of RACK1-mediated apoptotic cell death by stress
granule (SG) formation

• induces activation of PKR and subsequent eIF2α
phosphorylation for SG formation

• sequestration of RACK1 within the SGs contributes to
protection of cells from cell death

in vitro [74]

Cervix
Breast
Bone
Colon

HeLa
MCF-7

U2OS HCT116

Autophagy induction inhibits cell death

• induces AMPK activation and inhibits mTOR activity,
resulting in LC3-II accumulation and ULK1 activation
for autophagy

• autophagy induction is an impediment for
morusin-induced apoptosis

in vitro [68]

Morusin treatment exerts beneficial effects against liver cancers as well. The intravenous injection
of morusin in a xenograft mouse model of hepatocarcinoma significantly reduced tumor growth without
any side effects. The histological and biochemical evidence provided in this study indicated that the
mechanism may be associated with the activation of p53, survivin, cyclin B1 and caspase-3 and a decrease
in the expression of NF-κB [47]. Moreover, morusin treatment also suppresses the metastatic capacity
of the human hepatoma SK-Hep1 cell line, which may be biochemically associated with inhibition of
STAT3 and NF-κB followed by the reduction of the expression of metastatic markers, such as vimentin,
α2- and β1-integrins [34]. Such in vitro observations were also confirmed in an experiment with
immunocompromised mice xenografted with SK-Hep1 cells, in which morusin treatment significantly
decreased lung colonization of the cancer cells. Following the report that morusin effectively inhibits
the growth of tumors in mice transplanted with H22 liver tumor cells [46], similar inhibitory effects
of morusin on tumor xenografts were observed for liver, ovary, breast, kidney and gastric cancer
cells [37,47,54,65,90]. In addition to inhibitory effects on tumor growth, tube formation of human
umbilical vein endothelial cells (HUVEC) and expression of angiogenesis-related genes were also
inhibited by morusin treatment in vitro [47,52], suggesting the anti-metastatic potential of morusin.

Morusin also targets the STAT3 pathway and its downstream targets, including survivin, cyclin B1,
to exert antitumor activity in prostate and pancreatic cancers [36,48]. In the case of pancreatic cancer,
pancreatic lipase may be another relevant target of morusin, considering (1) the strong association
between pancreatic cancer and the levels of pancreatic lipase [48] and (2) the potential role of morusin
in the allosteric regulation of pancreatic lipase [61].

The antitumor capacity of morusin has also been tested in glioblastoma. For example, the stemness
capacity of glioblastoma multiforme (GBM) cancer stem cells (GSCs) were targeted by morusin treatment
in vivo and in vitro [39]. This observation may be mechanistically attributable to the expression of genes
downstream of NF-κB, which was already proposed in the previously described study with the cervical
carcinoma model [40]. Of note, the reduced stemness of the cancers upon morusin treatment results in
adipocyte-like trans-differentiation, followed by activation of intrinsic apoptosis [39]. The underlying
mechanisms may also involve the activation of extrinsic apoptosis, as morusin treatment promotes
expression of an extrinsic receptor, Death receptor 5, thereby sensitizing the glioblastoma to TRAIL,
an antitumor chemical that mimics ligands for the extrinsic receptor [38].

Morusin may also employ other various cellular processes independent of NF-κB for targeting
cancers—(1) An in vitro study of gastric cancer showed that morusin governs the expression of
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c-Myc and multiple downstream genes including CDKs and cyclins implicated in cell proliferation,
thereby exerting antitumor capacity [90]. (2) The PI3K/AKT pathway has been proposed as a target of
morusin in treating osteosarcoma in vitro [55]. (3) Morusin may directly target the MAPK pathway in
renal carcinoma in vitro, although this should be further validated considering the intimate crosstalk
between the NF-κB and MAPK pathway [54]. (4) C/EBPβ- and PPARγ-mediated lipoapoptosis may
be therapeutically relevant targets of morusin in breast cancers, proposed in a study using multiple
breast cancer cell lines and a xenograft model of breast cancers [64]. This may be of great importance
considering that the capacity of mitochondrial fatty acid oxidation and fatty acid availability associated
with host metabolism have recently emerged as key factors contributing to the pathogenesis of breast
cancers [91,92]. (5) Studies with a panel of lung cancer cell lines showed that morusin treatment not
only modulates conventional targets including NF-κB, STAT3 and downstream genes such as VEGF
but may also directly bind and dephosphorylate EGFR on an active site, which would contribute to the
further reduction of STAT3/NF-κB activity [14].

A cancer cell continuously undergoes dynamic remodeling of numerous cellular processes,
which confer various benefits such as drug resistance. In this context, the two recent studies from our
lab have highlighted the biochemical mechanisms by which cancer cells gain resistance against the
cytotoxicity of morusin [68,74]. As described in the previous section, cancer cells promote autophagy
and SG formation in response to morusin treatment, thereby desensitizing the apoptotic signals exerted
by morusin treatment. Indeed, autophagy and SGs have already been proposed as the ‘shield pathways’
of cancers against various drug treatments. This notion, together with multiple biochemical studies in
which morusin synergized with inhibitors of either autophagy or SG formation to boost its antitumor
capacity, proposed the cotreatment of morusin and the inhibitors as a therapeutically relevant strategy
for targeting cancers with drug resistance. However, whether such resistant mechanisms are still
relevant in the context of various subtypes of cancers in vivo should be addressed.

3. Conclusions

The well-acknowledged functions of the root bark of Morus in Chinese herbal medicine have
been expanded to the potential application of individual phytochemicals extracted from such arcane
plants to treat multiple chronic diseases common in modern society. Morusin has been appreciated
as a phytochemical with the unique physiochemical properties of isoprene flavonoids, allowing for
versatile salutary effects including antioxidant and tumor killing activities. Morusin reduces ROS
formation and inflammation at non-cytotoxic concentrations (lower than 10 μM), while it induces ROS
formation and cytotoxicity against cancer cells at high concentrations (higher than 20 μM). A growing
body of evidence, described here, highlighted the biological properties of morusin in multiple in vitro
and in vivo pathophysiological settings and proposed clinical potential. The as yet unraveled clinical
potential of morusin is waiting for thorough scientific assessment of the effects of morusin on human
pathology with an accompanying understanding of the underlying biochemical mechanisms and
effective platforms, which may allow for bona fide application of morusin in patients with various
pathologies in the near future.
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Poland; aguto@wp.pl (A.J.); elzbieta.mielniczuk@up.lublin.pl (E.M.)

* Correspondence: francesca.degola@unipr.it

Received: 14 October 2020; Accepted: 13 November 2020; Published: 17 November 2020

Abstract: As key players in biotic stress response of plants, jasmonic acid (JA) and its derivatives cover
a specific and prominent role in pathogens-mediated signaling and hence are promising candidates
for a sustainable management of phytopathogenic fungi. Recently, JA directed antimicrobial effects
on plant pathogens has been suggested, supporting the theory of oxylipins as double gamers in
plant-pathogen interaction. Based on these premises, six derivatives (dihydrojasmone and cis-jasmone,
two thiosemicarbazonic derivatives and their corresponding complexes with copper) have been
evaluated against 13 fungal species affecting various economically important herbaceous and woody
crops, such as cereals, grapes and horticultural crops: Phaeoacremonium minimum, Neofusicoccum parvum,
Phaeomoniella chlamydospora, Fomitiporia mediterranea, Fusarium poae, F. culmorum, F. graminearum,
F. oxysporum f. sp. lactucae, F. sporotrichioides, Aspergillus flavus, Rhizoctonia solani, Sclerotinia spp.
and Verticillium dahliae. The biological activity of these compounds was assessed in terms of growth
inhibition and, for the two mycotoxigenic species A. flavus and F. sporotrichioides, also in terms of toxin
containment. As expected, the inhibitory effect of molecules greatly varied amongst both genera
and species; cis-jasmone thiosemicarbazone in particular has shown the wider range of effectiveness.
However, our results show that thiosemicarbazones derivatives are more effective than the parent
ketones in limiting fungal growth and mycotoxins production, supporting possible applications for
the control of pathogenic fungi.

Keywords: jasmonic acid; jasmone derivatives; phytopathogenic fungi; crop protection;
thiosemicarbazones; mycotoxins; mycopesticides
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1. Introduction

Synthesized from α-linolenic acid originating from chloroplast membranes, jasmonic acid (JA)
is regarded as a key player among the molecules that play a role in plant defense, signaling and
development; it is known to be involved, together with other phytohormones (e.g., salicylic acid,
ethylene, indole-3-acetic acid, abscisic acid, cytokinin and gibberellin), in the host defense response
and immune signaling modulation. Above all, it is well known to be involved in the regulation
of plant adaptations to biotic (such as pathogen infection and herbivore attack) as well as abiotic
stresses [1,2]. Alongside an increasing number of studies showing that JA intervenes in a remarkable
number of plant developmental events, including primary root growth, reproductive development
and leaf senescence, it has been long-time proven that some plant hormones are also able to affect
fungal physiology. In particular, it is worth noting that JA can have an impact on mycelium growth
and development, conidiation, spore germination and sexual reproduction, suggesting that these
molecules can interfere with specific signal transduction processes in fungi, although the effect strongly
depends on the species [3–7]. Some of these molecules were successfully used for the discovery of
novel and diverse natural products, being effective in activating silent biosynthetic genes/pathways of
fungal secondary metabolism [8]. At the same time, some fungi (and not only plant-interacting ones)
have the ability to synthetize plant hormones and their analogs [9–11]. With the idea of exploiting
the potential of JA derivatives to interfere with fungal development and metabolism, a panel of
six JA-derived molecules (two ketones of natural origin, di-hydrojasmone and cis-jasmone, their
thiosemicarbazonic derivatives and the corresponding copper complexes) was evaluated against
13 fungal species affecting various economically important herbaceous and woody crops such as
cereals, grape and horticultural plants. All these fungi cause relevant yield and quality losses and are
characterized by different life cycle, pathogenicity behavior, transmission mode and effects on both
plants and derived products. We grouped the investigated fungal species in three classes according
to the prevalent host plant: (1) Neofusicoccum parvum, Phaeoacremonium minimum and Phaeomoniella
chlamydospora, belonging to the Ascomycota phylum and previously characterized as associated to
esca disease in grapevine, one of the main constraints now emerging in viticulture [12]; Fomitiporia
mediterranea, belonging to the Basidiomycota phylum and known to be the causal agent of white rot in
grape wood trunks. (2) Fusarium culmorum, F. graminearum, F. sporotrichioides, F. poae and Aspergillus
flavus, all Ascomycota species affecting grain cereals. Fusarium spp. are responsible for Fusarium Head
Blight (FHB), a disease of great economic concern for both cereal producers and grain processing
industry [13]. This disease is most often caused by F. graminearum and F. culmorum and in recent
years also by F. poae. The participation of individual species in causing FHB is highly dependent
on weather conditions [14–16]. Aspergillus flavus, as well as Fusarium spp., can contaminate the
colonized grains with several classes of mycotoxins, secondary metabolites dangerous to human and
animal health, severely affecting yield production and lowering the quality and safety of the final
products [17–19]. (3) Rhizoctonia solani, Sclerotinia spp., Fusarium oxysporum and Verticillium dahliae,
all soil-borne fungal pathogens, belonging to Basidiomycota and Ascomycota divisions, etiological
agents of several diseases in a wide range of plants worldwide. Even though different in their life cycle,
they share the responsibility for affecting agricultural yield losses, especially in the horticultural crops
cultivated in temperate regions [20].

2. Results

2.1. Chemistry

As stated in the introduction, a panel of six molecules was used to test their effect on the selected
fungal species. The compounds are two ketones of natural origin, cis-jasmone and dihydrojasmone,
their thiosemicarbazone derivatives and the corresponding copper complexes (Scheme 1). The choice
for a derivatization has fallen on thiosemicarbazones because they are a versatile class of compounds
that possess biological properties such as antibacterial, antivirus, antiamoebic and antitumor in human
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pharmacology [21]. It is also well known that inorganic substances, like copper salts, have long been
used for their capacity of inhibiting the development of molds and bacteria and can have effect on the
growth of fungi and on aflatoxin production [22]. Moreover, thiosemicarbazone metal complexes and
those of copper(II) in particular, are known to produce interesting biological effects showing that the
coordination compounds own effective properties at lower concentrations with respect to the parent
organic molecules and these properties are often related to reactive oxygen species (ROS) production or
other pathways involving the metal ion [23]. All the compounds used in this study were characterized
by standard methods and for one of them (JTS) the structure by X-ray diffraction (XRD) was also
obtained (Figure 1). The structure is particularly interesting because it reveals that the hydrophobic
lateral chain of the jasmone moiety molecule possesses a certain degree of freedom. The asymmetric
unit of JTS (CCDC 2019086) consists of three independent molecules—two of them (A and B) form a
dimeric structure while the third molecule (C) forms a dimer with a symmetry related molecule C.
Molecule A in particular differs from molecules B and C by the orientation of the hydrophobic chain.
Both dimers (A:B and C:C’) present a double intermolecular hydrogen bond between the N2 of one
molecule and the S1 of the other (Table 1). Bond lengths in the thiosemicarbazone moiety of the three
molecules were calculated and reported as average in Table 2.

Scheme 1. Schematic representation of the structures of Jasmonic acid (JA) derivatives (J, Jdi), their
thiosemicarbazones (JTS, JdiTS), and their copper complexes (JTS-Cu, JdiTS-Cu).
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Figure 1. (A) Overlapping of molecules A/B (left) and A/C (right). (B) Hydrogen bonding scheme
between molecule A and B. (C) Hydrogen bond scheme along the ribbons formed by molecules A/B.
(D) packing of the ribbons. Sulfur is represented in yellow, nitrogen in blue and carbon in gray.

Table 1. The different hydrophobic chain dihedral angles for the three independent molecules.

A B C

C7–C8–C9–C10 138.9 (8)◦ −125.1 (8)◦ −130.9 (6)◦

C8–C9–C10–C11 −4.3 (16)◦ −2.0 (15)◦ −2.0 (15)◦

C9–C10–C11–C12 −153.6 (13)◦ 134.3 (11)◦ 123.9 (8)◦

Table 2. Average bond lengths in the thiosemicarbazone moiety of the three molecules.

Atoms Average Length (Å)

C-N4 1.320

C-S 1.695

C-N2 1.346

N2-N1 1.389

Sulfur S1 of the thiosemicarbazone is involved in a second intermolecular hydrogen bond with
N4-H of a third molecule (Figure 1C). This bond is responsible for the formation of a second type
of dimer-like structures which form ribbons developing along the a axis. As shown in Figure 1D,
the packing of the crystal can be described as due to the stacking of planes formed alternatively by
ribbons of heterodimers (A and B) and homodimers (C and C’). These layers are kept together by
hydrophobic and π-π stacking interactions of the thiosemicarbazone moiety).

68



Int. J. Mol. Sci. 2020, 21, 8681

2.2. Scavenging Potential Determination of Compounds

The scavenging potential of thiosemicarbazones and of their metal complexes was assessed
against the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH), by measuring the bleaching of a purple
colored methanol solution of the stable DPPH radical [24]. The DPPH radical scavenging ability of
JdiTS-Cu traced those of 0.3 mM ascorbic acid (100%) at each concentration tested, while JTS-Cu showed
a dose-dependent potential that reached 45% of DPPH radical inhibition at 40 μM concentration
and overcame 70% at 50 μM (Figure 2). On the contrary, both aldehydes (J and Jdi) and their
thiosemicarbazones derivatives did not show any appreciable scavenging activity at any tested
concentration. These observations suggested that the complexation with copper significantly increases
the otherwise slight proton-donating ability of ligands, providing them with more interesting potential
as free radical inhibitors - or scavengers, acting possibly as primary antioxidants.

Figure 2. Scavenging assay (2,2-diphenyl-1-picrylhydrazyl radical (DPPH)). The in vitro antioxidant
ability of compounds is expressed as percentage of inhibition with respect to ascorbic acid 30 mM
scavenging activity (100%).

2.3. Antifungal Activity on Grapevine Esca-Associated Pathogens

The ability of the selected jasmone-derived molecules to impair fungal growth was assessed on four
fungal strains associated to esca disease in grapevine, previously characterized [25]. The investigated
molecules were added to the Czapek Dox AgarCZA growth media at 25 and 50 μM concentrations.
As reported in Figure 3, not all the molecules were effective against the fungal growth at 25 μM
concentration: JTS and its Cu-complex (JTS-Cu) resulted in a complete impairment of colony
development only in P. chlamydospora, almost completely inhibited by both the compounds up
to 15 days. On the contrary, some variances were observed among the different species: 100% inhibition
was achieved with JTS on P. minimum at 5 day post inoculation (dpi), but the effect was completely lost
at 10 and 15 dpi. Conversely, JTS-Cu displayed a significant containment on fungal growth (about
30%) only at 10 and 15 dpi. The effect of JTS on N. parvum proved to be longer lasting effective,
impairing the fungal growth from 65% (2 dpi) to 50% (7 dpi), whereas its complex JTS-Cu, although
displaying a higher inhibition ability at 2 dpi (about 90%), completely lost its activity at 7 dpi. Both the
cis-jasmone thiosemicarbazones slightly affect growth in F. mediterranea at 4 and 7 dpi, while at 2 dpi
JTS-Cu was more effective (100% inhibition) than its ligand, showing that for this compound a growth
recovery occurred.

Observations conducted on all the relevant species at 50 μM concentration of test compounds
showed the achievement, by JTS and JTS-Cu, of a total impairment of colony development at every dpi
of evaluation (Figure S1).
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Figure 3. Effect of compounds on the growth of esca disease-linked species (A) P. minimum,
(B) N. parvum, (C) P. chlamydospora and (D) F. mediterranea. Culture medium was amended with
molecules at 25 μM concentration; values are reported as inhibition percentage as compared to the
control (Dimethyl sulfoxide, DMSO, 0.25% v/v amended cultures) ± S.D. Different letters indicate
statistically significant differences (p < 0.05).

2.4. Antifungal Activity on Cereals Pathogens

The ability of four selected molecules was tested against Fusarium culmorum, F. graminearum,
F. poae and F. sporotrichioides, studying the effect on their growth in vitro. Four selected molecules
(J, JTS, Jdi and JdiTS) were added to growth medium (PDA) at increasing concentrations (5, 25 and
50 μM); control plates contained DMSO at the relevant concentrations. Inhibition of fungal colony
growth was monitored at 2, 4 and 6 days post inoculum. As given in Figure 4, compound JTS resulted
to be the most effective in reducing fungal development: all strains of Fusarium spp. were strongly
inhibited but the most affected was F. poae, being visibly reduced in growth from 2 dpi also at the
lowest concentration (5 μM), while 25 and 50 μM concentrations reached respectively 45.9% and
59.1% inhibition and maintained a similar level until 6 dpi (54.2% and 63.0% respectively). Other
compounds did not have any appreciable activity (Figure 4A). In F. culmorum, the fungistatic effect
of JTS was obtained with 25 and 50 μM concentration and recorded on 2 and 4 dpi (52.6% and 55.6%
respectively), while it slightly decreased at 6 dpi (Figure 4B); however, together with F. graminearum,
this species resulted more susceptible than F. poae to other molecules: although below the threshold of
40% inhibition, J, Jdi and JdiTS exerted a time-dependent containment effect, that reached a maximum
at 4 dpi (Figure 4C); J molecule inhibited the growth of F. graminearum in the initial growth period at
50 μM (28.7%) and of F. culmorum 4 dpi at 5 μM (23.4%). Jdi was most effective on F. culmorum at 5 μM,
at 4 dpi (29.9%) and F. graminearum at 50 μM, at 2 dpi (33.1%). JdiTS mainly affected F. graminearum
and F. culmorum growth on day 4 at 50 μM (37.5% and 32.0% respectively). Compound JTS resulted
particularly effective in inhibiting F. sporotrichioides mycelium growth, reaching a maximum inhibition
level of 70%, whereas J and Jdi reduced of 20%–30% the fungal growth only in the initial phase of the
exposure. On the contrary, JdiTS showed an intermediate efficacy, reaching a maximum inhibition
level of 50% after 4 days of exposure and only at the highest concentration (Figure 4D).
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Figure 4. Effects of the compounds on the growth of cereals pathogenic fungi (A) F. poae, (B) F. culmorum,
(C) F. graminearum, (D) F. sporotrichioides and (E) A. flavus. Culture medium was amended with an
increasing concentration of molecules (from 5 to 100 μM) on the basis of the species; values are reported
as inhibition percentage as compared to the control (DMSO amended cultures) ± S.D. Different letters
indicate statistically significant differences (p < 0.05).

The whole panel of compounds was tested against Aspergillus flavus: when administrated at
increasing concentration (from 25 to 100 μM) and evaluated for the inhibition of mycelium biomass
production at 6 dpi, neither J nor Jdi molecule showed any fungistatic effect, while the relevant
ligands proved to affect fungal growth at a higher level (Figure 4E). Complexation with copper
induced an increase of the fungistatic effect only in the case of JTS-Cu, while almost reducing JdiTS
fungistatic activity.

2.5. Antifungal Activity on Horticultural Crop Pathogens—Sclerotinia spp., V. dahliae, Rhizoctonia solani and
F. oxysporum

The antimicrobial potentialities of J, JTS, Jdi and JdiTS at 25, 50 and 100 μM concentration were
evaluated, in terms of colony growth inhibition, on four fungal species affecting a wide range of
horticultural crops; Figure 5 reports the percentages of growth inhibition respect to control, obtained
at 2, 4 and 6 dpi. As major points, it was found that all the fungal species showed a similar trend of
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susceptibility to all compounds, even at different extent: Rhizoctonia solani, the less sensitive, touched
the maximum level of growth inhibition (20–30%) when exposed to JTS, Jdi and JdiTS. On the contrary,
Sclerotinia proved to be the most affected by the exposure to compounds. Additionally, not all the
molecules were effective in containing the fungal growth: in fact, only JTS resulted in a complete
impairment of colony development for Sclerotinia and V. dahliae.

Figure 5. Effect of compounds on the growth of horticultural crop pathogens (A) R. solani, (B) Sclerotinia
spp., (C) V. dahliae and (D) F. oxysporum. Culture medium was amended with increasing concentrations
of molecules (from 25 to 100 μM) on the basis of the species; values are reported as inhibition percentage
as compared to the control (DMSO amended cultures) ± S.D. Different letters indicate statistically
significant differences (p < 0.05).

2.6. Interference with Fungal Secondary Metabolism—Effect on Mycotoxin Production and
Sclerotia Development

Besides the inhibitory potential against mycelium growth, the possible interference of some
compounds with fungal secondary metabolisms was assessed: more specifically, the possible
impairment of mycotoxins biosynthesis and sclerotia production in vitro was evaluated for a few
relevant species. The production of T-2/HT-2 toxin by F. sporotrichioides treated with different
concentrations of J, Jdi, JTS and JdiTS showed to be differently affected: the exposure to natural
ketones did not induced any reduction, even at the highest concentrations (Figure 6A). On the contrary,
both ligands were effective in lowering the mycotoxin biosynthesis: from the 40% inhibition at 5 μM to
75% at 25 μM concentration. Aspergillus flavus response to molecules provided interesting findings
about ligands and their metal complexes: as observed in F. sporotrichioides, ketones reached a maximum
of 30% inhibition, at 100 μM, while a stronger containment of aflatoxin (up to 98%) was achieved
with JTS and JdiTS. However, the addition of a copper ion to the thiosemicarbazonic molecule did not
enhance their anti-mycotoxigenic activity (Figure 6B). Coherently with aflatoxin inhibition, when tested
on sclerotia biogenesis J and Jdi resulted completely ineffective and both ligands proved to be able
to reduce sclerotia production up to 71.9% and 62.5% (for JTS and JdiTS respectively); surprisingly,
contrariwise to what observed for the aflatoxin metabolism, exposure to JTS-Cu determined an
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enhanced activity with respect to JTS, while the copper complex JdiTS-Cu resulted in a complete
abatement of JdiTS effect (Table 3).

Figure 6. Effect of compounds on the mycotoxin production in two cereals pathogenic fungi. Toxins
T-2 and HT-2 were quantified in F. sporotrichioides cultures exposed to increasing concentration (from
1 to 25 μM) of J, JTS, Jdi and JdiTS compounds (A). Aflatoxins were quantified in A. flavus cultures
exposed to increasing concentration (from 25 to 100 μM) of all the compounds (B). Values are reported
as inhibition percentage as compared to the control (DMSO amended cultures) ± S.D. Asterisks or
different letters indicate statistically significant differences (p < 0.05).

Table 3. Effect of compounds on sclerotia biogenesis. Sclerotia biomass (A. flavus) or number (Sclerotinia
spp.) was determined in cultures exposed to 100 μM concentration of compounds. Values are reported
as inhibition percentage as compared to the control (DMSO amended cultures) ± S.D. Asterisks indicate
statistically significant differences (p < 0.05).

Aspergillus flavus Sclerotinia spp.

Compound
Inhibition (%)

mg/Colony Area (cm2)
Inhibition (%)

nr/Colony Area (cm2)

JTS 71.9 ± 3.0 * 55.3 ± 7.1 *
JTS-Cu 96.9 ± 1.6 * n.d.
JdiTS 62.5 ± 5.7 * 52.6 ± 3.5 *
JdiTS-Cu 0.0 ± 0.2 n.d.

When evaluated on Sclerotinia spp., the two ligands showed a different behavior with respect to
A. flavus: the inhibitory activity on the sclerotia development was similar for JTS and JdiTS (Table 3) and
determined a reduction of the number of sclerotia per colony area (cm2) of 55.3% and 52.6% respectively.

3. Discussion

Jasmonic acid (JA) and its derivatives (such as methyl-jasmonate) belong to the plant oxylipins
family, a large group of metabolites derived from polyunsaturated fatty acids commonly associated
with the modulation of defense response [26]. Recently, the role of oxylipins in plant defense against
biotic stressors has been rediscovered, suggesting, in addition to the induction and regulation of
gene expression in the plant host, a direct antimicrobial effect on microbial pathogens. On this path,
in vitro investigations on growth inhibitory activity of various natural oxylipins proved that some
of them are able to heavily affect mycelial growth and spore germination in a number of eukaryotic
phytopathogens, indicating a contribution of such compounds to host resistance through related but
different mechanisms [27]. Six molecules structurally related to JA was thus tested against a set of
13 phytopathogenic fungal species, with the aim of compare the potential of modified JA derivatives in
controlling fungal diseases of economically important crops. Due to their synthesis low yield, the two
metal complexes were tested only on pathogens relevant to maize and grape, since they are considered
model systems for herbaceous/monocots and woody/dicots respectively. Relative to the biological
activity of compounds on both primary (fungal growth) and secondary metabolisms (mycotoxins
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accumulation and sclerotia biogenesis), some interesting differences between the JA-derivatives were
found—natural ketones did not show any fungistatic effect on fungal pathogens affecting grapevine
and linked to grapevine esca disease, as well as pathogens affecting horticulture crops; however, a slight
inhibitory activity was recorded on cereals contaminating species (Fusarium and Aspergillus spp).
Thiosemicarbazones were found more effective than their parent compounds, even if to a different,
species-specific extent; JTS was undoubtedly the most promising, being able to prejudice the growth,
at the highest level, of almost all the pathogens tested, with the only exception of R. solani, which,
indeed, revealed to be the less susceptible to the exogenous administration of JA derivatives.

From a developmental perspective, the results obtained analyzing the response of A. flavus to
our compounds were intriguing: in fact, if in F. sporotrichioides the inhibitory effect on toxin T2-HT2
accumulation seemed to be coupled with a comparable fungistatic activity, in A. flavus the highest
fungistatic and anti-aflatoxigenic activity of thiosemicarbazonic ligand—in comparison with its natural
ketone—was observed for JTS but not for JdiTS, that, with respect to Jdi, showed an increased effect on
aflatoxin accumulation but not on fungal growth suppression. Even more interesting was the behavior
of the two copper complexes that, in contrast with their free ligands, showed a different activity
trend—the complexation with the metallic nucleus appeared in fact to determine an intensification
of the fungistatic potential only for JTS-Cu, whose inhibitory effect on aflatoxin accumulation seems
to be justified by the mycelial reduction. On the other hand, JdiTS did not differ from JdiTS for
the anti-aflatoxigenic activity but the addition of the copper ion almost deleted its fungistatic effect.
This antagonist effect of JA-derivatives against aflatoxins accumulation in A. flavus with no apparent
effect on mycelial growth was already described [28].

Results obtained for the esca-related pathogens are of great interest: esca syndrome is now
becoming the most devastating issue in viticulture, with an impact on both yield and quality [29], since
the nature of this syndrome, which derives from the simultaneous colonization of the woody tissues
from several fungi, makes it a difficult target for common antimicrobial treatments [30]. For this reason,
up to date, a cure for this syndrome is not available and only preventive techniques can be undertaken.
In this light, the ability of JAs to impair fungal growth can be implemented and exploited to counteract
the esca syndrome.

Interesting results in terms of inhibitory effect were also obtained against Fusarium spp., the cause
of the economically important disease of cereals (FHB) and mycotoxins contaminant agent: the high
fungistatic activity of JTS against Fusarium spp. strains, which was maintained even after 6 days of
growth, suggests that such compound can be used in the future to formulate new fungicides for the
protection of cereal ears against FHB; additionally, the observation of the thiosemicarbazones different
effectiveness depending on fungus species confirmed the findings previously described [31,32].

Intriguing observations can also be raised about the antioxidant activity if compared to sclerotia
biogenesis impairment, since in many fungal species the redox balance is considered a prominent
factor involved in the control of secondary metabolism and several synthetic and natural compounds
that modulate secondary pathways—such as AF biosynthesis and sclerotia biogenesis—proved to
possess a scavenging activity against ROS. In particular, the sclerotia metamorphosis in filamentous
fungi appears to be triggered by oxidative stress [33–35]. In this study, no correlation was found
between the predicted antioxidant scavenging ability of compounds, as determined in vitro with the
DPPH assay and their effect on the secondary metabolism (intended as both sclerotia biogenesis and
mycotoxin biosynthesis), consistently with previously obtained results [23,36]: the Cu ion provided
the thiosemicarbazones with a scavenging potential otherwise absent in both ketones and ligands.
Copper was thought to be the redox active center of compounds but actually it resulted in a highly
variable in vivo effect. In consideration of these findings, the hypothesis of a correspondence between
in vitro scavenging potential of Jasmone-derived TSs and their in vivo biological effect on A. flavus has
to be argued: hereto, the anti-aflatoxigenic effect of JTS and JdiTS is accompanied by the inhibition of
sclerotia biogenesis, suggesting that their target(s) could be involved in biochemical processes shared
by both the aflatoxin and the sclerotia metabolism. Conversely, the highly significant anti-toxigenic
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effect of JTS-Cu seems to be unspecific and mainly due to an impairment of fungal primary metabolism,
that in turn strongly affects aflatoxin biosynthesis and sclerotia production, as a consequence. In this
sense, JdiTS-Cu resulted in the most interesting compound—the outcomes suggest a specificity of
action whose target, differently from JTS and JdiTS, might be located in a metabolic knot closely
related to the aflatoxin biosynthetic pathway, as supported by the observation that the prominent
containment activity of this compound on aflatoxin accumulation is not supported by a significant
impact on sclerotia development and hyphae growth.

4. Materials and Methods

4.1. Chemical Synthesis

The desired TSs (ligands) were obtained by mixing an equimolar amount of thiosemicarbazide
with the appropriate aldehyde in absolute ethanol. A small amount of hydrochloric acid was added to
catalyze the condensation. The mixture was refluxed under stirring for 8 h and left overnight at 0 ◦C.
The precipitate was filtered out, washed with cold ethanol and dried under vacuum.

Cis-jasmonethiosemicarbazone: thiosemicarbazide (0.22 g, 2.4 mmol), cis-jasmone (0.40 mg, 2.4 mmol).
White powder. Yield 26%. Mp. 149 ◦C. Fourier-transform infrared spectra (FT-IR) (cm−1): 3401 (s),
3130 (m), 2964 (m), 1590 (s), 1507 (s) 874 (m). 1H-NMR (δ, ppm; DMSO-d6): 0.93 (t, J = 7.5 Hz, 3H), 1.89
(s, 3H), 2.13 (m, 2H), 2.44 (m, 2H), 2.59 (m, 2H), 2.98 (d, J = 9.2 Hz, 2H), 5.28 (m, 2H), 734 (s, 1H), 8.02 (s,
2H), 9.87 (s, 1H).

Dihydrojasmonethiosemicarbazone: thiosemicarbazide (0.22 g, 2.41 mmol), dihydrojasmone (0.40 g,
2.41 mmol). Pale yellow powder. Yield 41%. Mp. 177 ◦C. FT-IR (cm−1): 3403 (s), 3130 (m), 2925 (m),
2852 (s), 1590 (m), 1507 (s), 718 (m). 1H-NMR (δ, ppm; DMSO-d6): 0.85 (t, J = 7.0 Hz, 3H), 1.25 (m, 4H),
1.37 (m, 2H), 2.22 (t, J = 7.4 Hz, 2H), 2.43 (m, 2H), 2.58 (m, 2H), 7.30 (s, 1H), 8.01 (s, 2H), 9.83 (s, 2H).

Metal complexes were obtained by dripping the solution containing the copper salt into the ligand
solution, which rapidly turned to dark brown. The mixture was stirred at room temperature for 2 h and
then the solvent was removed under reduced pressure. The solid formed was collected and washed
with diethyl ether, then dried under vacuum.

Bis(cis-jasmonethiosemicarbazonate) Cu(II): copper(II) acetate (0.04 g, 0.21 mmol), 38 (0.10 g,
0.42 mmol). Dark brown powder. Yield 95%. FT-IR (cm−1): 3416 (s), 2959 (m), 1570 (m), 1511
(m), 701 (m). ESI-MS (+) m/z calc. 537.28, found 537.39. Bis(dihydrojasmonethiosemicarbazonate) Cu(II):
copper(II) acetate (0.04 g, 0.21 mmol), 39 (0.10 mg, 0.42 mmol). Dark brown powder. Yield 74%. FT-IR
(cm−1): 2920 (s), 2851 (m), 1550 (m), 618 cm−1 (m). ESI-MS (+) m/z calc. 541.31, found 542.42.

All compounds were dissolved in di-methyl sulfoxide (DMSO) to achieve 10 mM stocks.

4.2. X-ray Analysis

X-ray diffraction data collection of compound JTS was carried out with a Bruker-Siemens SMART
AXS 1000 diffractometer equipped with a charged-coupled device CCD detector, Mo Kα radiation
(λ = 0.71069). The phase problem was solved by direct methods and the structure was refined by
full-matrix least-squares on all F2 using SHELXL97 [37] as implemented in the Olex package [38].
Figures have been obtained using the Mercury software [39].

Crystal data: triclinic, Pı̄, a = 8.164(5) Å, b = 15.645(9) Å, c = 16.434(9) Å, α = 84.723(10),
β = 82.036(10), γ = 84.632(10), V = 2063(2) Å3; Z =2; dcalc = 1.146 mg/cm3, F(000) = 768, mu = 2.15,
Tot. refl. = 19,159, hkl range = −9 < h < 9, −19 < k < 19, −20 < l < 20; Theta range 1.25–25.80, unique
reflections = 7881, number of parameters = 433, GooF = 1.033, R = 0.0835, wR2 = 0.2039.

CCDC 2,019,086 contains the supplementary crystallographic data for this compound. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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4.3. Scavenging Activity Assay (DPPH)

A 90 μM methanol solution of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) was prepared: an
aliquot of 2 mL was then incubated at room temperature with 12.5 μL of DMSO-dissolved sock solution
of each compound corresponding to 20, 30, 40 and 50 μM concentration. The scavenging activity of
the compound against the DPPH was observed with the decrease in absorbance measured at 518 nm.
A solution of ascorbic acid at 0.3 mM was used as positive control to determine the maximal decrease in
DPPH absorbance. Values were expressed in percentage of inhibition of DPPH absorbance in relation
to the control values without the compound (ascorbic acid maximal inhibition was considered 100% of
inhibition).

4.4. Biological Assays

4.4.1. Microorganisms

Phaeoacremonium minimum, Neofusicoccum parvum, Phaeomoniella chlamydospora and Fomitiporia
mediterranea were chosen amongst grapewine diseases-associated fungal species which were previously
characterized among the Research Centre for Viticulture and Enology (CREA-VE, Conegliano
Veneto (TV), Italy) esca-associated fungal collection [25]. Fusarium poae (OZ45), F. culmorum (OZ47),
F. graminearum (OZ161) strains were isolated from barley and oat grains and deposited in the fungal
collection of Plant Protection Department at the University of Life Sciences in Lublin (Poland).

Aspergillus flavus strains CR10+ and TOϕ strains, previously characterized and described [40,41],
belong to the fungal collection of the Laboratory of Mycotoxicology (Dept. of Chemistry, Life Sciences
and Environmental Sustainability, University of Parma, Italy). Strains of Fusarium sporotrichioides,
Rhizoctonia solani, Fusarium oxysporum f.sp lactucae, Verticillium dahliae and Sclerotinia spp. were provided
by the Università Cattolica del Sacro Cuore (Piacenza, Italy). All fungal strains were maintained on
Potato Dextrose Agar (Difco, Becton, Dickinson & Co., Le Pont-de-Claix, France).

4.4.2. Grapewine Diseases-Associated Fungal Species Growth Inhibition Assay

Fungal isolates were grown on CYA media as previously reported [42]. Compounds were added
to the CYA growth media at 25 and 50 μM concentrations, then fungal growth was compared to a
mock amended plate (control). Fungi were grown for at least 3 subcultures prior to be used in the
inhibition assay. For P. minimum and P. chlamydospora conidia were harvested on a 15 days old colony
using water with 0.02% Tween 20 and 0.05% agar. The suspension was then then diluted to 106 conidia
per ml and 2 μL were used to inoculate plates. Since N. parvum and F. mediterranea do not produce
conidia the inoculum was made by mycelia plugs of 25 mm diameter harvested from the edge of
5 days old colonies. Due to different growth rates, P. minimum and P. chlamydospora were checked at 5,
10 and 15 days after inoculation whereas for N. parvum and F. mediterranea growth measurements were
done at 2, 4 and 7 days post inoculation. Results were expressed as percentage of growth inhibition
compared to the control. Experiments were performed in triplicate.

4.4.3. Fusarium spp. and Soil-Borne Pathogens Growth Inhibition Assay

The mycelial growth of Fusarium strains, Rhizoctonia solani, Verticillium dahliae and Sclerotinia spp.
was evaluated on Potato Dextrose Agar (PDA) medium amended with the compounds at increasing
concentration (from 5 to 100 μM). The Petri dish method was applied, according to Thanassoulopoulos
et al. [43]. Control cultures were prepared amending PDA with equivalent volumes of DMSO (≥99.9%,
Sigma Aldrich, St Louis, MO, USA), ranging from 0.25% to 1%. The experiments were conducted
twice in triplicate in 60 mm petri dishes inoculated in the center with 8 mm PDA plugs from actively
growing cultures. Each molecule was added in appropriate concentration to sterile Petri dishes of
90 mm diameter poured with liquid medium and then inoculated with fungi colonies of 3 mm diameter.
Inoculum originated from 10-day-old single-spore colonies of tested species grown on PDA (Difco,
Becton, Dickinson & Co., France). Three replications of each experimental combination were made.
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Plates were incubated up to 10 days at 25 ◦C, measuring colonies at 2, 4 and 6 days post-inoculation.
The antifungal effect was expressed as percentage inhibition, calculated according to the formula:
I = [100 − (T/C)] × 100, where I is the percentage of inhibition, C is the control plate colony diameter in
mm and T is the treated plate colony diameter in mm [44].

4.4.4. F. sporotrichioides T2-HT2 Toxins Determination

The whole mycelium, including the underlying PDA, was collected from control (PDA amended
with DMSO ranging from 0.01% to 1%) and treated plates (PDA amended with J, Jdi, JTS and JdiTS
ranging from 1 to 100 μM) six days after inoculation with F. sporotrichioides. The collected samples
were extracted with 5 volumes of 70% methanol and vigorously shaken for 15 min before filtering.
The amount of T-2, HT-2 toxins (as sum of toxins) was determined using the kit Veratox® for T-2,
HT-2 (Product code 8230, Neogen Corporation, Lansing, MI, USA) a competitive direct enzyme-linked
immunosorbent assay (ELISA). The photometric reading was done at 630 nm, according to the
manufacturer’s instructions.

4.4.5. Aflatoxin, Biomass and Sclerotia Inhibition Assays in A. flavus

For biological assays on Aspergillus flavus the aflatoxigenic strain CR10 and the non-aflatoxigenic
strain TOϕ were used [42,43]. Aflatoxin production was evaluated directly in the culture medium
(coconut clarified medium, CCM) by a microplate high throughput procedure [45]. Briefly, increasing
concentrations of compounds were added to CCM-filled microplate wells, then CCM cultures were
incubated at 25 ◦C in the dark, under stationary conditions for 6 days. AFs accumulation was
determined by fluorescence emission (TECAN SpectraFluor Plus microplate reader, Männedorf,
Switzerland; λex = 360 nm; λem = 465 nm; manual gain = 83; lag time = 0 μs; number of flashes = 3;
integration time = 200 μs). Compounds were tested at 25, 50 and 100 μM concentration. Results were
expressed as percentage inhibition respect to control (0.25, 0.5 and 1% v/v DMSO-treated cultures
respectively). Cultures were inoculated in quadruplicate and experiments were conducted in triplicate.

Biomass production was assessed by recovering, after six days of incubation, single mycelia from
the microplate wells used for aflatoxin accumulation—samples were slightly dried on hands paper and
weighted and then values were converted in percentage inhibition respect to control (DMSO-treated
cultures). Cultures were inoculated in quadruplicate and experiments were conducted in triplicate.

4.4.6. Sclerotia Inhibition Assays in A. flavus and Sclerotinia spp.

Sclerotia biogenesis in A. flavus was measured by point-inoculating 5 μL of the aflatoxigenic strain
CR10 conidial suspension (approximately 106 conidia/mL) in Petri dishes (Ø = 5 cm) poured with
Czapek Dox Agar (CZA) medium added with 100 μM compounds; control plates were amended
with 1% (v/v) DMSO. After two weeks of incubation at 30 ◦C in darkness, sclerotia were manually
scraped from the colonies surface, washed with a 70% ethanol solution, dried for three days at 60 ◦C
then weighted. Inhibition rate on sclerotia production was expressed as percentage respect to the
control (mg/colony area). Plates were inoculated in triplicate. For Sclerotinia spp., a mycelium plug was
cultured in Petri dishes (Ø = 5 cm) poured with Czapek Dox Agar (CZA) medium added with 100 μM
compounds and incubated as above. Sclerotia were manually collected from plates and counted.
Inhibition rate was expressed as a percentage with respect to the control (nr/colony area).

4.4.7. Statistical Analysis of Biological Data

One-way analysis of variance (Past 3.x software) was used for data analyses. Tukey’s test was
applied to the data relative to mycelial growth, mycotoxin accumulation and sclerotia production;
differences were regarded as significant at p < 0.05.
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5. Conclusions

Recently, in Europe even more restriction rules have been introduced for Cu containing molecules
in the management of defense strategies against fungal pathogens. This because Cu, if massively
used, tends to accumulate in soils, so far becoming a pollutant for the environment threatening the
human health [46]. For these reasons, an urgent need for the development of alternatives to reduce
chemical inputs and environmental Cu accumulation is required, particularly in agricultural soils [47].
In the last decades, research efforts led to a better understanding of molecular and biochemical
mechanisms driving plant and fungal response to certain phytohormones, including JA; however,
only a few findings suggested a possible direct interaction between JA-related compounds and fungal
plant pathogens, also in terms of mycotoxins production. Our results definitely assessed how some
thiosemicarbazonic JA-derived molecules (and in particular JTS) can exert a containment effect on
both fungal growth/development and secondary metabolism in phytopathogenic species infecting
agriculturally important crops, such as grape, cereals and horticultural species, being thus extremely
interesting for plant health control strategies and food security purposes.
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s1, Figure S1: Effect of compounds on the growth of esca disease-linked species. Culture medium was amended
with molecules at 50 μM concentration; values are reported as inhibition percentage as compared to the control
(DMSO 0.5% v/v amended cultures) ± S.D. Different letters indicate statistically significant differences (p < 0.05).
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Abstract: As catabolites of nicotinamide possess physiological relevance, pyridones are often in-
cluded in metabolomics measurements and associated with pathological outcomes in acute kidney
injury (AKI). Pyridones are oxidation products of nicotinamide, its methylated form, and its ribosy-
lated form. While they are viewed as markers of over-oxidation, they are often wrongly reported
or mislabeled. To address this, we provide a comprehensive characterization of these catabolites of
vitamin B3, justify their nomenclature, and differentiate between the biochemical pathways that lead
to their generation. Furthermore, we identify an enzymatic and a chemical process that accounts
for the formation of the ribosylated form of these pyridones, known to be cytotoxic. Finally, we
demonstrate that the ribosylated form of one of the pyridones, the 4-pyridone-3-carboxamide riboside
(4PYR), causes HepG3 cells to die by autophagy; a process that occurs at concentrations that are
comparable to physiological concentrations of this species in the plasma in AKI patients.

Keywords: NAD; redox cofactor; nicotinamide; pyridones

1. Introduction

Through multiple yet convergent biosynthetic pathways, all components of vitamin
B3 are precursors to the nicotinamide-derived redox cofactor, nicotinamide adenine dinu-
cleotide (NAD), its reduced form NADH, its phosphate parent NADP, and the reduced
form NADPH, collectively referred to as NAD(P)(H) [1]. The water-soluble components
that constitute vitamin B3 are obtained through the diet and/or supplementation. Its
regular intake must compensate for the daily losses stemming from the degradation of
the cofactors [2]. Some of the NAD(P)(H) degradation products (Figure 1) include N-
methyl-4-pyridone-3-carboxamide (N-Me-4PY) and N-methyl-6-pyridone-3-carboxamide,
often reported as N-methyl-2-pyridone-5-carboxamide (N-Me-6PY). Both pyridones are
detected in plasma and urine as major vitamin B3 degradation products and are oxidized
forms of methyl-nicotinamide (Me-Nam) [3,4]. The ribosylated form of the pyridone car-
boxamides, 4-pyridone-3-carboxamide riboside (4PYR), and 6-pyridone-3-carboxamide
riboside also known as 2-pyridone-5-carboxamide riboside (6PYR), are also detected in
urine [5]. In blood, these ribosylated pyridones are mostly present intracellularly in
their triphosphorylated (4PYR-TP and 6PYR-TP) [6,7] or adenine dinucleotidic forms [8].
N-Methyl-2-pyridone-3-carboxamide (Me-2PY) and 2-pyridone-3-carboxamide riboside
(2PYR) are the least prominent pyridones in the literature, as they are much less often
detected in biological samples [9].

Int. J. Mol. Sci. 2021, 22, 1145. https://doi.org/10.3390/ijms22031145 https://www.mdpi.com/journal/ijms81
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Figure 1. NAD(P)(H)-derived pyridone catabolites. An additional route to the triphosphate from the monophosphate
ribosylated pyridone generated from the dinucleotides can also be envisaged. NAD(P)(H): nicotinamide adenine dinu-
cleotide (phosphate)(reduced form); NAD(P)O: hyper- oxidized forms of NAD(P) containing pyridone moieties; PYR-TP:
pyridone riboside triphosphate; PYR: pyridone riboside; The 2, 4, and 6 positions of the carbonyl unit are indicated in the
abbreviation; N-Me-PY: N-methyl pyridone.

As waste products, these by-products of NAD(P)(H) metabolism associate with aging
and nephrotic dysfunction as their levels associate with advanced kidney injuries (AKI)
and kidney failure [4,6,10–12]. Liquid chromatography combined with mass spectrometry
is the most common method used to detect nicotinamide-derived pyridones in biological
samples [13–15]. However, much confusion arises from their detection, identification, and
reporting as additional nicotinamide metabolites that are the non-methylated or ribosylated
pyridones are also often mistaken for their methylated species in reports [5,9,11,15–18]. The
misperception stems from confusing nomenclature, compounded by poor quantification
due to facile fragmentation and adduct formation under mass spectrometry conditions.

Critically, the chemical nature of each form of the pyridone informs on the type of
catabolic pathway the nicotinamide-derived species have undertaken. For instance, only
the methylated form of nicotinamide (N-Me-Nam) can be the precursor of the three methy-
lated pyridones (N-Me-2PY, N-Me-4PY, and N-Me-6PY, Figure 1) [19–22]. Similarly, only
the ribosylated form of nicotinamide can be the source of the pyridone ribosides [17]. Each
of the catabolic routes indicates dysregulation in NAD-dependent metabolism [23,24]. Pyri-
done ribosides, unlike the methylated species, can be converted to the adenine dinucleotide
or the triphosphate form [17,25]. The 4PYR isomer not only circulates in plasma once
generated but is also internalized and metabolized to species that interfere with enzymatic
processes [26–28]. Possessing a systematic, reliable account of the pyridones’ distribution
would greatly help identify whether these species are pathophysiologically significant.

Here, we present a comprehensive comparative characterization of each species and
explore the mechanisms by which their under-detection and misidentification can arise.
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We also propose a mechanism for the wide-spread production of the ribosylated pyridone
4PYR and rationalize selective cytotoxicity by comparing how exogenous exposure to
ribosylated pyridones affects cell survival.

2. Results

The N-methylated 6-pyridone were easily generated from their respective chloroni-
cotinic acid precursors as were the ribosylated 6-pyridone according to published synthe-
ses [6,29–32]. However, N-Me-2PY, 2PYR, N-Me-4PY, and 4PYR converted readily to the
methylated ester instead of the amide under aqueous methanolic conditions. Alterations
to the published synthetic sequences were deemed necessary to ensure sample authen-
ticity and are described in detail in the experimental and methods section (Schemes 1–8
in Methods). All synthetic compounds were purified by separation by flash column, and
their chemical structures were fully characterized by both NMR and mass spectrometry
(Supplementary Material Table S1 and Spectra). More details on structural characterization
can be found in the supplementary material section. In Tables 1–3, we have compiled the
1H NMR experimental data for the pyridones (Table 1), the methylated pyridones (Table 2),
and the ribosylated pyridones (Table 3), while a comprehensive mass spectrometry report
can be found in the supplementary material section. The 1H NMR of each one of the
pyridone is very characteristic of each species according to the position of the carbonyl
moiety as well as the type of substitution present on the heterocycle.

The simple 4PY was synthesized in a three-step process as reported by Slominska
et al. [25] First, 4-chloronicotinic acid was hydrolyzed then converted to the acyl chloride
with thionyl chloride in MeOH solution. The 4-pyridone-formylchloride was treated with
aq.NH4OH in a sealed tube to generate 4PY. For the 6PY, 5-hydroxy-nicotinic was activated
with HOBt in DMF and subsequently treated with aq.NH4OH in a sealed tube at rt to
afford 6PY in 70% yield. Finally, 2PY was generated from 2-hydroxy-nicotinic acid, which
following its conversion to the acyl halide using SOCl2 reagent was converted to the amide
using aq.NH4OH in a sealed tube at rt. When stirred with aq. MeOH, the acyl chloride
hydrolyzes to its nicotinate salt that exists in both keto and enol forms.

The synthesis of ribosylated forms of 2PY, 4PY, and 6PY (2PYR, 4PYR, and 6PYR,
respectively) is based on Vorbrüggen glycosylation reaction [31,32]. Following silylation
of the nucleobase using either HMDS (2-PY and 4-PY) or BSTFA (6-PY), the silylated
pyridones were mixed with beta-D-riboside tetraacetate in the presence of a Lewis acid.
For the ribosylation of 2PY and 4PY, TMSOTf in 1,2-DCE/acetonitrile was applied, while
SnCl4 was used for the ribosylation of 6PY. While the deacetylation should have been
straightforward, it had to be optimized for 2PYR and 4PYR to prevent the loss of the amine
moiety and generation of the corresponding carboxylic acid derivatives, materials that we
have also fully characterized for reasons described below. Finally, the N-methyl deriva-
tives of 4PY and 6PY (N-Me-2PY, N-Me-4PY, and N-Me-6PY, respectively) were prepared
by methylation with methyl iodide. N-methyl-2-pyridone, N-Me-2PY was obtained by
oxidation of N-methyl nicotinamide with K3Fe(CN)6 under basic conditions [33,34].
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As described above, N-methyl-nicotinamide oxidizes to three possible forms, N-Me-
2PY, N-Me-4PY, and N-Me-6PY. By mass spectrometry (ESI-MS, Supplementary Material
Table S1), it was found that the three isomers fragment were similar to each other but differ
in the relative abundance of the predominant fragmentation products (Supplementary
Material Table S1). The fragmentation pattern of each pyridone derivative is a fingerprint
of that pyridone and can be used to identify these species unambiguously (Supplemen-
tary Material Spectra). Crucially, the functional group exchange between the amide and
the carboxylic acid described above is observed under simple electrospray conditions
(Supplementary Material Table S1 and Spectra). All three methylated pyridone forms
(N-Me-2PY, N-Me-4PY, and N-Me-6PY) are deamidated on the carboxamide to form an
ion at m/z 136. However, this fragment is the predominant product at low energy when
fragmenting N-Me-2PY, and N-Me-4PY but more minor when fragmenting N-Me-6PY.
The same fragmentation profile is observed for 2PYR, 4PYR, and 6PYR (Supplementary
Material Table S1). Critically, when the mass spectrometry analyses are conducted in the
presence of water and/or methanol, the ionized carbonium fragment (Figure 2) can react
with in situ solvents to generate adducts that in turn get ionized and thus get detected. We
have provided a comparative characterization of these materials to address the possible
mischaracterization of these metabolites by MS. While not endogenously generated, they
can be major contributors to the pyridone pool they originated from.

Figure 2. Pyridone carboxamides, their ESI-induced fragment, and the subsequent in source gener-
ated adduct. The contribution of in-source fragmentation of the N-Me-6PY is thought to be minimal.

While the origins of the methylated pyridones (N-Me-2PY, N-Me-4PY, and N-Me-6PY)
have been attributed to the oxidation of N-methyl nicotinamide by aldehyde oxidases
and xanthine oxidases [35–37], the formation of the pyridone ribosides remains more
elusive. Interestingly, side reactions between water and NADP in the binding pocket of
adrenodoxin reductase (FDXR) have been reported [38–40]. The nucleophilic addition
of water on the ribosylated nicotinamide moiety of NADP was thought to promote the
formation of 4NADPO. We explored the possibility that nicotinamide riboside, NR, and its
reduced form, NRH are oxidized by the FAD-dependent reductase, dihydronicotinamide
riboside: quinone reductase 2 via a similar mechanism, using LC-MS combined to mass
spectrometry. The oxidation of NRH by the FAD-dependent NQO2 was monitored at
340 nM by LC-UV-spectroscopy, while the appearance of NR was confirmed by monitoring
at 254 nm. Similarly, when seeking to oxidize NR, the reaction was monitored at 254 nm
to follow NR consumption. We observed not only that NRH was oxidized to NR in the
presence of FAD and menadione, but that the pyridone riboside, 4PYR, was also generated
over time, as confirmed by LC-MS-MS. This chemistry was not observed when NR was used
as the starting material. This indicates that the mechanism responsible for the oxidation of
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NRH to 4PYR by NQO2 is not the same as the mechanism observed and characterized for
the oxidation of NADP by adrenodoxin reductase.

Seeking to establish the mechanism of 4PYR formation by NQO2, we turned to Fenton
Chemistry. In the presence of K3(Fe(CN)6) in 1 M NaOH, methyl-nicotinamide is readily
oxidized, and N-Me-2PY and N-Me-6PY were detected. A carboxylic acid [C7H7NO3+H+]
was also detected by direct ESI-MS. This outcome could be consistent with the synthetic
challenges we experienced in the synthesis of N-Me-4PY. When we applied this chemistry
to nicotinamide riboside (NR), we detected 2PYR [41] and 6PYR [42,43], the two isomers
of 4PYR (Figure 3), along with nicotinamide, the product formed from NR hydrolysis.
These outcomes indicate that the NQO2-catalyzed over-oxidation of NRH favors one
isomer, 4PYR, and occurs via a mechanism that differs from Fenton chemistry as it is
more regioselective. It is also different from adrenodoxin reductase (FDXR) oxidation of
NADP, as the over-oxidation of NRH by NQO2 requires the initial release of a hydride for
superoxide formation via FAD.

 
Figure 3. Fenton chemistry facilitates the formation of 2PYR and 6PYR from NR. Overlay 1H NMR of nicotinamide riboside
(bottom spectrum) and crude reaction mixture (above). NR decomposes to nicotinamide under basic conditions (3rd
spectrum up). The crude reaction mixture was spiked with each pyridone ribosides (4th–6th spectra). Pure PYR 1H NMR
spectra (7th–9th spectra). Only 2PYR and 6PYR are present in the reaction mixture. • 2PYR; x 6PYR; T 4PYR; �Nicotinamide
Riboside; � Nicotinamide.

Acetaminophen, also known as paracetamol is oxidized to a quinone by the FDXR-
dependent cytochrome CYP450, CYP2E1, for which acetaminophen administration stimu-
lates the overexpression [44]. acetaminophen exposure also promotes the overexpression of
NADPH: quinone oxide-reductase 1 (NQO1) [45], an homolog of NQO2, which catalyzes
the reduction of the quinone back to acetaminophen. Catabolites of vitamin B3 found in
urine include nicotinuric acid, trigonelline, methyl-nicotinamide, Me-2PY, Me-4PY, and
4PYR. In a human preliminary study, we measured the levels of Me-Nam, N-Me-4PY, and
4PYR in urine over a 24 h period and compared these levels with those obtained following
the ingestion of 1 gm of acetaminophen (Supplementary Figure S3). We observed that
acetaminophen consumption increases the urinary levels of 4PYR by more than 40-fold but
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does not change the levels of the non-ribosylated species. This observation would indicate
that acetaminophen only promotes the oxidation of the ribosylated forms of nicotinamide,
i.e., NR, NMN, or NAD(P) and this via a mechanism which is independent of the aldehyde
oxidase, the enzyme responsible for the generation of N-Me-2PY and N-Me-4PY from
methyl-nicotinamide in vivo.

The studies evaluating the PYR-family cytotoxicity are somewhat confusing and
imprecise, as not all cell-lines appear to be sensitive to exposure to these nucleosides [26,46].
Given the literature, we decided to explore which one if not all the pyridone ribosides
were cytotoxic to two very metabolically different cell lines, the human embryonic kidney
HEK293T cell line and the human hepatocarcinoma HepG3 cell line. Compared to HEK293T
that is more glycolytic, HepG3 is more reliant on mitochondrial respiration for energy
production, processes that are NAD(P) dependent and therefore potentially sensitive to
the presence of PYR-derived dinucleotides. Using a CellTiter-FluorTM viability assay as a
reporter [47], cytotoxicity assays on HEK293T and HepG3 cell cultures indicated that none
of the PYR-derivates were cytotoxic to HEK293T cells but that the 4PYR reduced the cell
viability of HepG3 cells by 62% after 24 h of treatment at 100 μM followed by 48 h recovery
in cell medium and by 45% after 72 h of continuous exposure (Figure 4).

Figure 4. 4PYR is cytotoxic to HepG3 cells but not HEK293T. Cell viability after 72 h was assessed for HEK293T (A) and
HepG3 (B) cells. Cells were exposed to 100 μM of 2PYR, 4PYR, or 6PYR for 24 h with pyridones removed and fresh medium
replaced for an additional 48 h or continuously exposed to the pyridone isomers for 72 h. After 72 h, CellTiter-FluorTM

viability assay was performed with results expressed as the mean fluorescence intensity relative to control, vehicle-treated
cells (% Viability) ± standard error of the mean (SEM). Statistical significance: **** p < 0.0001.

A dose-dependent sensitivity assay of HepG3 cells exposed to continuous 4PYR
treatment showed that 4PYR was cytotoxic to HepG3 in a dose-dependent manner with an
IC50 at 50 μM (Figure 5). Crucially, even at higher concentrations in this cell line, surviving
cells remain, and the loss of cell viability appears to plateau. We also characterized the
effects of 4PYR on HepG3 cells in a clonogenic survival assay, with HepG3 cell density
less than 50% after 6 days at 25 μM of 4PYR (Figure 6). Together, these data provided
some indications of the possible mode of action of 4PYR in HepG3 cells, which likely
promotes senescence in the remaining viable cells. Therefore, we sought to establish
whether markers of autophagy could be detected in 4PYR-treated HepG3. Immunoblotting
showed an increase in protein expression levels of the autophagy marker LC3BII, Beclin-1,
and a decrease in phospho-mTOR compared to vehicle-treated control cells (Figure 7).
Furthermore, we confirmed that apoptosis was not observed over the same period (data
not shown).
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Figure 5. Dose-dependent sensitivity of HepG3 cells to continuous 4PYR treatment. HEK239T (A)
and HepG3 (B) cells were exposed to 25, 50, 75, 100, and 150 μM continuously for 72 h. CellTiter-
FluorTM Viability assay was performed with results expressed as the mean fluorescence intensity
relative to control, vehicle-treated cells (% viability) ± SEM. Statistical significance: ** p < 0.005,
**** p < 0.0001.

Figure 6. Clonogenic survival of HepG3 cells continuously exposed to 4PYR. HepG3 cells were exposed to 25, 50, and
100 μM of 4PYR for six days then stained with crystal violet (A). Cell density was assessed by measuring the area fraction of
the crystal violet-stained cells after 4PYR exposure (B). Results are presented as percentage cell density to control ± SEM of
three independent experiments. Statistical significance: *** p < 0.001, **** p < 0.0001.

Finally, we exposed HEK293T and HepG3 cells to 100 μM NRH, the reduced form of
nicotinamide riboside, for 1, 4, and 24 h and measured the cell extract for the presence of the
over-oxidized form of NAD, NADO by LC-MS. While HEK293T did not produce NADO
under such conditions, HepG3 cells produced 4NADO intracellularly, and its abundance
increased with the length of exposure (Figure 8).
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Figure 7. 4PYR induced autophagy in HepG3 cells. HepG3 cells were continuously dosed with
100 μM of 4PYR for 48, 72, and 96 h. (A) Increased protein expression levels of the autophagy marker
LC3BII, Beclin-1, and decrease in phospho-mTOR were assessed using immunoblot in 4PYR treated
HepG3 cells compared to vehicle-treated control cells. α-tubulin was used as a loading control for
immunoblotting. The graph shows quantified protein expression levels relative to controls for (B)
LC3B-II, (C) Beclin-1 and (D) phosphor-mTOR in HepG3 cells. Results are expressed as relative
abundance (a.u.) ± SEM of two biological replicates. Statistical significance: * p < 0.05.

Figure 8. NRH induced 4NADO production in HepG3 cells but not in HEK293T. HEK293T (A) and HepG3 (B) cells were
continuously dosed with 100 μM of 4PYR for 1, 4, and 24 h. The crude cell extract was measured by LC-MS for its NADO
content. The NADO detected matches the 4NADO standard. Results are presented as relative abundance to control ± SEM
of three independent experiments. Statistical significance: **** p < 0.0001. N.D: Not Detected.
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3. Discussion

Pyridones and methyl-nicotinamide are measured in clinical settings to identify vi-
tamin B3 deficiencies [48,49] and in metabolomics as they associate with increased NAD
consumption [50,51] and cellular dysfunctions in tissues [51–55]. Unfortunately, over the
years the nomenclature used to describe the pyridone’s nature thus characterized has
been somewhat unsystematic and exquisitely confusing (e.g., [5,11,56]). For instance, the
term “pyridone” can describe both the methylated or non-methylated forms, abbreviated
PY. Similarly, PY and PYR have been used to describe the ribosylated or non-ribosylated
species indiscriminately (e.g., [28,57]). Surely, there is a need for consistency, as these
species come from very distinct pathways and are sought systematically during physio-
logical and pathophysiological investigations [11,55]. We proposed that by implementing
the IUPAC nomenclature, inconsistencies can be readily rectified. We have named, charac-
terized, and compared each of the pyridone species to facilitate this transition to provide
clarity to the field.

The abundance of urinary pyridones derived from nicotinamide has been shown to
correlate with metabolic syndromes and aging [4,58]. While N-Me-2PY, N-Me-6PY, 4PYR,
and 6PYR are detected in human urine, N-Me-2PY and 2PYR could go undetected because
of their rapid conversion to the free acid or an ester during acidic or basic extraction
protocols [59–61]. When the amide bond can share hydrogen bond interactions with the
neighboring carbonyl, as is the case in N-Me-4PY, 4PYR, N-Me-2PY, and 2PYR, the loss of
ammonia occurs readily, as we observed in solution chemistry, a process that could readily
occur during sample processing.

Mass spectrometry detects all metabolites in ionic forms. For the NAD metabolome,
in some cases, such as for NR, the metabolite exists in an ionic form before reaching the
detector; however, in most cases, the metabolite requires protonation/deprotonation or
adduction, usually with sodium, potassium, chloride, ammonium. Many metabolites
included in the NAD metabolome react to the most common ionization source, electrospray
ionization (ESI) [62,63]. ESI employs a steady stream of nitrogen and heat to produce
ions. N-Me-4PY, 4PYR, N-Me-2PY, and 2PYR react within the ESI chamber in a potentially
confounding way because of an MS/MS fragmentation and formation of an acylium ion.
In the ESI-MS instrument, such fragments, if stabilized or produced at a high enough rate,
can react with water or methanol to form the acid or methyl ester analogs of N-Me-4PY,
4PYR, N-Me-2PY, and 2PYR (Figure 2). Here, the in-source reaction can lead to a loss
of signal and potentially the false identification of metabolites that likely do not exist
in the biological sample. Furthermore, metabolite derivatives, artifacts of ESI, could go
unmeasured. When a low-resolution instrument is used, the carboxylic acids may be non-
resolved from the carboxamide form (Supplementary Materials). However, high-resolution
mass spectrometers are more than capable of resolving the amide form from the carboxylic
acid [64]. In quantitative metabolomics, internal isotopically labeled standards are used to
identify and quantify specific metabolites of interest [63]. In a more encompassing but less
accurate, semi-quantitative metabolomics, identifying a species often relies upon the m/z
ratio and fragmentation. As such, the materials can go undetected or underrepresented
unless dedicated internal standards are used for their quantification. It is with this in mind
that one can rationalize the often-contradictory reports of pyridones’ quantifications.

Crucially, the ribosylated pyridones derived from nicotinamide can only be generated
from the ribosylated forms of nicotinamide [17]. Such forms include nicotinamide riboside
(NR), its mononucleotide parent (NMN) or NAD(P), and their reduced forms [1]. Circulat-
ing endogenous and exogenous 4PYR is readily intracellularized and metabolized by blood
and tissues where it is phosphorylated and converted to either 4PYR-triphosphate (4PYR-
TP) or the NAD derivative 4NADO, all inhibitors of intracellular enzymes [25,27,46,65].

The cells’ ability to convert exogenous pyridone ribosides to NAD-like species might
select for 4PYR’s capacity to promote cell death in a cell-specific manner, as it has been
observed here and by others [26,28]. Crucially, we observed similar cell line selectivity
regarding cell survival when the adenine dinucleotide form of 4PYR, 4NADO, is generated
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endogenously following exposure to the reduced form of NR, NRH (Figure 8) [47]. Still,
the causality of cell death observed in HepG3 cells exposed to NRH, and the formation of
4NADO remain to be explored. Finally, exogenous 2PYR and 6PYR do not affect HEK293T
and HepG3 cells’ viability (Figure 6). Yet, their function, if generated endogenously,
remains unknown. Therefore, the physiological properties of endogenously produced
toxins derived from the oxidation of NAD, NADP, and NR warrant further investigations.

Finally, aldehyde oxidases are responsible for the formation of the methylated pyri-
dones (N-Me-6PY, and N-Me-4PY) from methyl-nicotinamide [36]. Yet, the generation of
the three ribosylated pyridone derivatives, 2PYR, 4PYR, and 6PYR, remains unexplained.
A hint as to the source of the ribosylated pyridones was obtained when the FAD (flavin
adenine dinucleotide)-dependent FDXR was shown to generate the oxidized form of NADP,
NADPO, in a side-reaction. In the proposed mechanism, NADP, instead of the normal
substrate NADPH, binds FAD-bound FDXR [39]. The 1,4-nucleophilic addition of an active
site water molecule on the enzyme-bound NADP leads to a 4-hydroxylated dihydropyri-
dine derivative that can then enter in hydride-transfer type catalysis with the bound FAD
to generate the 4-pyridone form of NADP (i.e., 4NADPO). At first sight and given the
abundance of the urinary ribosylated pyridones, the kinetics of this side-reaction enzymatic
process would preclude it to be the major source of 4PYR. Furthermore, this enzymatic
process only accounts for the generation of the dinucleotide form of 4PYR and cannot
explain the formation of 2PYR, known to also be in circulation [66]. NQO1 and NQO2 are
FAD-dependent redox enzymes that bind NAD(P)H and NRH, respectively, and could
potentially generate 4NAD(P)O and 4PYR via a mechanism like that of FDXR. Recent
work on NQO2 and acetaminophen in the presence of NRH has identified superoxide
HOO- as a by-product of the NQO2-catalyzed turn-over, especially in the presence of
O2 [45]. We envisage that the detection of 4PYR in the NQO2-catalyzed oxidation of NRH
is promoted by the NQO2-catalyzed production of superoxide upon the reduction of NRH,
with O2 as a co-oxidant and that the production of superoxide within the vicinity of a
still FAD-NQO2-bound NR, favors the addition of superoxide onto the electrophilic NR.
Superoxide is likely to react within the constraints of the enzyme binding pocket and lead
to a favored isomer. As such, this type of side reaction or a variation thereof could apply to
other NAD(P)H binding FAD-dependent oxidoreductases and explain the generation of a
substantial amount of ribosylated pyridone metabolites in vivo. It is important to note that
CYP450 and FAD-dependent aryl hydroxylation has long been recognized as a source of
hydroxylated catabolites of aryl amino acids and riboflavin, e.g., 2/3-hydroxylated tyrosine
and 7/8-hydroxyriboflavins, respectively [67,68]. In such a process, the transient forma-
tion of the ROS species is responsible for the outcomes of the conversion. We, therefore,
explored whether Fenton chemistry [69], often used to emulate ROS-chemistry in these
systems, could promote PYR formation from NR and found that only 2PYR and 6PYR
but not 4PYR were readily detected. We have therefore identified two related oxidative
mechanisms that could be wide-spread and responsible for the formation of functionalized
ribosylated pyridones.

4. Methods

4.1. Syntheses
4.1.1. Synthesis of N-methyl-4-pyridone 3-carboxamide (1)

The synthesis of N-methyl-4-pyridone 3-carboxamide was conducted according to
Scheme 1.
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Scheme 1. Synthesis of N-methyl-4-pyridone 3-carboxamide.

Synthesis of O-methyl 4-methoxypyridine-3-carboxylate (9) (Step-1): To a solution of 4-
chloronicotinic acid (8) (1.0 g, 6.34 mmol) in anhydrous methanol (18.5 mL) was added
acetyl chloride (1.42 mL) at 0 ◦C. The reaction mixture was stirred under nitrogen overnight
at 65–70 ◦C. Upon completion of the reaction, the reaction mixture was concentrated
under reduced pressure. The crude was dissolved in saturated NaHCO3 (pH = 8–9) and
then extracted with CHCl3 (2 × 15 mL). The combined organics were washed with brine
(30 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure to afford
the desired product as a white solid (87%). 1H NMR (MeOD), δ, ppm: 8.74 (s, 1H, H1),
8.51 (d, J = 6.04 Hz, 1H, H6), 7.18 (d, J = 6.04 Hz, 1H, H5), 3.96 (s, 3H, COOMe), 3.87 (s, 3H,
–OMe). 13C NMR (MeOD), δ, ppm: 165.58 (C4), 164.92 (C7), 153.52 (C2), 151.37 (C6), 116.45
(C3), 107.93 (C5), 55.33 (C9), 51.31 (C8) [29].

Synthesis of 4-methoxypyridine-3-carboxamide (10) (Step-2): O-Methyl-4-methoxypyridine-
3-carboxylate (9) (0.5 g, 2.99 mmol) in NH4OH (27%, 20 mL) was stirred at rt for 15 in a
50 mL sealed tube and the reaction was monitored by 1H NMR. After the reaction had
gone to completion, the solvent was evaporated under reduced pressure and the obtained
white solid was used for the next step without purification (96%). 1H NMR (MeOD), δ,
ppm: 8.87 (s, 1H, H1), 8.51 (d, J = 5.96 Hz, 1H, H6), 7.21 (d, J = 6.0 Hz, 1H, H5), 4.04 (s, 3H,
–OMe). 13C NMR (MeOD), δ, ppm: 166.50 (C4), 164.35 (C7), 153.02 (C2), 151.37 (C6), 118.16
(C3), 107.51 (C5), 55.55 (C8) [29].

Synthesis of 1-N-methyl-4-oxo-pyridine-3-carboxamide (1) (Step-3): To a solution of 4-
methoxypyridine-3-carboxamide (10) (438 mg, 2.88 mmol) in methanol:water (9:1) mixture
(10 mL) was added iodomethane (1.74 mL, 28 mmol). The reaction was stirred under
nitrogen for 24 h at 60 ◦C. After stirring for 24 h at 60 ◦C with an oil bath, the mixture
was cooled in an iced bath for 1 h and the resulting yellow precipitate was filtered off,
washed with methanol, and dried under high vacuum. The final product did not require
purification. Yield: 65%. 1H NMR (DMSO, d6), δ, ppm: 9.36 (s, 1H, NH), 8.54 (s, 1H, H2),
7.87 (d, J = 5.08 Hz, 1H, H6), 7.54 (s, 1H, NH), 6.53 (d, J = 7.4 Hz, 1H, H5), 3.82 (s, 3H, Me).
13C NMR (MeOD), δ, ppm: 175.66 (C4), 165.51 (C7), 146.51 (C2), 143.27 (C6), 119.66 (C3),
118.97 (C5), 44.37 (C8), HRMS calcd for C7H9N2O2 [M + H]+ 153.0664 found 153.0652 [29].

4.1.2. Synthesis of O-methyl, 1-N-methyl-4-oxo-pyridine-3-carboxylate (12)

The synthesis of O-methyl, 1-N-methyl-4-oxo-pyridine-3-carboxylate was conducted
according to Scheme 2.

Scheme 2. Synthesis of the O-methyl, 1-N-methyl-4-oxo-pyridine-3-carboxylate (12).
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Synthesis of O-methyl 4-pyridone-3-carboxylate (11) (Step-1): To a solution of the 4-
chloronicotinic acid (8) (5 g, 31.7 mmol) in H2O (50 mL) was refluxed for 3 h and then
concentrated under reduced pressure. The obtained yellow solid was azeotroped with
toluene and then dissolved in anhydrous MeOH (50 mL). To the resulting mixture was
added SOCl2 (4.99 mL, 8.19 g, 68.9 mmol) at room temperature, and then the reaction
mixture was heated to 75 ◦C. After stirring at 75 ◦C for 15 h, the mixture was concentrated
under reduced pressure, and the residual product was treated with saturated NaHCO3. As
the remaining amount of thionyl chloride got neutralized by NaHCO3, the desired product
precipitated. The precipitate was filtered, washed twice with water, and used directly for
the next step without further purification. E.g., Scheme Yield 62%. 1H NMR (D2O), δ, ppm:
8.44 (s, 1H, H2), 7.76 (d, J = 7.2 Hz, 1H, H6), 6.53 (d, J = 6.53 Hz, 1H, H5), 3.77 (s, 3H, OMe).
13C NMR (CDCl3), δ, ppm: 178.34 (C4), 166.77 (COOCH3), 144.41 (C2), 139.15 (C6), 120.11
(C5), 117.13 (C3), 52.26 (Me), HRMS calcd for C7H8NO3 [M + H]+ 154.0504 found 154.0490.
Spectral data are consistent with published literature [25].

Synthesis of O-methyl, 1-N-methyl 4-pyridone-3-carboxylate (12) (Step-2): In a 50-mL round
bottom flask, equipped with a magnetic stirring bar, NaH (15.30 mg, 0.65 mmol) was added
to 2 mL of anhydrous methanol in a portion-wise manner, and then methyl 4-pyridone-3-
carboxylate (11) (50 mg, 0.33 mmol) was added. The resulting reaction mixture was stirred
at rt for 10 min. Then, CH3I (81.17 μL, 1.30 mmol) was added, and the resulting mixture
was stirred again at the same temperature for 36 h. The reaction progress was monitored
by TLC. Upon completion of the reaction, the resulting mixture was concentrated under
reduced pressure, and the desired product was precipitated by adding EtOAc (2 mL).
(Yield = 70%). 1H NMR (MeOD), δ, ppm: 8.47 (s, 1H, H2), 7.72 (dd, J = 2.28 & 2.28 Hz, 1H,
H6), 6.49 (d, J = 7.52 Hz, 1H, H5), 3.83 (s, 3H, OMe), 3.80 (s, 3H, –NMe). 13C NMR (CDCl3),
δ, ppm: 176.38 (C4), 164.88 (C7), 147.58 (C2), 142.16 (C6), 120.79 (C3), 117.26 (C5), 50.86
(–OCH3), 43.23 (–CH3). HRMS calcd for C8H10NO3 [M + H]+ 168.0661 found 168.0648.
Spectral data are consistent with published [M+ + H].

4.1.3. Synthesis of N-methyl-6-pyridone 3-carboxamide (2)

The synthesis of N-methyl-6-pyridone 3-carboxamide was conducted according to
Scheme 3.

 

Scheme 3. Synthesis of N-methyl-6-pyridone 3-carboxamide.

Synthesis of O-ethyl 6-oxo-1H-pyridine-3-carboxylate (14) (Step-1): To a stirred solution
of 6-hydroxynicotinic acid (13) (5 g, 3.59 mmol) in absolute ethanol (25 mL) was added
sulfuric acid (0.2 mL) at room temperature. The mixture was heated to reflux for 48 h. After
cooling down to room temperature, water (2.5 mL) was added, and the reaction mixture
was neutralized to pH = 6–7 by portion-wise addition of sodium hydrogen carbonate
(482 mg). Upon completion of the reaction, the reaction mixture was concentrated under
reduced pressure, and the residue was extracted with ethyl acetate (3 × 10 mL). The
combined organic layers were washed with brine, dried over Na2SO4, and evaporated
under reduced pressure leading to the pure ethyl 6-hydroxynicotinate (14) (yield = 82%).
1H NMR (CDCl3), δ, ppm: 8.16 (s, 1H, H6), 7.95 (dd, J = 2.44 & 2.44 Hz, 1H, H4), 6.51 (d,
J = 9.56 Hz, 1H, H3), 4.25 (q, J = 7.14 Hz, 2H, -CH2), 1.28 (t, J = 7.12 Hz, 3H, Me). 13C NMR
(CDCl3), δ, ppm: 165.61 (COCH3), 164.00 (C2), 141.11 (C6), 139.69 (C4), 119.36 (C3), 111.44
(C5), 60.68 (–CH2), 14.23 (Me) [30].

Synthesis of O-ethyl-1-methyl-6-oxo-pyridine-3-carboxylate (15) (Step-2): In a 50-mL round
bottom flask, equipped with a magnetic stirring bar, NaH (56.11, 2.39 mmol) was added to
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3 mL of anhydrous methanol in a portion-wise manner, and then ethyl 6-hydroxynicotinate
(14) (0.2 g, 1.19 mmol) was added, the resulting reaction mixture was stirred at rt for
10 min, and then CH3I (0.297 mL, 4.78 mmol) was added, and the resulting mixture was
stirred again at the same temperature for 36 h. The reaction progress was monitored by
TLC analysis. Upon completion of the reaction, the resulting mixture was concentrated
under vacuum and dissolved in EtOAc (15 mL). The organic layer was washed with water
(3 × 10 mL), dried over Na2SO4, and concentrated under reduced pressure to afford the
product (15) as white solid (Yield = 80%). 1H NMR (CDCl3), δ, ppm: 8.12 (s, 1H, H6), 7.77
(dd, J = 2.52 & 2.52 Hz, 1H, H4), 6.46 (d, J = 9.52 Hz, 1H, H3), 3.79 (s, 3H, OMe), 3.52 (s,
3H, Me). 13C NMR (CDCl3), δ, ppm: 165.61 (COCH3), 162.89 (C2), 143.55 (C6), 138.63 (C4),
119.40 (C3), 108.58 (C5), 52.04 (OMe), 38.20 (Me). HRMS calcd for C8H10NO3 [M + H]+

168.0661 found 168.0647.
Synthesis of 1-N-methyl-6-pyridone-3-carboxamide (2) (Step-3): A sealed tube equipped

with a Teflon-coated magnetic stirring bar was charged with O-methyl, 1-N-methyl-6-oxo-
pyridine-3-carboxylic acid (15) (2 g, 13.0 mmol) and 10 mL mixture of NH4OH solution
(28–30%) and methanol (1:1). The resulting mixture was stirred at room temperature for
24 h. After 24 h, reaction progress was monitored by TLC. Upon completion of the reaction,
the solvent was evaporated under reduced pressure, and the resulting crude (2) was filtered
off and washed with ethyl acetate. Yield 66%. 1H NMR (D2O), δ, ppm: 8.38 (s, 1H, H2),
7.95 (d, 1H, J = 6.69 Hz, 1H, H4), 6.53 (d, 1H, J = 9.44 Hz, H5), 3.62 (s, 3H, OMe). 13C NMR
(CDCl3), δ, ppm: 167.17 (CONH2), 163.69 (C2), 142.03 (C6), 138.61 (C4), 117.89 (C3), 113.52
(C5), 37.27 (Me). HRMS calcd for C7H9N2O2 [M + H]+ 153.0664 found 153.0663.

4.1.4. Synthesis of N-methyl-6-pyridone 3-carboxamide (2)

The synthesis of 1-N-methyl-2-pyridone-3-carboxamide was conducted according to
Scheme 4.

 
Scheme 4. Synthesis of 1-N-methyl-2-pyridone-3-carboxamide and 1-N-methyl-6-pyridone-3-
carboxamide.

N-Methylnicotinamide (7) (0.5 g, 1.89 mmol) was dissolved in 10 mL NaOH (1M,
aq.) and then commercially available K3[Fe(CN)6] (1.87 g, 5.68 mmol), dissolved in 2 mL
deionized water was added. The resulting mixture was stirred at rt for 1 h. After 1 h, 25 mL
MeOH was added to precipitate K4[Fe(CN)6] and then the resulting mixture was filtered
off. The filtrate was concentrated on rotavap and the crude was purified by using hexane,
ethyl acetate and methanol as an eluent to afford 1-methyl-2-oxo-pyridine-3-carboxamide
(5) (15%) and 1-methyl-6-oxo-pyridine-3-carboxamide (2) (25%). 1H NMR (DMSO-d6),
δ, ppm: 9.06 (s, 1H, NH), 8.27 (dd, J = 2.2 Hz & 2.16 Hz, 1H, H6), 8.01 (dd, J = 2.16 &
2.16 Hz, 1H, H4), 7.54 (s, 1H, NH), 6.44 (t, J = 6.88 Hz, 1H, H5), 3.08 (s, 3H, Me). 13C NMR
(DMSO-d6), δ, ppm: 165.08 (CONH2), 162.22 (CO), 144.43 (C6), 143.70 (C4), 120.45 (C3),
106.10 (C5), 38.16 (CH3) HRMS calcd for C7H9N2O2 [M + H]+ 153.0664 found 153.0648 [29].
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4.1.5. Synthesis of the Ribosylated Pyridone Carboxamides
Synthesis of 4-pyridone-3-carboxamide riboside (3)

The synthesis of 4-pyridone-3-carboxamide riboside was conducted according to
Scheme 5.

 
Scheme 5. Synthesis of 4-pyridone-3-carboxamide riboside.

Synthesis of 4-pyridone-3-carboxamide (16) (Step-1): A sealed tube equipped with a
Teflon-coated magnetic stirring bar was charged with methyl 4-pyridone-3-carboxylate
(11) (2 g, 13.0 mmol) and 50 mL of NH4OH methanolic solution (28–30%). The resulting
mixture was stirred at room temperature for 15 h. Upon completion of the reaction, the
solvent was evaporated at reduced pressure, and the residue was triturated with water.
The solid (16) was filtered off and washed with water. Yield 66%. 1H NMR (MeOD), δ,
ppm: 8.54 (s, 1H, H2), 7.79 (d, J = 5.56 Hz, 1H, H6), 6.56 (d, J = 6.53 Hz, 1H, H5). 13C NMR
(CDCl3), δ, ppm: 179.04 (C4), 168.48 (CONH2), 142.95 (C2), 139.32 (C6), 119.45 (C5), 117.69
(C3); HRMS calcd for C6H7N2O2 [M + H]+ 139.0508 found 139.0495 [25].

Synthesis of 1-(2′,3′,5′-tri-O-acetyl-β-D-ribofuranosyl)-4-pyridone-3-carboxamide (18) (Step-
2): Silylation of 4-pyridone-3-carboxamide (17): 4-pyridone-3-carboxamide (16) (0.5 g,
3.62 mmol): Hexamethyldisilazane (10 mL) and trimethylchlorosilane (1.5 mL, 1.30 g,
12 mmol) were added sequentially in a 50 mL round bottom flask under nitrogen. The
resulting mixture was stirred at 120 ◦C for 2 h. Upon completion of the reaction, the
solution was cooled to room temperature and concentrated under reduced pressure. The
residue was co-evaporated with anhydrous toluene (2 to 3 times) to afford the mixture of
mono and bis-silylated 4-pyridone-3-carboxamide (17), which was used directly for the
next step.

Vorbrüggen glycosylation (Step-3): The crude mono and bis-silylated 4-pyridone-
3-carboxamide (17) mixture was dissolved in 6 mL of anhydrous 1,2- dichloroethane.
Then, a solution of 1,2,3,5-tetra-O-acetyl-β-D-ribofuranoside (0.6 g, 2 mmol) in 2 mL of
1,2-dichloroethane was added, followed by the addition of trimethylsilyl triflate (0.4 mL,
2.3 mmol). The resulting mixture was stirred at 40–45 ◦C for overnight. The reaction was
monitored by 1H NMR analysis of the crude mixture. After completion of the reaction,
the resulting solution was cooled down and poured into a mixture of ice-cooled saturated
aq. NaHCO3 solution. The mixture was extracted with DCM (3 × 10 mL). The organic
phases were collected, washed with a saturated NaCl solution, and dried over anhydrous
Na2SO4. Then, the filtrate was concentrated under reduced pressure and the residue was
purified by flash column chromatography using DCM: Acetone (7:3) as an eluent to afford
the pure product (18) (72%). 1H NMR (MeOD), δ, ppm: 8.75 (d, J = 2.4 Hz, 1H, H2), 7.87
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(dd, J = 2.4 Hz, 2.4 Hz, 1H, H6), 6.51 (d, J = 7.6 Hz, 1H, H5), 5.80 (d, J = 5.6 Hz, 1H, H1′),
5.38–5.25 (m, 2H, H2′ and H3′), 4.45 (q, J = 3.07 Hz,1H, H4′), 4.36 and 4.27 (AB part of ABX
system, 2H, JAB = 12.56 Hz, JAX = 3.12 Hz, JBX = 2.76 Hz, H5′), 2.08 (s, 3H, Ac), 2.04 (s,
3H, Ac), 1.98 (s, 3H, Ac). 13C NMR (MeOD), δ, ppm: 178.69 (C4), 170.73 (CO), 169.88 (CO),
169.69 (CO), 166.32 (CONH2), 141.78 (C2), 138.23 (C6), 119.91 (C5), 119.04 (C3), 94.59 (C1′),
81.48 (C4′), 74.48 (C2′), 70.43 (C3′), 62.83 (C5′), 19.28 (Me), 18.96 (Me), 18.73 (Me); HRMS
calcd for C17H21N2O9 [M + H]+ 397.1249 found 397.1229.

Synthesis of 4-Pyridone-3-carboxamide-1-β-D-ribofuranoside (3) (Step-4): Method A: A
mixture of compound (18) (0.078 g, 0.196 mmol), 1 mL NH4OH (27–30%) and cat. K2CO3
in methanol (10 mL) was stirred at rt overnight, and the reaction progress was monitored
by 1H NMR analysis of the crude reaction. Upon completion of the reaction, the reaction
mixture was filtered and evaporated in vacuo to afford the desired product 3 as semisolid.
Yield 50%.

Method B: A sealed tube was charged with a mixture of compound (18) (0.408 g,
1.02 mmol), 2 mL 1,4-dioxane (saturated with 0.5N NH3), and 15 mL methanol. The
resulting mixture was stirred at rt overnight, and the reaction progress was monitored by
NMR analysis of the crude mixture. After overnight stirring at rt, the 1H NMR of the crude
showed complete removal of the acetates. The resulting mixture was concentrated under
reduced pressure to afford the desired product 3. Yield: 62%.

Method C: A PTFE jar was charged with pure compound (18) (0.2 g, 0.50 mmol),
K2CO3 (6.91 mg, 0.1 mmol) and 20 microliter MeOH and was vibrated at a rate of 1800 rpm
(30 Hz) at room temperature for 30 min. The reaction progress was monitored by 1H NMR
analysis. Yield: 85%. 1H NMR (D2O), δ, ppm: 8.67 (d, J = 2.24 Hz, 1H, H2), 7.94 (dd,
J = 2.24 Hz, 2.24 Hz, 1H, H6), 6.65 (d, J = 7.6 Hz, 1H, H5), 5.55 (d, J = 5.5 Hz, 1H, H1′), 4.23 (t,
1H, J = 5.28 Hz, H2′), 4.19–4.13 (m, 2H, H4′ and H3′), 3.81 and 3.73 (AB part of ABX system,
2H, JAB = 12.7 Hz, JAX = 3.04 Hz, JBX = 4.0 Hz, H5′). 13C NMR (D2O), δ, ppm: 179.13 (C4),
167.75 (CONH2), 142.72 (C2), 138.73 (C6), 120.35 (C5), 118.25 (C3), 96.96 (C1′), 86.03 (C4′),
75.61 (C2′), 70.02 (C3′), 60.89 (C5′); HRMS calcd for C11H15N2O6 [M + H]+ 271.0930 found
271.0919.

Synthesis of 6-pyridone 3-carboxamide riboside (4)

The synthesis of 6-pyridone 3-carboxamide riboside was conducted according to
Scheme 6.

 
Scheme 6. Synthesis of 6-pyridone 3-carboxamide riboside.

Synthesis of 6-pyridone 3-carboxamide (6PY) (20) (Step-1): To an oven-dried 50-mL
round bottom flask equipped with a magnetic stir bar, 6-hydroxynicotinic acid (13) (5 g,
3.59 mmol), HOBt (0.540 g, 4.0 mmol), DCC (0.928 g, 4.5 mmol), and anhydrous DMF
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(10 mL) were added. The RBF was placed under nitrogen sealed with a septum. The reac-
tion mixture was stirred at rt for 2 h under nitrogen. The reaction progress was monitored
by 1H NMR of the crude reaction mixture. Upon completion of the reaction, the solid
residue (19) was filtered off and washed with fresh DMF (10 mL). The organic layer was
concentrated under reduced pressure, and the residue was dissolved in 10 mL NH4OH
(28–30%) and stirred at rt for 1 h. The reaction progress was monitored by 1H NMR of the
crude reaction mixture. After completion of the reaction, the solvent was evaporated under
high vacuum to afford the 6-pyridone-3-carboxamide (20) (6PY) as a brown solid. Yield
70%. 1H NMR (DMSO, d6), δ, ppm: 11.92 (s, 1H, NH), 8.00 (s, 1H, H2), 7.85 (d, J = 9.6 Hz,
1H, H4), 7.72 (s, 1H, NH), 7.18 (s, 1H, NH), 6.32 (d, J = 9.56 Hz, 1H, H5). HRMS calcd for
C12H16NO7 [M + H]+ 139.0508 found 139.0499 [31].

Silylation of 6-pyridone-3-carboxamide (21) (Step-2): 6PY (20) (0.3 g, 2.17 mmol) and
N,O-Bis (trimethylsilyl) trifluoroacetamide (2.3 mL, 2.23 g, 8.69 mmol) were dissolved in
anhydrous acetonitrile (5 mL) at rt, and the reaction mixture was stirred at rt for 24 h under
nitrogen. After 24 h, the reaction mixture was concentrated under reduced pressure, and
the crude product was used directly in the next step.

Synthesis of 1-(2′,3′,5′-tri-O-acetyl-β-D-ribofuranosyl)-6-pyridone-3-carboxamide (22) (Step-
3): To a mixture of pre-silylated 6-pyridone-3-carboxamide (21) (0.5 g, 1.6 mmol) and 1, 2,
3, 5-tetra-O-acetyl-β-ribofuranoside (0.767 g, 2.4 mmol) in anhydrous 1,2-dichloroethane
(20 mL) was added SnCl4 (0.754 mL, 1.67 g, 6.4 mmol) and stirred at rt for 16 h under
nitrogen gas environment. Once the reaction was complete, the reaction mixture was
poured into water and extracted with CHCl3 (10 mL × 3), washed with saturated NaHCO3
and dried over anhydrous Na2SO4. The organic layer was concentrated, and the oily
product was purified by flash column chromatography. Yield 78%. 1H NMR (CDCl3), δ,
ppm: 8.30 (br.s., 1H, H6), 7.69 (d, J = 9.04 Hz, 1H, H4), 6.45 (d, J = 9.44 Hz, 1H, H3), 6.26
(br.s, 1H, H1′), 5.31 (t, J = 4.58 Hz, 1H, H2′), 5.20 (t, J = 5.20 Hz, 1H, H3′), 4.56–4.51 (m, 1H,
H4′), 4.38 (br. s, 1H, H5′ ABX system), 4.26 (d, J = 12.36 Hz, H5′ ABX system), 2.13 (s, 3H,
Ac), 2.05 (s, 3H, Ac), 2.04 (s, 3H, Ac). 13C NMR (CDCl3), δ, ppm: 171.43 (C2), 169.60 (CO),
169.36 (CO), 165.73 (CO), 161.80 (CONH2), 141.66 (C6), 135.66 (C4), 121.59 (C3), 119.89 (C5),
87.96 (C1′), 80.10 (C4′), 74.13 (C2′), 69.74 (C3′), 62.74 (C5′), 20.88 (Me), 20.48 (Me), 20.45
(Me). MS (ES): m/z 397.63 [M+ + H] and 419.56 [M+ + Na].

Synthesis of 6-pyridone-3-carboxamide-1-β-D-ribofuranoside (4) (Step-4): The triacetylated
precursor (22) (0.360 g, 0.9 mmol) was dissolved in 2 mL ordinary methanol and stirred at
rt for 15 min. After 15 min, 2 mL NH4OH (28–30%) was added, and the resulting mixture
was stirred at rt for 4 h. The reaction progress was monitored by 1H NMR analysis of the
crude reaction mixture. Upon completion of the reaction, the solvent was evaporated under
reduced pressure, and the crude was kept at rt overnight before treating with acetone for
24 h. The solid was then filtered off and washed with fresh acetone to afford 6-PYR (4)
as a white solid. Yield 72%. 1H NMR (D2O), δ, ppm: 8.60 (s, 1H, H6), 7.84 (d, J = 9.2 Hz,
1H, H4), 6.54 (d, J = 9.44 Hz, 1H, H5), 6.01 (s, 1H, H1′), 4.19–4.13 (m, H2′, H3′ & H4′), 3.97
(d, J = 12.92 Hz, 1H, H5′, ABX system), 3.80 (d, J = 12.88 Hz, 1H, H5′, ABX system). 13C
NMR (CDCl3), δ, ppm: 169.12 (CONH2), 163.80 (C2), 139.30 (C6), 139.02 (C4), 118.80 (C3),
114.30 (C5), 90.75 (C1′), 83.56 (C4′), 74.87 (C2′), 68.24 (C3′), 59.83 (C5′), HRMS calcd for
C11H15N2O6 [M + H]+ 271.0930 found 271.0938.

Synthesis of O-methyl-4-pyridone-3-carboxylate-1-β-D-ribofuranoside (26)

The synthesis of O-methyl-4-pyridone-3-carboxylate-1-β-D-ribofuranoside was con-
ducted according to Scheme 7.
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Scheme 7. Synthesis of the methyl-ester and carboxylate ribosyl analogs.

Silylated 4-pyridone-3-carboxylic methyl ester (23) (Step-1): O-Methyl-4-pyridone-3-
carboxylic ester (11) (3.0 g, 1.98 mmol) was dissolved in 50 mL of hexamethyl-disilazane
(HMDS) in an RBF under nitrogen, 5 mL of trimethylsilyl chloride (TMSCl) (0.494 mL,
0.423 g, 3.9 mmol) was then added. The mixture was refluxed under nitrogen for 3 h at
120–130 ◦C. The excess reagents were evaporated and co-evaporated with toluene (10 mL).
The product was a dark yellow oily residue. Yield 90%. 1H NMR (400 M Hz, CDCl3, δ,
ppm): 8.92 (s, 1H, H2), 8.44 (d, J = 5.6 Hz, 1H, H6), 6.71 (d, J = 5.6 Hz, 1H, H5), 3.83 (s, 3H,
OMe), 0.27 (s, 9H, Si(CH3)3).

Synthesis of 1-(2′,3′,5′-Tri-O-acetyl-β-D-ribofuranosyl)-4-pyridone-3-carboxylic methyl ester
(24) (Step-2): Silylated 4-pyridone-3-carboxylic methyl ester (23) was dissolved in 25 mL of
1,2-dichloroethane (DCE) under nitrogen. 1,2,3,5-tetra-O-acetyl-δ-D-ribofuranoside (6.30 g,
1.98 mmol) was dissolved in DCE (25 mL) and then added to the ester solution. An
additional 50 mL of DCE and 4.1 mL of trimethylsilyl triflate (TMSOTf) (2.28 mmol) were
added to the mixture. The resulting mixture was stirred at 40 ◦C for 5 h under nitrogen.
Upon completion of the reaction, the reaction mixture was cooled to 0 ◦C and poured into
iced water. The reaction flask was rinsed with DCM (50 mL) and added to the quenched
reaction solution. The mixture was neutralized with 35 mL of a saturated aq NaHCO3
solution. The resulting phases separated, and the organic layer was washed with saturated
NaCl solution (50 mL). Once separated, the organic phase was dried over anhydrous
sodium sulfate, filtered, and evaporated. The crude product was purified by flash column
chromatography using n-hexane and ethyl acetate as an eluent system to afford the desired
product (24) as a light brown crystalline solid (6.42 g, 75%). 1H NMR (400 M Hz, CDCl3, δ,
ppm): 8.40 (d, J = 2.5 Hz, 1H, H-2), 7.45 (dd, J = 7.9 and 2.5 Hz, 1H, H-6), 6.52 (d, J = 7.9 Hz,
1H, H-5), 5.49 (d, J = 5.9 Hz, 1H, H-1′), 5.30 (dd, J = 5.6 and 3.6 Hz, 1H, H-3′), 5.21 (dd,
J = 5.9 and 5.6 Hz, 1H, H-2′), 4.33–4.46 (m, 3H, H-5′A, H-5′B, H-4′), 3.88 (s, 3H, O-CH3), 2.19
(s, 3H, Ac), 2.14 (s, 3H, Ac), 2.10 (s, 3H, Ac); 13C NMR (100 M Hz, CDCl3, δ, ppm): 175.7
(COO), 170.1 (CO), 169.4 (CO), 169.3 (CO), 165.6 (C-4), 142.4 (C-2), 135.1 (C-6), 122.9 (C-5),
119.4 (C-3), 94.22 (C-1′), 81.34 (C-4′), 74.29 (C-2′), 70.21 (C-3′), 62.76 (C-5′), 52.40 (–OCH3),
20.47 (CH3), 20.31 (CH3); HRMS calcd for C18H22NO10 [M + H]+ 412.1243 found 412.1243.

Synthesis of O-methyl-4-pyridone-3-carboxylate ribonucleoside (25) (Step-3): A mixture of
1-(2′,3′,5′-tri-O-acetyl-β-D-ribofuranosyl)-4-pyridone-3-carboxylic methyl ester (24) (3.20 g,
7.79 mmol), K2CO3 (0.103 g, 0.78 mmol), and MeOH (1.2 mL, 29.6 mmol) was ball-milled for
30 min at 30 Hz. Following removal of methanol, a brown solid with a taffy-like consistency
was obtained (1.81 g, 95%). 1H NMR (400 M Hz, MeOD, δ, ppm): 3.76 (dd, J = 12.1 and
2.7 Hz, 1H, H-5′A), 3.83 (s, 3H, -CH3), 3.85 (dd, J = 2.7 Hz and J = x, 1H, H-5′B), 4.15 (dd,
J = 6.3 and 2.6 Hz, 1H, H-4′), 4.17–4.22 (m, 2H, H-2′, H-3′), 5.49 (d, J = 5.1 Hz, 1H, H-1′),
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6.53 (d, J = 7.7 Hz, 1H, H-5), 8.09 (dd, J = 7.7 and 2.3 Hz, 1H, H-6), 8.78 (d, J = 2.3 Hz, 1H,
H-2); 13C NMR (100 M Hz, MeOD, δ, ppm): 50.89 (–OCH3), 61.19 (C-5′), 70.94 (C-3′), 76.33
(C-2′), 87.11 (C-4′), 97.57 (C-1′), 117.7 (C-3), 120.6 (C-5), 137.7 (C-6), 143.8 (C-2), 164.8 (C-4),
177.4 (COO); HRMS calcd for C12H16NO7 [M + H]+ 286.0926 found 286.0929.

Synthesis of 4-pyridone-3-carboxylic acid ribonucleoside (26) (Step-4): A mixture of 4-
pyridone-3-carboxylic ester riboside (25) (2.43 g, 8.85 mmol) was dissolved in a 1M NaOH
aqueous solution (10 mL) and stirred for 1 h. Upon completion of the reaction, the resulting
mixture was neutralized with 1 M HCl solution (5 mL) and evaporated on high vacuum
(80%). 1H NMR (400 M Hz, D2O, δ, ppm): 8.21 (d, J = 2.4 Hz, 1H, H-2), 7.89 (dd, J = 7.6
and 2.4 Hz, 1H, H-6), 6.52 (d, J = 7.6 Hz, 1H, H-5), 5.51 (d, J = 5.6 Hz, 1H, H-1′), 4.26 (dd,
J = 5.6 and 5.3 Hz, 1H, H-2′), 4.20 (dd, J = 5.3 and 3.6 Hz, 1H, H-3′), 4.15 (dd, J = 8.3 and
3.6 Hz, 1H, H-4′), 3.82 (dd, J = 12.8 and 4.5 Hz, 1H, H-5′B), 3.74 (dd, J = 12.8 and 4.5 Hz,
1H, H-5′A); 13C NMR (100 M Hz, D2O, δ, ppm): 60.97 (C-5′), 70.03 (C-3′), 5.36 (C-2′), 85.81
(C-4′), 96.67 (C-1′), 118.9 (C-5), 127.3 (C-6), 138.4 (C-2), 138.8 (C-3), 172.0 (C-4), 178.1 (COO).
HRMS calcd for C11H14NO7 [M + H]+ 272.0770 found 272.0768.

Synthesis of 2-pyridone-3-carboxamide Riboside (6)

The synthesis of 2-pyridone-3-carboxamide riboside was conducted according to
Scheme 8.

 

Scheme 8. Synthesis of the 2-pyridone-3-carboxamide riboside.

Synthesis of 2-pyridone-3-carboxamide (29) (step-1): 2-Hydroxypyridine-3-carbonyl chlo-
ride (intermediate) was synthesized via the chlorination of 2-hydroxy nicotinic acid (27)
(1.0 g, 7.18 mmol) by using SOCl2 (10 mL). The reagents were added to a 50-mL one-neck
round-bottom flask equipped with a condenser. The solution was stirred at reflux (90 ◦C)
for 1–2 h. After that time, the resulting mixture with solid residue was concentrated on a
rotary evaporator. A yellowish-green solid was obtained, which was dissolved immedi-
ately in 15 mL anhydrous methanol and stirred at rt for 1 h for their conversion to methyl
2-hydroxypyridine-3-carboxylate (28). After completion of the reaction, the solvent was
removed, and the crude 2-hydroxypyridine-3-carboxylate (28) was dissolved in 10 mL
NH3 saturated methanol, and then the round bottom flask was sealed with a septum. The
resulting mixture was stirred at rt for the next 60 h. After 60 h, the precipitated white
solid was filtered off and washed with cold methanol (2–3 times) and dried to yield 70%
of 2-oxo-1H-pyridine-3-carboxamide (29). 1H NMR (DMSO-d6), δ, ppm: 12.3 (s, 1H, NH),
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9.05 (s, 1H, NH), 8.29 (d, J = 5.28 Hz, 1H, H6), 7.66 (d, J = 4.32 Hz, 1H, H4), 7.51 (s, 1H,
NH), 6.41 (t, J = 6.66 Hz, 1H, H5). 13C NMR (DMSO-d6), δ, ppm: 165.09 (CONH2), 162.71
(CO), 144.69 (C4), 140.04 (C6), 121.27 (C3), 160.44 (C5); HRMS calcd for C6H6N2O2 [M +
H]+ 139.0507 found 139.0493.

Silylation of 2-pyridone-3-carboxamide (30) (Step-2): 2-pyridone-3-carboxamide (29)
(426 mg, 3.08 mmol), hexamethyldisilazane (10 mL) and (NH4)2SO4 (cat. amount) were
added sequentially to a 50-mL round bottom flask under nitrogen. The resulting mixture
was stirred at 135 ◦C for 2 h. Upon completion of the reaction, the resulting solution
was cooled to room temperature and then concentrated under vacuum. The residue was
co-evaporated with anhydrous toluene (2 to 3 times) to afford the mixture of mono and
bis-silylated 2-pyridone-3-carboxamide (30), which was used directly for the next step.

Vorbrüggen glycosylation (Step-3): The crude mono and bis-silylated 2-pyridone-3-
carboxamide (30) was dissolved in 10 mL of anhydrous CH3CN. Then, a solution of
1,2,3,5-tetra-O-acetyl-β-D-ribofuranoside (1.017 g, 3.20 mmol) in 2 mL of anhydrous ace-
tonitrile was added, followed by the addition of a solution trimethylsilyl triflate (1.67 mL,
9.24 mmol). The resulting mixture was stirred at rt for 24 h, and the reaction progress
was monitored by NMR analysis of crude mixture. After completion of the reaction, the
resulting solution was concentrated under vacuum, and the residue was purified by flash
column chromatography using n-hexane: ethyl acetate (1:1.5) as an eluent to afford pure
products (31) (81%).

Deacetylation of compound 31 (Step 4): Compound 31 (1.01 g, 2.52 mmol) was dissolved
in 10 mL methanol (saturated with ammonia) and stirred at rt for 48 h under sealed
condition. The reaction progress was monitored by the NMR analysis of crude reaction
mixture. Upon completion of the reaction, solvent was evaporated on high vacuum and
the crude product was stirred with acetone and filtered off and washed with fresh acetone
to afford 2-PYR (6) as white solid. The obtained product was enough pure. Yield 44%. 1H
NMR (MeOD), δ, ppm: 8.46 (dd, J = 5.4 Hz & 7.04 Hz, 2H, H4 & H6), 6.55 (t, J = 6.96 Hz, 1H,
H5), 6.14 (s, 1H, H1′), 4.12 (bs, 3H, H2′, H3′ & H4′), 3.97 (d, J = 12.9 Hz, 1H, Ha5′), 3.80 (d,
J = 11.56 Hz, 1H, Hb5′). 13C NMR (MeOD), δ, ppm: 166.62 (CONH2), 161.79 (CO), 144.02
(C6), 138.21 (C4), 119.69 (C3), 105.90 (C5), 91.11 (C1′), 84.38 (C4′), 75.71 (C2′), 68.58 (C3′),
59.88 (C5′), HRMS calcd for C11H15N2O6 [M + H]+ 271.0930 found 271.0909 [32].

Synthesis of 2PYR and 6PYR via Fenton Chemistry

Nicotinamide riboside chloride (0.20 g, 0.78 mmol) was dissolved in aqueous NaOH
(1 M) at 0 ◦C and rapidly added to a solution of K3[Fe(CN)6] (0.773 g, 2.35 mmol) in 10 mL
H2O. The resulting mixture was stirred at 0 ◦C for 1 h and then warmed to rt. After 1 h
stirring at rt, 50 mL of MeOH was added. The mixture was stirred at rt for 2 h. A thick
yellowish precipitate formed during stirring and was filtered off and washed with MeOH
(2–3 times). NMR of the crude reaction mixture showed the formation of 2PYR and 6PYR
but not that of 4PYR.

4.2. Enzymatic Conversions
4.2.1. Synthesis of 4PYR via NQO2 Catalyzed Hyper-Oxidation of the Reduced Form of
Nicotinamide Riboside (NR), Abbreviated NRH

To prepare the sample, 1 mM NR in 450 μL buffer (50 mM potassium phosphate
buffer, 125 mM NaCl, 5 μM FAD, 1.0 mg/mL BSA) was reacted with 20 μL of the NQO2
enzyme (Sigma-Aldrich, Q0380) and allowed to incubate overnight at room temperature.
NRH was also incubated overnight with the same buffer composition for comparison.
An Agilent 1200 series HPLC was used for the purification and isolation of compounds.
Five microliters of each sample were injected onto an Agilent C18 reversed-phase column
(2.1 × 150 mm) equipped with a C18 guard column using an autosampler. Solvent A
consisted of H2O with 2.0% acetonitrile (ACN) and 0.1% trifluoroacetic acid (TFA), and
solvent B consisted of ACN with 2.0% H2O and 0.1% TFA. A flow rate of 100 μL per minute
was used for the entirety of the run. The solvent was held at 5.0% B for the first 5 min, from
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5 to 20 min a gradient from 5.0 to 80.0% B was used, then solvents were held at 80% B for
5 min and returned to 5.0% B for the remainder of the run. Two injections were performed
for each sample, one scanning at 260 nm (for the UV detection of NR and 4PYR) and the
other injection scanning at 340 nm (for the UV detection of NRH). Two fractions were
collected based on the retention time of previously analyzed standards. The first from 5 to
8 min for the collection of NRH and 4PYR, and the second fraction from 19 to 26 min for the
collection of NR. The collected fractions were dried using a speedvac concentrator (without
heat applied). Samples were dissolved into 50 μL of 10 mM ammonium bicarbonate (ABC)
for analysis by mass spectrometry.

4.2.2. LC-MS/MS Analyses

Liquid chromatography-mass spectrometry analyses were performed on the individ-
ual HPLC fractions that were previously prepared. Each fraction was analyzed separately.
An Agilent 1200 Series HPLC coupled to a Thermo LTQ Orbitrap XL mass spectrometer
was used for sample analysis. An autosampler was used to inject the samples onto an
Agilent Zorbax 300SB-C18 reversed-phase column (2.1 × 150 mm, 5-micron) using a 4.0 μL
injection volume for each. Solvent A consisted of 10 mM ABC in H2O, and Solvent B
consisted of neat ACN. A flow rate of 50 μL per minute was used for the first 5 min of the
run at 5.0% B solvent, followed by a gradient from 5.0–80.0% B from 5 to 15 min along with
an increased flow rate of 100 μL per minute. The solvent was held at 80.0% B from 15 to
25 min and returned to 5.0% B for the remainder of the run. A HESI (heated electrospray
ionization) source was used with positive polarity, a capillary temperature of 200 ◦C, the
source voltage of 3.0 kV, tube lens voltage of 110, and a sheath gas flow rate of 8.0. One
full scan from 80–800 m/z was performed at 15,000 resolution, followed by targeted MS2
scans of NR (255.1 m/z), NRH (257.1 m/z), and 4PYR (271.1 m/z) at 7500 resolution with an
isolation width of 1.0 m/z. Normalized CID collision energy was set to 35. All scans were
performed in the FTMS. The total run time was 30 min. A blank was run in-between each
sample to minimize and monitor for carryover.

4.3. Cell-Based Assays
4.3.1. Cell Culture

Human embryonic kidney containing the SV40 T-antigen (HEK293T) and the human
hepatoma cell line (HepG3) were purchased from ATCC (Manassas, VA, USA). The cells
were grown at 37 ◦C in a 5% CO2 incubator in Dulbecco’s modified Eagle’s medium
(DMEM, Hyclone, Logan, UT, USA; 4.5 g/L glucose and L-glutamine) supplemented with
10% fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA, USA), and 1%
sodium pyruvate (Gibco, Carlsbad, CA, USA). Cells were routinely tested for mycoplasma
contamination using the Lonza MycoAlert kit (Walkersville, MD, USA) and found to be
free of mycoplasma contamination.

4.3.2. Cytotoxicity Studies

Cell viability was determined by CellTiter-FluorTM Cell Viability assays (Promega
Corporation, Madison, WI, USA). HEK293T and HepG3 cells were seeded at a density of
5000 cells/well and 10,000 cells/well respectively in a 96-well clear bottom black plate
and incubated overnight (ON) at 37 ◦C in a 5% CO2 incubator. For HEK293T cells, a poly
D-lysine-coated black plate was used to prevent washing off the cells during medium
replacement. For 24 h exposures, the cells were exposed to 100 μM concentrations alone or
increasing doses (25, 50, 75, 100, and 150 μM) of pyridone derivatives (i.e., 2-PYR, 4-PYR,
and 6-PYR) for 24 h, then medium containing NRH was replaced with fresh medium, and
cells were further incubated for another 48 h (total 72 h) at 37 ◦C in a 5% CO2 incubator. For
continuous exposures, the cells were exposed to 100 μM concentrations alone or increasing
doses (25, 50, 75, 100, and 150 μM) of pyridone derivatives (i.e., 2-PYR, 4-PYR, and 6-PYR)
for 72 h. The 2-PYR, 4-PYR, and 6-PYR were dissolved in Dulbecco’s phosphate-buffered
saline (PBS, Hyclone, Logan, UT, USA) at 10 mM and then diluted to the final working
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concentrations in the cell growth medium. At the end of the 72-h incubation period, 100 μL
of 2X CellTiter-FluorTM Viability reagent was added in each well, mixed briefly, and then
the plates were incubated for another 30 min at 37 ◦C in a 5% CO2 incubator. Fluorescence
intensity was measured in a microplate reader (Infinite® M1000 PRO, TECAN, Männedorf,
Switzerland) with a fluorometer at excitation/emission (Ex/Em) of 380/505 nm. Cells
were plated in triplicate for each chemical concentration and exposure durations with at
least three biological repeats performed. Fluorescent values are expressed as the number of
cells in drug-treated wells relative to cells in vehicle-treated, control wells (%viability) ±
standard error of the mean (SEM).

4.3.3. Clonogenic Assays

A clonogenic assay was used to determine the cell growth and colony formation after
exposure. HepG3 cells were plated at a density of 10,000 cells/well in each well of a 12-well
plate and incubated ON at 37 ◦C in a 5% CO2 incubator. The following day, cells were
exposed to 25, 50, and 100 μM 4-PYR continuously for six days. At the end of the incubation
period, plates were placed on ice, washed twice with ice-cold 1 X PBS before fixing the cells
with ice-cold methanol for 10 min. Following the fixation step, cells were incubated with
0.5% crystal violet solution (made in 25% methanol) for 10 min at room temperature (RT,
~23 ◦C). The plates were rinsed with double-distilled water to remove the excess crystal
violet stain and allowed to dry ON at RT. Stained plates were imaged using ChemiDocTM

MP Imaging System (Bio-Rad, Hercules, CA, USA). For analysis, the area fraction of the
crystal violet-stained cells was generated from each image using NIS-Elements software.
The percentage of the average area fraction of crystal violet staining per well was calculated.
Each treatment was performed in technical triplicates and averaged over three biological
replicates with final cell density percentage reported relative to control ± SEM.

4.3.4. Immunoblotting

The cell death mechanism of 4-PYR induced cytotoxicity was assessed by immunoblot-
ting. Briefly, HepG3 cells were plated in 65-mm dishes at a density of 2 × 106 cells per dish
and incubated ON at 37 ◦C in a 5% CO2 incubator. The cells were treated with 100 μM
4-PYR for 48, 72, and 96 h. Cell pellets were collected at the end of the desired exposure
period and stored at −80 ◦C. The cell pellets were thawed on ice and resuspended in a lysis
buffer of 25 mM β-glycerolphosphate, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.2% Triton
X-100, and 0.3% NP-40 supplemented with 1X Halt protease and phosphatase inhibitor
(Pierce, Waltham, MA, USA). Resuspended cells were incubated for 30 min on ice. Lysates
were centrifuged at 12,000 rpm for 15 min at 4 ◦C, and the supernatant fraction containing
protein was retained. Protein concentrations were quantified using Bradford Quick Start
protein assay (Bio-Rad, Hercules, CA, USA). About 30 μg of each protein sample was
separated on a 4–15% SDS-PAGE gel and transferred onto a nitrocellulose membrane (Bio-
Rad). Membranes were blocked in 5% skim milk in Tris-buffered saline (TBS, VWR Life
Sciences) containing 0.1% Tween 20 (TBS-T) and incubated with the following antibodies:
LC3B (1:1000, PA1-46286) from ThermoFisher (Rockford, IL, USA); Beclin-1 (1:1000) and
phosphor-mTOR (1:1000, Ser2448, D92C) from Cell Signaling Technology, Inc. (Danvers,
MA, USA); and α-tubulin (1:5000, T9026) from Millipore Sigma (St. Louis, MO, USA).

5. Conclusions

Here, we have synthesized and systematically characterized all pyridones-derived
from nicotinamide known to have some physiological relevance and sought the biochemical
origin of the PYR series that had remained unknown. Indeed, we report that 4PYR can be
generated from NRH by the FAD-dependent NQO2 enzyme and provide evidence that
2PYR and 6PYR can be generated from NR via Fenton chemistry, thus further supporting
the hypothesis that reductive stress, as well as oxidative stress, promotes the formation of
ribosylated pyridones.
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reduced form (NRH), nicotinamide adenine dinucleotide, (NAD), nicotinamide adenine dinucleotide
phosphate (NADP), nicotinamide adenine dinucleotide reduced form, (NADH), nicotinamide ade-
nine dinucleotide phosphate reduced form (NADPH), pyridone (PY), methyl-pyridones (N-Me-PY),
pyridone ribosides (PYR), flavin adenine dinucleotide (FAD), Electrospray ionization (ESI), mass
spectrometry (MS), liquid chromatography coupled with mass spectrometry (LS-MS), proton nuclear
magnetic resonance spectroscopy (1H NMR), calculated (calcd).
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Abstract: Thymic stromal lymphopoietin (TSLP) is an epithelial cell-derived cytokine that acts as
a critical mediator in the pathogenesis of atopic dermatitis (AD). Various therapeutic agents that
prevent TSLP function can efficiently relieve the clinical symptoms of AD. However, the down-
regulation of TSLP expression by therapeutic agents remains poorly understood. In this study,
we investigated the mode of action of chrysin in TSLP suppression in an AD-like inflammatory
environment. We observed that the transcription factor early growth response (EGR1) contributed to
the tumor necrosis factor alpha (TNFα)-induced transcription of TSLP. Chrysin attenuated TNFα-
induced TSLP expression by downregulating EGR1 expression in HaCaT keratinocytes. We also
showed that the oral administration of chrysin improved AD-like skin lesions in the ear and neck of
BALB/c mice challenged with 2,4-dinitrochlorobenzene. We also showed that chrysin suppressed
the expression of EGR1 and TSLP by inhibiting the extracellular signal-regulated kinase (ERK) 1/2
and c-Jun N-terminal kinase (JNK) 1/2 mitogen-activated protein kinase pathways. Collectively, the
findings of this study suggest that chrysin improves AD-like skin lesions, at least in part, through the
downregulation of the ERK1/2 or JNK1/2-EGR1-TSLP signaling axis in keratinocytes.

Keywords: atopic dermatitis; chrysin; 2,4-dinitrochlorobenzene; early growth response 1; thymic
stromal lymphopoietin

1. Introduction

Atopic dermatitis (AD), also known as atopic eczema, is a chronic inflammatory
skin disease characterized by the development of recurrent eczematous lesions and in-
tense pruritus [1]. The prevalence of AD is constantly growing worldwide over the past
30 years, and nowadays, AD affects about 10% of adults and up to 20% of children [2].
AD is associated with multiple comorbid chronic disorders, such as asthma, allergic rhini-
tis, respiratory infection, mental disorders, metabolic syndrome, gastrointestinal prob-
lems, and cardiovascular disease [3]. A recent cohort study has revealed a variety of
clinical forms of AD in adult-onset and childhood-onset types, which may be a crucial
factor in determining the appropriate therapeutic medications [4]. AD treatment com-
prises several types of therapies, such as topical versus systemic application and small
molecule inhibitors versus biological agents. Topical therapy includes the application of
corticosteroids, antihistamine, and immunosuppressants (e.g., calcineurin inhibitors and
phosphodiesterase inhibitors) [5]. Systemic administration comprises immunosuppressant-
modulators (e.g., cyclosporine), anti-metabolites (e.g., methotrexate and azathioprine),
cytokine signaling inhibitor (e.g., JAK kinase inhibitor), antibiotics, and biological agents
(e.g., targeted monoclonal antibodies) [6–9]. Topical steroids and immunosuppressants
have been used as the primary agents; however, their value is limited by local side effects
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and insufficient efficacy [10]. Oral steroids or immunosuppressants may be used in adults
with severe chronic symptoms, but their use is often unsatisfactory due to considerable
long-term side effects [11]. Various herbal medicines have been reported to have beneficial
effects in the treatment of AD; however, there is not enough evidence to support the use of
herbal medicine [10]. Therefore, new systemic therapies with fewer side effects and more
efficacious are needed to treat moderate-to-severe chronic AD.

The cause of AD has not been identified in sufficient detail; however, the onset of
AD is known to be influenced by genetic and environmental factors, epidermal barrier
abnormalities, and impaired cutaneous immune functions [1,12]. In most cases, AD patho-
genesis is primarily driven by a milieu of pro-inflammatory cytokines produced by CD4+ T
helper (Th) lymphocytes, including Th2, Th22, and Th17 cells, as well as pro-inflammatory
immune cells, including mast cells, neutrophils, and macrophages/monocytes [13–15].
The prominent clinical features of AD include cutaneous inflammation and the chronic
itch–scratch–itch cycle, which cause persistent irritation to the skin lesions and impair the
skin barrier function. Itching is induced by the stimulation of peripheral sensory neurons
by pruritogens. Histamine secreted by mast cells can mediate acute itch in skin inflamma-
tion; meanwhile, Th2-associated cytokines, including interleukin (IL)-4, IL-13, and IL-31,
directly stimulate sensory neurons [16–18].

Thymic stromal lymphopoietin (TSLP) is an IL-17-like cytokine that has been identified
and characterized in murine thymic stromal Z210R.1 cells [19,20]. It is produced by various
cell types, including stromal cells, epithelial cells, smooth muscle cells, fibroblasts, dendritic
cells, mast cells, and epidermal keratinocytes [21]. TSLP promotes the differentiation and
growth of B cells and the activation of CD4+/CD8+ T cells and dendritic cells [19,20,22–25].
In the early stage of AD, keratinocyte-derived TSLP activates dendritic cells to induce
the release of various chemokines, which leads to the expansion of the Th2 and Th22 cell
populations and induces the release of IL-4, IL-5, IL-13, IL-22, and tumor necrosis factor
alpha (TNFα) in large quantities [26]. Ultimately, this results in the persistent activation
of Th1 and Th17 cells, impairs epidermal barrier function, accelerates skin inflammation,
and promotes the development of AD [27,28]. TSLP also potentially activates mast cells,
thus promoting the production of high levels of Th2-like cytokines [29]. TSLP directly
stimulates itch sensory neurons independent of Th2 cytokines [30]. Hence, these studies
suggest the role of TSLP as a crucial mediator of AD pathogenesis [31] and a potential drug
target [32]. Various therapeutic agents that prevent TSLP function can effectively relieve
clinical symptoms [33]. TSLP expression is regulated by various cytokines, including
pro-inflammatory cytokines, such as TNFα and IL-1, and Th2-related cytokines, such as
IL-4, IL-13, and IL-33 [34]. However, the mechanisms underlying TSLP suppression by
therapeutic agents remain poorly understood.

Chrysin (5,7-dihydroxyflavone, Figure 1A) is a flavonoid found in large quantities in
honey, propolis, mushrooms, and carrot. It exhibits multiple pharmacological and ther-
apeutic properties, including neuroprotective, anti-inflammatory, and anticancer proper-
ties [35,36]. Notably, chrysin is known to alleviate AD by inhibiting the production of multi-
ple pro-inflammatory cytokines and chemokines [37–39]. Choi et al. [37] have demonstrated
that chrysin significantly inhibits the production of cytokines, Th2 chemokines, CCL17, and
CCL22 by the downregulation of p38 MAPK, NF-κB, and STAT1 in TNFα/IFNγ-stimulated
HaCaT keratinocytes. However, despite the beneficial effects of chrysin in AD therapy, the
mechanism underlying the suppression of TSLP expression by chrysin remains unclear.
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Figure 1. Effect of chrysin on the suppression of TNFα-induced TSLP expression. (A) Chemical
structure of chrysin (5,7-dihydroxyflavone). (B) HaCaT cells were pretreated with chrysin (20 and
40 μM) for 30 min before stimulation with 10 ng/mL TNFα. After 12 h, total RNA was isolated, and
the levels of TSLP mRNA were measured using RT-PCR. GAPDH mRNA was used as an internal
control. Minus (−), vehicle treatment; Plus (+), TNFα treatment. (C) HaCaT cells were treated as in
(B), and total RNA was isolated. TSLP mRNA levels were quantified using quantitative real-time
PCR with SYBR Green-based fluorescent probes. The relative expression was normalized to the
GAPDH mRNA levels. The relative TSLP mRNA level in the untreated cells was designated 1. Data
are expressed as mean ± SD (n = 3); *** p < 0.001 by Dunnett’s multiple comparisons test. Minus (−),
vehicle treatment; Plus (+), TNFα treatment. (D) HaCaT cells were pretreated with chrysin (20 and
40 μM) for 30 min and then stimulated with 10 ng/mL TNFα for 24 h. The quantity of TSLP protein
was measured using Western blot analysis. The band intensity corresponding to each TSLP protein
was normalized to the GAPDH level using ImageJ v1.52a software. Data are expressed as mean ± SD
(n = 3). NS, not significant; *** p < 0.001 by Dunnett’s multiple comparisons test. Minus (−), vehicle
treatment; Plus (+), TNFα treatment.

In this study, we attempted to elucidate the role of chrysin in TSLP suppression
in keratinocytes. We found that chrysin inhibited TNFα-induced TSLP expression by
downregulating mitogen-activated protein kinase (MAPK)-mediated EGR1 expression in
HaCaT keratinocytes. In addition, we demonstrated that the oral administration of chrysin
suppressed EGR1 and TSLP expression in AD-like skin lesions in BALB/c mice.

2. Results

2.1. Chrysin Inhibits TNFα-Induced TSLP Expression in HaCaT Keratinocytes

Previous studies have shown that chrysin alleviates AD-like skin lesions in a mouse
model [37] and reverses the NF-κB-mediated inhibition of C-C motif chemokine ligand
(CCL) 5 [39]. TSLP plays a key role in AD progression, and TSLP upregulation is con-
sidered a hallmark of AD pathogenesis [31,32]. TNFα is a pro-inflammatory cytokine
that promotes inflammation by inducing the production of various other inflammatory
cytokines and chemokines [40]. TNFα production was enhanced in a mouse model of
2.4-dinitrobenzene (DNCB)-induced contact allergy [41], and TNFα induced TSLP expres-
sion in skin keratinocytes [42]. To investigate whether chrysin modulates TSLP expression,
we used TNFα as a positive signal to induce TSLP expression. As reported in a previous
study [42], the TSLP mRNA levels were enhanced upon TNFα stimulation, as shown using
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reverse transcription (RT)-PCR (Figure 1B). However, chrysin pretreatment abrogated the
ability of TNFα to induce TSLP mRNA expression. The changes in TSLP mRNA levels were
measured using quantitative real-time PCR (Q-PCR) with TSLP-specific SYBR Green-based
fluorescent probes. TNFα increased the TSLP mRNA level by 17.9 ± 2.52-fold compared
to that in the control; however, upon treatment with 20 and 40 μM chrysin, the TSLP
mRNA levels decreased by 7.40 ± 1.45- and 2.97 ± 0.397-fold, respectively, compared to
the levels in the control (Figure 1C). Chrysin consistently suppressed TNFα-induced TSLP
accumulation in a dose-dependent manner (Figure 1D). These data suggest that chrysin
inhibits TNFα-induced TSLP expression at the mRNA level.

2.2. The Chrysin Response Element Is Located between the −369 and +18 Positions in the
TSLP Promoter

To elucidate the effect of chrysin on the inhibition of TNFα-induced TSLP ex-
pression, we established a series of TSLP promoter deletion constructs: −1384/+18,
−1338/+18, −1214/+18, −1017/+18, and −369/+18. These constructs harbored the
luciferase reporter gene. Each of these promoter-reporters was transiently transfected
into HaCaT cells, and the luciferase activity was measured following TNFα stimulation.
As shown in Figure 2A, TNFα-induced TSLP promoter–reporter activity was persistently
repressed in cells transfected with the shortest construct (−369/+18), suggesting that
the chrysin response element is located between the −369 and +18 positions.

Figure 2. Effect of chrysin on the inhibition of TNFα-induced TSLP promoter activity. (A) HaCaT cells
were transfected with 0.2 μg of a set of 5′-deletion constructs of TSLP promoter-reporter plasmids.
At 48 h post-transfection, the cells were treated with 10 ng/mL TNFα in the absence or presence of
40 μM chrysin. After 8−12 h, the cells were harvested, and the luciferase reporter activities were
measured. The schematic diagram shows the set of deletion constructs of the TSLP promoter–reporter
plasmid. Data are expressed as mean ± SD (n = 3). NS, not significant; ** p < 0.01; *** p < 0.001 by
Sidak’s multiple comparisons test. (B) Nucleotide sequence of the 5’-regulatory region of human
TSLP spanning between the positions −369 and +18. The EGR1-binding sequence and NF-κB sites
are underlined. The TATA box (−29/−22) is indicated using the box.
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To identify the chrysin response elements, we analyzed the transcription factor-
binding sites between the −369 and +18 positions using MatInspector program (Genomatix
Software, Munich, Gertmany). The nuclear factor kappa B (NF-κB)-binding site was found
to overlap with a putative early growth response 1 (EGR1)-binding sequence (EBS) located
in the region between positions −206 and −187 (Figure 2B).

2.3. Chrysin Inhibits the DNA-Binding Activity of EGR1

Previous studies have shown the role of NF-κB in mediating TNFα-induced TSLP
expression in human airway smooth muscle cells [43] and IL-1β-induced TSLP expression
in intestinal epithelial cells [44]. The transcription factor EGR1 mediates IL33-induced
TSLP expression in keratinocytes [45]. However, the role of EBS in the −369/+18 region of
the TSLP promoter remains elusive. We focused on the role of EGR1 in chrysin-mediated
TSLP suppression. To determine whether EGR1 transactivates the EBS in the −369/+18
construct, we co-transfected the −369/+18 construct and an expression plasmid for EGR1
(pcDNA3.1/Egr1) and measured the luciferase reporter activity. Exogenous EGR1 ex-
pression increased the promoter–reporter activity of the −369/+18 construct in a plasmid
concentration-dependent manner (Figure 3A), suggesting that the putative EBS in the
−369/+18 construct could be a functional cis-acting element for EGR1 that participates in
TNFα-induced TSLP transcription.

Figure 3. Chrysin inhibits the DNA-binding activity of EGR1. (A) HaCaT cells were co-transfected
with the pTSLP-Luc(−369/+18) reporter plasmid at increasing concentrations of the EGR1 expression
plasmid. After 48 h, the cells were harvested, and the luciferase activities were measured (top
graph). Bars represent means ± SD (n = 3). NS, not significant; *** p < 0.001 by Dunnett’s multiple
comparisons test. Expression of EGR1 post-transfection was confirmed using Western blotting
(bottom panels). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal
control. (B) HaCaT cells were treated with or without 10 ng/mL TNFα for 1 h in the presence
or absence of chrysin (20 and 40 μM). Nuclear extracts (3 μg) were prepared and incubated with
a biotinylated EGR1-binding oligonucleotide probe (50 fmole) in the absence or presence of an
unlabeled competitor (2500 fmole). The samples were separated by electrophoresis in non-denaturing
6% polyacrylamide gels and incubated with streptavidin-conjugated horseradish peroxidase. Protein–
DNA complexes were visualized using a Western blotting detection kit (top panel). The intensity of
the protein–DNA complexes was measured using ImageJ v1.52a software (bottom graph). ** p < 0.01;
*** p < 0.001 by Dunnett’s multiple comparisons test 2.4. Minus (−), vehicle treatment; Plus (+), TNFα
or competitor treatment.
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To determine whether chrysin affects the binding of EGR1 to the putative EBS in the
−369/+18 region, we performed the electrophoretic mobility shift assay (EMSA). Nuclear
extracts from HaCaT cells treated with TNFα in the presence or absence of chrysin were
incubated with a biotinylated EBS oligonucleotide probe, and the DNA-binding proteins
were analyzed using streptavidin-conjugated horseradish peroxidase. Unlabeled EBS
competitors were administered at a fifty-fold excess (2.5 pmol) concentration to indicate
the specific reaction of the DNA–protein complex formation. Figure 3B shows that TNFα
promoted the formation of the DNA–protein complex; however, the concentration of this
complex was significantly (p < 0.01) reduced upon chrysin pretreatment, suggesting that
EGR1 interacts with the putative EBS in the −369/+18 region of the TSLP promoter.

2.4. Chrysin Downregulates EGR1 Expression to Inhibit TNFα-Induced TSLP Expression

To further confirm whether EGR1 is required for TNFα-induced TSLP expression, we
silenced EGR1 expression by expressing the control scrambled shRNA (shCT) or EGR1
shRNA (shEgr1) in HaCaT cells. The knockdown of EGR1 expression was confirmed
using RT-PCR (Figure 4A) and Q-PCR (Figure 4C). The TSLP mRNA expression-inducing
potential of TNFα was significantly (p < 0.001) inhibited in HaCaT/shEgr1 cells compared
to HaCaT/shCT cells, as revealed by RT-PCR (Figure 4B). The decrease in TSLP mRNA
levels by shEgr1 expression was quantitated using Q-PCR analysis. TNFα-induced TSLP
mRNA expression increased 9.50 ± 0.755-fold in HaCaT/shCT cells but only 1.80 ± 0.300-
fold in HaCaT/shEgr1 cells (Figure 4D). These data suggest that EGR1 plays a critical role
in TNFα-induced TSLP transcription.

Figure 4. Inhibition of TSLP mRNA expression via EGR1 knockdown and the effect of chrysin on the
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Isuppression of TNFα-induced EGR1 expression. (A,B) HaCaT transfectants expressing scrambled
(shCT) or EGR1 shRNA (shEgr1) were treated with 10 ng/mL TNFα for 30 min (A) or 12 h (B). Total
RNA was isolated, and EGR1 (A,C) or TSLP mRNA expression (B,D) was measured using RT-PCR
(A,B) and quantitative real-time PCR (C,D). The GAPDH mRNA level was measured as an internal
control. RT-PCR product intensities were measured using the ImageJ v1.52a software. Data are
presented as mean ± SD (n = 3). NS, not significant; *** p < 0.001 by Sidak’s multiple comparisons
test. (E) HaCaT cells expressing scrambled (shCT) or short-hairpin EGR1 shRNA (shEgr1) were
incubated with 0.5% serum for 24 h, followed by treatment with 10 ng/mL TNFα for 1 h in the
presence or absence of chrysin. The cell lysates were immunoblotted using anti-EGR1 antibodies.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The band
intensity corresponding to each EGR1 protein was normalized to the GAPDH level using ImageJ
v1.52a software. *** p < 0.001 by Dunnett’s multiple comparisons test. Minus (−), vehicle treatment;
Plus (+), TNFα treatment.

Then, we determined whether chrysin affects EGR1 expression. Serum-starved HaCaT
cells were treated with 10 ng/mL TNFα for 1 h in the presence or absence of chrysin, and
the EGR1 levels were measured using immunoblotting. TNFα-induced EGR1 accumulation
was significantly (p < 0.001) abrogated after chrysin pretreatment (Figure 4E). These results
suggested that chrysin downregulated EGR1 expression to suppress TSLP transcription.

2.5. Oral Administration of Chrysin Attenuates 2,4-Dinitrochlorobenzene (DNCB)-Induced
AD-Like Skin Lesions in BALB/c Mice

DNCB has been widely used as an inducer of AD-like skin lesions in mouse mod-
els [46]. Chrysin was shown to attenuate DNCB-induced skin lesions [37]. To confirm
the effect of chrysin on in vivo TSLP suppression, we induced AD-like skin inflamma-
tion by topical sensitization with SDS and DNCB (Figure 5A). The ear skin subjected
to repeated DNCB applications exhibited typical signs of AD-like skin lesions, such as
superficial erosion; however, the signs of DNCB-induced skin erosion were substantially
attenuated by the oral administration of chrysin (25 mg/kg) compared to those in the
DNCB-challenged group (Figure 5B). Skin edema is a typical sign of skin inflammation
in mouse models. We monitored ear swelling by measuring the ear thickness throughout
the experimental period of 21 days. DNCB-challenged mice exhibited ear swelling in a
time-dependent manner; however, the oral administration of chrysin significantly reduced
the ear thickness on day 21 (Figure 5C). Hematoxylin and eosin (H&E) staining of the tissue
sections revealed that oral chrysin administration attenuated DNCB-induced epidermal
hyperplasia of the ear and neck skin tissues (Figure 5D). DNCB-induced AD-like skin
lesions are also characterized by the massive infiltration of various immune cells, including
T cells and mast cells, into the inflammatory regions [47]. We studied the effect of chrysin
on the inhibition of immune cell infiltration using toluidine blue (TB) staining [48]. DNCB
application increased the infiltration of TB-positive cells, whereas the oral administration
of chrysin substantially suppressed the DNCB-induced infiltration of TB-positive cells
(Figure 5E). These data confirmed the beneficial effect of chrysin on DNCB-induced AD-like
skin lesions in a mouse model.
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Figure 5. Effect of oral chrysin administration on the attenuation of skin lesions in DNCB-challenged BALB/c mice. (A) Illus-
tration of the experimental schedule for the induction of atopic dermatitis-like skin lesions and oral chrysin administration.
(B) Representative images of the ear and neck skin of BALB/c mice; untreated control (naive), DNCB + vehicle (PBS),
and DNCB + chrysin (25 mg/kg). Images were acquired on day 22 immediately after the mice were euthanized. (C) Ear
thickness was measured using a micro caliper after DNCB challenge. Data are expressed as mean ± SD (n = 3). NS, not
significant; ** p < 0.01; *** p < 0.001 by Sidak’s multiple comparisons test. (D,E) Paraffin-embedded ear and neck skin tissues
of BALB/c mice were prepared on day 22, and H&E (D) and TB staining (E) were performed. The enlarged version of each
image is provided in the dotted boxes. Scale bars, 400 μm.

2.6. Oral Administration of Chrysin Reduces EGR1 and TSLP Expression in DNCB-Induced Skin
Lesions in BALB/c Mice

We next evaluated whether the oral administration of chrysin could suppress EGR1
and TSLP expression in AD-like skin lesions in BALB/c mice. Immunohistochemical
analysis of the skin sections showed that DNCB increased EGR1-positive staining in the
epidermis of the ear (Figure 6A) and neck (Figure 6C). Notably, EGR1-positive staining
induced under DNCB challenge was substantially suppressed in response to the oral
administration of chrysin. Similarly, immunofluorescence staining showed that the levels of
TSLP-positive staining in the epidermis of the ear (Figure 6B) and neck (Figure 6D) reduced
upon the oral administration of chrysin. These results support the notion that chrysin
inhibits TSLP expression by downregulating EGR1 in inflammatory microenvironments.
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Figure 6. Effect of chrysin on the suppression of EGR1 and TSLP expression in DNCB-challenged BALB/c mice.
(A,C) BALB/c mice either untreated (naive) or treated with DNCB + vehicle (PBS) and DNCB + chrysin. Paraffin-embedded
ear (A) and neck (C) tissue sections were prepared on day 22, and immunohistochemical staining was performed for EGR1.
The sections were counterstained with H&E. Scale bars, 400 μm. The areas in the dashed boxes are enlarged in the bottom
panels. (B,D) Paraffin-embedded ear (B) and neck (D) tissue sections were prepared and subjected to immunofluorescence
staining with an anti-TSLP antibody and rhodamine red-X-conjugated secondary antibody (red). The nuclei were coun-
terstained with Hoechst 33258 (blue). Scale bars, 400 μm. The areas in the dashed boxes are enlarged in the panels to
the right.

2.7. Chrysin Inhibits the MAPK Pathways

We investigated the mode of action of chrysin, which is considered to inhibit EGR1
expression and downregulate TSLP expression. MAPK pathways regulate EGR1 expression
in various cell types [49–51]. The levels of phosphorylated ERK1/2, JNK1/2, and p38 kinase
increased rapidly within 10 min following TNFα treatment, whereas the total quantity
of each MAPK protein did not change (Figure 7A). Under these experimental conditions,
the effect of chrysin on MAPK phosphorylation was examined. We observed that chrysin
significantly (p < 0.001 in all cases) inhibited the TNFα-induced phosphorylation of ERK1/2
and JNK1/2, but not of p38 kinase (Figure 7B). These data suggest that while the three
major MAPKs are activated by TNFα in HaCaT cells, chrysin selectively inhibits only the
ERK1/2 and JNK1/2 MAPK pathways.
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Figure 7. Effect of chrysin on the inhibition of mitogen-activated protein kinases (MAPKs). (A) HaCaT cells were treated
with 10 ng/mL TNFα for 0–60 min. (B) HaCaT cells were treated with 10 ng/mL TNFα for 10 min in the presence or
absence of chrysin at different concentrations (20 and 40 μM). Whole-cell lysates were prepared, and Western blotting was
performed using phospho-specific and total MAPK protein antibodies. The band intensities of the phosphorylated proteins
were normalized relative to those of total proteins, using ImageJ v1.52a software. Data are expressed as mean ± SD (n = 3)
in the graphs. NS, not significant; *** p < 0.001 by Dunnett’s multiple comparisons test. Minus (−), vehicle treatment; Plus
(+), TNFα treatment.

2.8. MAPK Pathways Are Involved in TNFα-Induced EGR1 and TSLP Expression in
HaCaT Keratinocytes

To determine the potential relationship between MAPK activation and TNFα-
induced EGR1 expression, we used pharmacological inhibitors of the MAPK pathway.
Pretreatment with the MAPK kinase inhibitor U0126, p38 kinase inhibitor SB203580, or
JNK inhibitor SP600125 significantly (p < 0.001 in all cases) decreased TNFα-induced
EGR1 accumulation, as revealed in the Western blot analysis (Figure 8A). Findings
from the RT-PCR (Figure 8B) and real-time PCR (Figure 8C) analyses indicated that
TNFα-induced TSLP mRNA expression was significantly inhibited by all three MAPK
inhibitors (p < 0.001 in all cases). These data suggest that all three MAPKs mediate
TNFα-induced TSLP expression via EGR1, but chrysin selectively inhibits only the
TNFα-induced ERK1/2 and JNK1/2 pathways to downregulate TSLP expression.
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Figure 8. Effect of mitogen-activated protein kinase inhibition on the expression of TNFα-induced
EGR1 and TSLP. (A) HaCaT cells were pretreated with SB203580 (20 μM), U0126 (10 μM), or SP600125
(20 μM) for 30 min, followed by treatment with 10 ng/mL TNFα for 1 h. Whole-cell lysates were pre-
pared, and Western blotting was performed using anti-EGR1 antibodies. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal control. The band intensity corresponding to EGR1
was normalized to the GAPDH level using the ImageJ v1.52a software. The graphical data show
mean ± SD values (n = 3). *** p < 0.001 using Dunnett’s multiple comparisons test. (B,C) HaCaT cells
were pretreated with SB203580 (20 μM), U0126 (10 μM), or SP600125 (20 μM) for 30 min, followed by
treatment with 10 ng/mL TNFα for 12 h. Total RNA was isolated, and the levels of TSLP mRNA
were measured using RT-PCR (B) and quantitative real-time PCR (C). GAPDH mRNA was used as
an internal control. Data are expressed as mean ± SD (n = 3). *** p < 0.001 by Dunnett’s multiple
comparisons test. Minus (−), vehicle treatment; Plus (+), TNFα or inhibitor treatment.

3. Discussion

Chrysin has a pharmacological property that helps alleviate the clinical symptoms
of AD by inhibiting the secretion of pro-inflammatory cytokines and chemokines [37–39].
TNFα is a major pro-inflammatory cytokine that is released from various immune cells and
stromal cells. It promotes the production of multiple AD-related inflammatory cytokines.
TSLP upregulation is a hallmark of AD pathogenesis. To further elucidate the molecular
action of chrysin in AD with respect to therapeutic efficacy, we focused on the effect exerted
by chrysin on TSLP suppression in TNFα-stimulated keratinocytes and in a clinically
relevant animal model with AD-like skin lesions induced upon DNCB challenge. We
showed that chrysin suppresses TSLP expression by inhibiting the MAPKs ERK1/2 and
JNK1/2 pathways and downregulating EGR1 expression in the inflammatory environment.

Various transcription factors, such as vitamin D3 receptor, NF-κB, and AP1 [43,44,52],
are involved in the transcriptional regulation of TSLP based on the stimuli applied. To
identify the cis-acting element responsible for mediating the effects of chrysin, we established
a series of TSLP promoter–reporter constructs and evaluated the effect of chrysin on TSLP
promoter activity in a luciferase activity assay. Cells transfected with the shortest reporter
construct (−369/+18) continued to exhibit chrysin activity, suggesting that the chrysin
response element is between the positions −369 and +18. We found a putative EGR1-binding
motif, EBS, between the positions −206/−187 in the −369/+18 construct. EGR1, also named
zinc finger protein 225 (Zif268), Drosophila Kr finger probe 24 (Krox24), tetradecanoyl phorbol
acetate-induced sequence 8 (TIS8), and nerve growth factor-induced clone A (NGFI-A), is an
immediate-early response gene that encodes a transcription factor containing three Cys2-His2-

119



Int. J. Mol. Sci. 2021, 22, 4350

type zinc finger DNA-binding domains [53]. It regulates various cellular pathophysiological
responses, including inflammation, synaptic plasticity, female reproduction, cell proliferation,
apoptosis, and carcinogenesis [54–59].

EGR1 is expressed at high levels in damaged skin tissues [60]. EGR1 regulates the ex-
pression of genes encoding inflammation-related proteins, such as IL-33-induced TSLP [45],
IL-17-induced psoriasin [61], and IL-13-induced kallikrein-related peptidase 7 (KLK7) in
keratinocytes [62]. Recently, we demonstrated that immune cell infiltration in AD-like skin
lesions was substantially attenuated in Egr1-knockout mice, and the TNFα-induced expres-
sion of cytokines, including TSLP, IL-1β, IL-6, CXCL1, CCL2, and CCL5, was inhibited in
response to EGR1 knockdown [42]. Furthermore, the AB1711 compound, a small-molecule
inhibitor targeting the EGR1 zinc-finger DNA-binding domains, was shown to abrogate the
expression of EGR1-regulated inflammatory cytokines in keratinocytes and improve both
skin inflammation and itching in DNCB-challenged NC/Nga mice [42]. These findings
suggest that the inhibition of EGR1 transcriptional activity is a promising therapeutic
strategy for improving therapeutic efficacy in chronic skin inflammation. In this study, the
functional importance of the EBS within the TSLP promoter was analyzed via transient
transfection experiments. We observed that the transient transfection of EGR1 enhanced
the promoter-reporter activity of the −369/+18 construct. We further investigated whether
chrysin inhibits EGR1 to downregulate TSLP expression.

We found that chrysin prevented TNFα-induced EGR1 DNA-binding activity, as
observed using EMSA. In addition, chrysin inhibited TNFα-induced EGR1 expression in
HaCaT keratinocytes. We also confirmed that the oral administration of chrysin attenuated
both EGR1 and TSLP expression in vivo in the AD-like skin lesions of DNCB-challenged
mice. These findings suggest that chrysin downregulates EGR1 expression to inhibit
TSLP expression in the inflammatory microenvironment. One of the best-characterized
transcription factors that regulate EGR1 expression is the Ets-like protein-1 (ELK-1), which
is phosphorylated and activated by ERK1/2, p38 kinase, and JNK1/2 in response to
mitogens and TNFα [63]. Our data showed that chrysin inhibited the TNFα-induced
phosphorylation of ERK1/2 and JNK1/2 but not of p38 kinase, suggesting that chrysin
downregulates EGR1 expression by differentially inhibiting the MAPK signaling pathways
in HaCaT keratinocytes.

NF-κB is a transcription factor expressed ubiquitously in almost all tissues, including
skin keratinocytes. TNFα strongly activates the NF-κB signaling pathway in HaCaT ker-
atinocytes [64]. NF-κB mediates TNFα-induced TSLP expression in human airway smooth
muscle cells [43] and IL-1β-induced TSLP expression in intestinal epithelial cells [44]. We
have previously reported that chrysin inhibits NF-κB activity by targeting the inhibitor of
κB kinase, a protein encoded upstream of NF-κB and is involved in the proteolysis of the
NF-κB inhibitor IκB [39]. Choi et al. [37] also reported that chrysin inhibits TNFα/IFNγ-
induced degradation of IκB, leading to the inhibition of nuclear translocation of NF-κB in
HaCaT keratinocytes. Therefore, chrysin may downregulate TSLP expression by inhibiting
both EGR1 and NF-κB.

4. Materials and Methods

4.1. Materials

Chrysin, DNCB, TB, and H&E staining kits were purchased from Sigma-Aldrich (St.
Louis, MO, USA). TNFα was purchased from ProSpec-Tany TechnoGene, Ltd. (Ness-Ziona,
Israel). A firefly luciferase assay system was obtained from Promega (Madison, WI, USA).
Anti-TSLP antibody was obtained from Novus Biologicals (Centennial, CO, USA), and
phospho-ERK1/2 (Thr202/Tyr204), phospho-p38 (Thr180/Tyr182), and phospho-JNK1/2
(Thr183/Tyr185) antibodies were obtained from Cell Signaling Technology (Danvers, MA,
USA). Anti-GAPDH and anti-EGR1 antibodies were purchased from Santa Cruz Biotechnol-
ogy (Dallas, TX, USA). A secondary antibody conjugated to rhodamine red-X was obtained
from Jackson ImmunoResearch Laboratories (West Grove, PA, USA).
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4.2. Cells and Cell Culture

Human keratinocyte HaCaT cells were obtained from the Cell Line Service (Eppelheim,
Germany). The cells were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (HyClone, Logan, UT, USA) and penicillin-streptomycin
(Sigma-Aldrich).

4.3. RT-PCR

Total RNA was isolated from the HaCaT cells using a TRIzol RNA Extraction Kit (In-
vitrogen, Carlsbad, CA, USA), and cDNA was synthesized using an iScript cDNA Synthesis
Kit (Bio-Rad, Hercules, CA, USA). RT-PCR was performed using reverse transcriptase
(Promega) and gene-specific PCR primers. The PCR primers used in this study were
as follows:

• EGR1 forward, 5′-CAG CAG TCC CAT TTA CTC AG-3′;
• EGR1 reverse, 5′-GAC TGG TAG CTG GTA TTG-3;
• TSLP forward, 5′-TAG CAA TCG GCC ACA TTG CCT-3′;
• TSLP reverse, 5′-GAA GCG ACG CCA CAA TCC TTG-3;
• GAPDH forward, 5′-CCA AGG AGT AAG AAA CCC TGG AC-3′;
• GAPDH reverse, 5′-GGG CCG AGT TGG GAT AGG G-3′.

The thermal cycling conditions were as follows: denaturation at 94 ◦C for 5 min,
followed by 30 cycles of denaturation at 94 ◦C for 30 s, annealing at 58 ◦C for 30 s, and elon-
gation at 72 ◦C for 1 min. The amplified PCR products were separated by electrophoresis in
a 2% agarose gel containing ethidium bromide and visualized under UV transillumination.

4.4. Quantitative Real-Time PCR (Q-PCR)

The mRNA levels of the genes were quantified using an iCycler iQ system with
an iQ SYBR Green Supermix kit (Bio-Rad). Validated Q-PCR primers and SYBR Green-
based fluorescent probes specific for TSLP (id: qHsaCIP0030468), EGR1 (qHsaCEP0039196),
and GAPDH (id: qHsaCEP0041396) were obtained from Bio-Rad. The thermal cycling
conditions used for PCR were as follows: denaturation at 95 ◦C for 2 min, followed by
40 cycles of denaturation at 95 ◦C for 10 s and 60 ◦C for 45 s. The relative mRNA levels
of TSLP or EGR1 were normalized to those of GAPDH using the software provided by
the manufacturer.

4.5. Western Blot Analysis

HaCaT cells were lysed in ice-cold cell lysis buffer supplemented with 50 mM Tris-
HCl (pH 7.4), 1% NP-40, 0.25% Na-deoxycholate, 500 mM NaCl, 1 mM EDTA, 1 mM
Na3VO4, 1 mM NaF, 10 μg/mL leupeptin, and 1 mM PMSF. The proteins were separated
by electrophoresis in a 10% SDS-polyacrylamide gel and transferred to nitrocellulose
membranes. After treatment with the appropriate primary and secondary antibodies,
the blots were developed and observed using an enhanced chemiluminescence detection
system (GE Healthcare, Piscataway, NJ, USA).

4.6. Construction of Human TSLP Promoter-Reporter Constructs

A TSLP promoter fragment spanning nucleotides −1384 to +18 upstream of the
transcription start site was synthesized from human genomic DNA (Promega) via PCR
using the primers 5′-CGT CCA ACC TCC TTT CTC CG -3′ (forward −1384F) and 5′-TTG
GAG TCT CCC TGA TGC TCC AG-3′ (reverse, +18R). The amplified PCR products were
ligated to a T&A vector (RBC Bioscience, Taipei County, Taiwan) and digested using KpnI
and HindIII. The products were ligated at the KpnI and HindIII sites of the pGL4-basic
vector (Promega), yielding pTSLP-Luc(−1384/+18). Several deletion constructs of the
human TSLP promoter fragments were synthesized using PCR, for which the pTSLP-
Luc(−1384/+18) construct was used as the template. The forward primer sequences were
as follows:
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• −1338F: 5′-GGA CCA GAG CGA TGC AGG-3′
• −1214F: 5′-CAT GAG CCA AGC CAG GGA G-3′
• −1017F: 5′-AAA TCT GAG CCC GCC ATC TC-3′
• −369F: 5′-GGG ACA TAT GCA AGG ACT CC-3′

One reverse primer, +18R, was used to generate the deletion constructs. The am-
plified PCR products were ligated to the T&A vector and then to the pGL4-basic vector.
The insert sequence of each construct was confirmed using DNA sequencing (Macrogen,
Seoul, Korea).

4.7. Luciferase Promoter–Reporter Assay

HaCaT keratinocytes cultured in 12-well plates were transfected with 0.2 μg of each
TSLP promoter–reporter construct using Lipofectamine™ 2000 (Invitrogen) according to
the manufacturer’s instruction. After 48 h of transfection, the cells were treated with TNFα
in the presence or absence of chrysin (20 or 40 μM). After 8–12 h, the cells were harvested,
and the firefly luciferase activity was measured using the Dual-Glo™ Luciferase assay
system (Promega) following the manufacturer’s instruction. The relative luciferase activity
of the untreated cells was assigned the value 1. Luminescence was measured using a dual
luminometer (Centro LB960; Berthold Tech, Bad Wildbad, Germany).

4.8. EMSA

EMSA was performed using a LightShift Chemiluminescence EMSA kit (Thermo
Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instruction. A
biotin-labeled deoxyoligonucleotide probe corresponding to the EBS (5’-CAA AAA GGA
GGA AGG TGA GGG AA-biotin-3’) was synthesized by Macrogen. Nuclear extracts (3 μg
samples) prepared from the HaCaT keratinocytes were mixed with 50 fmole biotin-labeled
EGR1-binding oligonucleotide probes with 1 μg poly(dI-dC) (Amersham Biosciences, Pis-
cataway, NJ, USA). For the competition assay, 2.5 pmol of the unlabeled EGR1-binding
oligonucleotide was added. DNA–protein complexes were separated in non-denaturing
6% polyacrylamide gels, and the antibody-reactive bands were visualized using chemilu-
minescence, according to the manufacturer’s instructions.

4.9. Induction of AD-Like Skin Lesions in the Ear and Neck of Mice

BALB/c mice (7-week-old, male) were obtained from Orient Bio, Inc. (Seongnam,
Korea). The mice were housed in a specific pathogen-free environment at 20 ± 2 ◦C and
a relative humidity of 50% ± 10%. The mice were randomly divided into three groups
(based on the treatment administered): Group I, naive; Group II, DNCB + vehicle; and
Group III, DNCB + chrysin (n = 5 in each group). In addiion to those in the naive group,
all mice were sensitized with 4% SDS on both the neck and ear skin to disrupt the skin
barrier; after 4 h, the SDS-sensitized areas were challenged with 1% DNCB dissolved in
an acetone:olive oil mixture (1:3, v/v). The DNCB challenge was repeated once daily for
3 days. After a 4-day break, sensitization with 4% SDS followed by the application of
0.5% DNCB was repeated five times per week for 2 weeks (days 8–21). Chrysin powder
was dissolved in dimethyl sulfoxide (250 mg/mL) to prepare a stock solution and then
diluted using PBS to a final concentration of 25 mg/mL. The mice in Group III were
administered chrysin (25 mg/kg) orally from day 7 (once daily, five times per week for 2
weeks). On day 22, all mice were euthanized, and tissue sections were prepared. The animal
experiments were conducted in accordance with the guidelines for animal experiments
and procedures approved by the Konkuk University Institutional Animal Care and Use
Committee (IACUC). All experimental methods were confirmed to be in accordance with
the relevant guidelines and regulations (approval number KU19129).

4.10. Histological Analysis

Skin sections of the neck and ear with AD-like lesions were fixed in 100% acetone and
embedded in paraffin. Each section was cut (5 μm) using a microtome (Leica Microsystems,
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Wetzlar, Germany). The paraffin-embedded ear and neck skin sections were deparaffinized
by treating with xylene (three times for 10 min) and hydrated using a graded ethanol series.
After deparaffinization and rehydration, the tissue sections were stained with H&E. The
infiltrated mast cells were stained with 0.1% TB. Images of each section were captured
using a light microscope (EVOS FL Auto, Bothell, WA, USA).

4.11. Immunohistochemical and Immunofluorescence Analysis

Immunostaining of the skin sections from the ear and neck was performed as previ-
ously described [39]. Briefly, after deparaffinization with xylene (three times for 10 min)
and hydration with a graded ethanol series, the tissue sections were placed in 1 mM EDTA
(pH 8.0) at 70 ◦C for 20 min. After rinsing with PBS, the tissue sections were incubated
with 7% goat serum for 1 h to block non-specific binding of immunoglobulin (Ig). For
EGR1 immunostaining, the sections were treated overnight with primary rabbit anti-EGR1
antibodies (1:100 dilution) at 4 ◦C. After washing three times with PBS, the sections were
treated with biotinylated goat anti-rabbit IgG (1:100 dilution) at 25 ◦C for 1 h. Immunoreac-
tivity was visualized after treatment with a diaminobenzidine substrate for 5 min, followed
by counterstaining with H&E.

For TSLP immunofluorescence staining, the tissue sections were treated overnight
with an anti-TSLP antibody (1:100 dilution) at 4 ◦C. After washing, the cells were treated
with a rhodamine red-X-conjugated secondary antibody (1:300 dilution) at 25 ◦C for 1 h.
The nuclei were counterstained with Hoechst 33258 solution for 10 min. After extensive
washing with PBS, the slides were mounted using the ProLong Gold Antifade reagent
(Invitrogen). Fluorescent images were captured using an EVOS FL fluorescence microscope
(Advanced Microscopy Group; Bothell, WA, USA).

4.12. Statistical Analysis

Data are expressed as mean ± standard deviation. Statistical analysis was performed
using one-way analysis of variance, followed by Dunnett’s or Sidak’s multiple comparisons
test using GraphPad Prism (version 9.0.1; GraphPad Software, Inc., La Jolla, CA, USA).
Statistical significance was set at p < 0.05.

5. Conclusions

To the best of our knowledge, this is the first study to demonstrate that chrysin
suppresses TSLP expression by downregulating ERK1/2- and JNK1/2-dependent EGR1
expression in the skin inflammatory microenvironment. We believe that the results of this
study will improve our understanding of the mode of action of chrysin and its therapeutic
efficacy in AD.
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Abbreviations

AD atopic dermatitis
CCL C-C motif chemokine ligand
DNCB 2,4-dinirochlorobenzene
EBS EGR1-binding sequence
EGR1 early rrowth response 1
shEgr1 EGR1 shRNA
EMSA electrophoretic mobility shift assay
ERK Extracellular signal-regulated kinases
GAPDH glyceraldehyde 3-phosphate dehydrogenase
H&E hematoxylin and eosin
Ig immunoglobulin
IKK inhibitor of κB kinase
IL interleukin
JNK c-Jun N-terminal kinase
MAPK mitogen-activated protein kinases
NF-κB nuclear factor-κB
Q-PCR quantitative real-time PCR
RT-PCR reverse-transcription polymerase chain reaction
shCT scrambled shRNA
TB toluidine blue
Th2 T helper cell 2
TNFα tumor necrosis factor-alpha
TSLP thymic stromal lymphopoietin

References

1. Weidinger, S.; Novak, N. Atopic dermatitis. Lancet 2016, 387, 1109–1122. [CrossRef]
2. Maarouf, M.; Vaughn, A.R.; Shi, V.Y. Topical micronutrients in atopic dermatitis—An evidence-based review. Dermatol. Ther.

2018, 31, e12659. [CrossRef]
3. Bekic, S.; Martinek, V.; Talapko, J.; Majnaric, L.; Vasilj Mihaljevic, M.; Skrlec, I. Atopic dermatitis and comorbidity. Healthcare 2020,

8, 70. [CrossRef] [PubMed]
4. Nettis, E.; Ortoncelli, M.; Pellacani, G.; Foti, C.; Di Leo, E.; Patruno, C.; Rongioletti, F.; Argenziano, G.; Ferrucci, S.M.; Mac-

chia, L.; et al. A multicenter study on the prevalence of clinical patterns and clinical phenotypes in adult atopic dermatitis. J.
Investig. Allergol. Clin. Immunol. 2020, 30, 448–450. [CrossRef]

5. Smith, C.H. New approaches to topical therapy. Clin. Exp. Dermatol. 2000, 25, 567–574. [CrossRef] [PubMed]
6. Sidbury, R.; Hanifin, J.M. Systemic therapy of atopic dermatitis. Clin. Exp. Dermatol. 2000, 25, 559–566. [CrossRef]
7. Cline, A.; Bartos, G.J.; Strowd, L.C.; Feldman, S.R. Biologic Treatment options for pediatric psoriasis and atopic dermatitis.

Children 2019, 6, 103. [CrossRef]
8. Welsch, K.; Holstein, J.; Laurence, A.; Ghoreschi, K. Targeting JAK/STAT signalling in inflammatory skin diseases with small

molecule inhibitors. Eur. J. Immunol. 2017, 47, 1096–1107. [CrossRef]
9. Newsom, M.; Bashyam, A.M.; Balogh, E.A.; Feldman, S.R.; Strowd, L.C. New and emerging systemic treatments for atopic

dermatitis. Drugs 2020, 80, 1041–1052. [CrossRef]
10. Ring, J.; Alomar, A.; Bieber, T.; Deleuran, M.; Fink-Wagner, A.; Gelmetti, C.; Gieler, U.; Lipozencic, J.; Luger, T.; Oranje, A.P.; et al.

Guidelines for treatment of atopic eczema (atopic dermatitis) part I. J. Eur. Acad. Dermatol. Venereol. 2012, 26, 1045–1060.
[CrossRef]

11. Dattola, A.; Bennardo, L.; Silvestri, M.; Nistico, S.P. What′s new in the treatment of atopic dermatitis? Dermatol. Ther. 2019, 32,
e12787. [CrossRef] [PubMed]

12. Williams, H.C. Epidemiology of atopic dermatitis. Clin. Exp. Dermatol. 2000, 25, 522–529. [CrossRef]
13. Akdis, M.; Aab, A.; Altunbulakli, C.; Azkur, K.; Costa, R.A.; Crameri, R.; Duan, S.; Eiwegger, T.; Eljaszewicz, A.; Ferstl, R.; et al.

Interleukins (from IL-1 to IL-38), interferons, transforming growth factor β, and TNF-α: Receptors, functions, and roles in
diseases. J. Allergy Clin. Immunol. 2016, 138, 984–1010. [CrossRef] [PubMed]

14. Trier, A.M.; Kim, B.S. Cytokine modulation of atopic itch. Curr. Opin. Immunol. 2018, 54, 7–12. [CrossRef]
15. Girolomoni, G.; Sebastiani, S.; Albanesi, C.; Cavani, A. T-cell subpopulations in the development of atopic and contact allergy.

Curr. Opin. Immunol. 2001, 13, 733–737. [CrossRef]
16. Chan, L.S.; Robinson, N.; Xu, L. Expression of interleukin-4 in the epidermis of transgenic mice results in a pruritic inflammatory

skin disease: An experimental animal model to study atopic dermatitis. J. Investig. Dermatol. 2001, 117, 977–983. [CrossRef]
17. Zheng, T.; Oh, M.H.; Oh, S.Y.; Schroeder, J.T.; Glick, A.B.; Zhu, Z. Transgenic expression of interleukin-13 in the skin induces a

pruritic dermatitis and skin remodeling. J. Investig. Dermatol. 2009, 129, 742–751. [CrossRef]

124



Int. J. Mol. Sci. 2021, 22, 4350

18. Cevikbas, F.; Wang, X.; Akiyama, T.; Kempkes, C.; Savinko, T.; Antal, A.; Kukova, G.; Buhl, T.; Ikoma, A.; Buddenkotte, J.; et al. A
sensory neuron-expressed IL-31 receptor mediates T helper cell-dependent itch: Involvement of TRPV1 and TRPA1. J. Allergy
Clin. Immunol. 2014, 133, 448–460. [CrossRef]

19. Sims, J.E.; Williams, D.E.; Morrissey, P.J.; Garka, K.; Foxworthe, D.; Price, V.; Friend, S.L.; Farr, A.; Bedell, M.A.; Jenkins, N.A.; et al.
Molecular cloning and biological characterization of a novel murine lymphoid growth factor. J. Exp. Med. 2000, 192, 671–680.
[CrossRef]

20. Friend, S.L.; Hosier, S.; Nelson, A.; Foxworthe, D.; Williams, D.E.; Farr, A. A thymic stromal cell line supports in vitro development
of surface IgM + B cells and produces a novel growth factor affecting B and T lineage cells. Exp. Hematol. 1994, 22, 321–328.

21. Soumelis, V.; Reche, P.A.; Kanzler, H.; Yuan, W.; Edward, G.; Homey, B.; Gilliet, M.; Ho, S.; Antonenko, S.; Lauerma, A.; et al.
Human epithelial cells trigger dendritic cell mediated allergic inflammation by producing TSLP. Nat. Immunol. 2002, 3, 673–680.
[CrossRef]

22. Liu, Y.J.; Soumelis, V.; Watanabe, N.; Ito, T.; Wang, Y.H.; Malefyt Rde, W.; Omori, M.; Zhou, B.; Ziegler, S.F. TSLP: An epithelial
cell cytokine that regulates T cell differentiation by conditioning dendritic cell maturation. Ann. Rev. Immunol. 2007, 25, 193–219.
[CrossRef]

23. Rochman, I.; Watanabe, N.; Arima, K.; Liu, Y.J.; Leonard, W.J. Cutting edge: Direct action of thymic stromal lymphopoietin on
activated human CD4 + T cells. J. Immunol. 2007, 178, 6720–6724. [CrossRef]

24. Rochman, Y.; Leonard, W.J. The role of thymic stromal lymphopoietin in CD8 + T cell homeostasis. J. Immunol. 2008, 181,
7699–7705. [CrossRef]

25. Liu, Y.J. Thymic stromal lymphopoietin: Master switch for allergic inflammation. J. Exp. Med. 2006, 203, 269–273. [CrossRef]
26. Watanabe, N.; Hanabuchi, S.; Soumelis, V.; Yuan, W.; Ho, S.; de Waal Malefyt, R.; Liu, Y.J. Human thymic stromal lymphopoietin

promotes dendritic cell-mediated CD4 + T cell homeostatic expansion. Nat. Immunol. 2004, 5, 426–434. [CrossRef]
27. Ito, T.; Wang, Y.H.; Duramad, O.; Hori, T.; Delespesse, G.J.; Watanabe, N.; Qin, F.X.; Yao, Z.; Cao, W.; Liu, Y.J. TSLP-activated

dendritic cells induce an inflammatory T helper type 2 cell response through OX40 ligand. J. Exp. Med. 2005, 202, 1213–1223.
[CrossRef]

28. Liu, Y.J. Thymic stromal lymphopoietin and OX40 ligand pathway in the initiation of dendritic cell-mediated allergic inflammation.
J. Allergy Clin. Immunol. 2007, 120, 238–244. [CrossRef] [PubMed]

29. Allakhverdi, Z.; Comeau, M.R.; Jessup, H.K.; Yoon, B.R.; Brewer, A.; Chartier, S.; Paquette, N.; Ziegler, S.F.; Sarfati, M.; Delespesse,
G. Thymic stromal lymphopoietin is released by human epithelial cells in response to microbes, trauma, or inflammation and
potently activates mast cells. J. Exp. Med. 2007, 204, 253–258. [CrossRef]

30. Wilson, S.R.; The, L.; Batia, L.M.; Beattie, K.; Katibah, G.E.; McClain, S.P.; Pellegrino, M.; Estandian, D.M.; Bautista, D.M. The
epithelial cell-derived atopic dermatitis cytokine TSLP activates neurons to induce itch. Cell 2013, 155, 285–295. [CrossRef]

31. Ziegler, S.F.; Artis, D. Sensing the outside world: TSLP regulates barrier immunity. Nat. Immunol. 2010, 11, 289–293. [CrossRef]
32. Adhikary, P.P.; Tan, Z.; Page, B.D.G.; Hedtrich, S. TSLP as druggable target—A silver-lining for atopic diseases? Pharmacol. Ther.

2021, 217, 107648. [CrossRef]
33. Matera, M.G.; Rogliani, P.; Calzetta, L.; Cazzola, M. TSLP inhibitors for asthma: Current status and future prospects. Drugs 2020,

80, 449–458. [CrossRef] [PubMed]
34. Takai, T. TSLP expression: Cellular sources, triggers, and regulatory mechanisms. Allergol. Int. 2012, 61, 3–17. [CrossRef]

[PubMed]
35. Mani, R.; Natesan, V. Chrysin: Sources, beneficial pharmacological activities, and molecular mechanism of action. Phytochemistry

2018, 145, 187–196. [CrossRef]
36. Naz, S.; Imran, M.; Rauf, A.; Orhan, I.E.; Shariati, M.A.; Iahtisham, U.H.; Iqra, Y.; Shahbaz, M.; Qaisrani, T.B.; Shah, Z.A.; et al.

Chrysin: Pharmacological and therapeutic properties. Life Sci. 2019, 235, 116797. [CrossRef]
37. Choi, J.K.; Jang, Y.H.; Lee, S.; Lee, S.R.; Choi, Y.A.; Jin, M.; Choi, J.H.; Park, J.H.; Park, P.H.; Choi, H.; et al. Chrysin attenuates

atopic dermatitis by suppressing inflammation of keratinocytes. Food Chem. Toxicol. 2017, 110, 142–150. [CrossRef]
38. Song, H.Y.; Kim, W.S.; Mushtaq, S.; Park, J.M.; Choi, S.H.; Cho, J.W.; Lim, S.T.; Byun, E.B. A novel chrysin derivative produced by

γ irradiation attenuates 2,4-dinitrochlorobenzene-induced atopic dermatitis-like skin lesions in Balb/c mice. Food Chem. Toxicol.
2019, 128, 223–232. [CrossRef] [PubMed]

39. Yeo, H.; Lee, Y.H.; Koh, D.; Lim, Y.; Shin, S.Y. Chrysin inhibits NF-κB-dependent CCL5 Transcription by targeting IκB kinase in
the atopic dermatitis-like inflammatory microenvironment. Int. J. Mol. Sci. 2020, 21, 7348. [CrossRef] [PubMed]

40. Turner, M.D.; Nedjai, B.; Hurst, T.; Pennington, D.J. Cytokines and chemokines: At the crossroads of cell signalling and
inflammatory disease. Biochim. Biophys. Acta 2014, 1843, 2563–2582. [CrossRef] [PubMed]

41. Schottelius, A.J.; Zugel, U.; Docke, W.D.; Zollner, T.M.; Rose, L.; Mengel, A.; Buchmann, B.; Becker, A.; Grutz, G.; Naundorf, S.; et al.
The role of mitogen-activated protein kinase-activated protein kinase 2 in the p38/TNF-α pathway of systemic and cutaneous
inflammation. J. Investig. Dermatol. 2010, 130, 481–491. [CrossRef]

42. Yeo, H.; Ahn, S.S.; Lee, J.Y.; Jung, E.; Jeong, M.; Kang, G.S.; Ahn, S.; Lee, Y.; Koh, D.; Lee, Y.H.; et al. Disrupting the DNA binding
of EGR-1 with a small-molecule inhibitor ameliorates 2,4-dinitrochlorobenzene-induced skin inflammation. J. Investig. Dermatol.
2021, in press. [CrossRef]

125



Int. J. Mol. Sci. 2021, 22, 4350

43. Redhu, N.S.; Saleh, A.; Halayko, A.J.; Ali, A.S.; Gounni, A.S. Essential role of NF-κB and AP-1 transcription factors in TNF-α-
induced TSLP expression in human airway smooth muscle cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 2011, 300, L479–L485.
[CrossRef] [PubMed]

44. Cultrone, A.; de Wouters, T.; Lakhdari, O.; Kelly, D.; Mulder, I.; Logan, E.; Lapaque, N.; Dore, J.; Blottiere, H.M. The NF-κB
binding site located in the proximal region of the TSLP promoter is critical for TSLP modulation in human intestinal epithelial
cells. Eur. J. Immunol. 2013, 43, 1053–1062. [CrossRef] [PubMed]

45. Ryu, W.I.; Lee, H.; Kim, J.H.; Bae, H.C.; Ryu, H.J.; Son, S.W. IL-33 induces Egr-1-dependent TSLP expression via the MAPK
pathways in human keratinocytes. Exp. Dermatol. 2015, 24, 857–863. [CrossRef]

46. Kitagaki, H.; Fujisawa, S.; Watanabe, K.; Hayakawa, K.; Shiohara, T. Immediate-type hypersensitivity response followed by a late
reaction is induced by repeated epicutaneous application of contact sensitizing agents in mice. J. Investig. Dermatol. 1995, 105,
749–755. [CrossRef]

47. Ando, T.; Matsumoto, K.; Namiranian, S.; Yamashita, H.; Glatthorn, H.; Kimura, M.; Dolan, B.R.; Lee, J.J.; Galli, S.J.;
Kawakami, Y.; et al. Mast cells are required for full expression of allergen/SEB-induced skin inflammation. J. Investig. Dermatol.
2013, 133, 2695–2705. [CrossRef]

48. Sridharan, G.; Shankar, A.A. Toluidine blue: A review of its chemistry and clinical utility. J. Oral Maxillofac. Pathol. 2012, 16,
251–255. [CrossRef]

49. Utreras, E.; Futatsugi, A.; Rudrabhatla, P.; Keller, J.; Iadarola, M.J.; Pant, H.C.; Kulkarni, A.B. Tumor necrosis factor-α regulates
cyclin-dependent kinase 5 activity during pain signaling through transcriptional activation of p35. J. Biol. Chem. 2009, 284,
2275–2284. [CrossRef]

50. Mishra, J.P.; Mishra, S.; Gee, K.; Kumar, A. Differential involvement of calmodulin-dependent protein kinase II-activated AP-1
and c-Jun N-terminal kinase-activated EGR-1 signaling pathways in tumor necrosis factor-α and lipopolysaccharide-induced
CD44 expression in human monocytic cells. J. Biol. Chem. 2005, 280, 26825–26837. [CrossRef]

51. Son, S.W.; Min, B.W.; Lim, Y.; Lee, Y.H.; Shin, S.Y. Regulatory mechanism of TNFα autoregulation in HaCaT cells: The role of the
transcription factor EGR-1. Biochem. Biophys. Res. Commun. 2008, 374, 777–782. [CrossRef]

52. Li, M.; Hener, P.; Zhang, Z.; Kato, S.; Metzger, D.; Chambon, P. Topical vitamin D3 and low-calcemic analogs induce thymic
stromal lymphopoietin in mouse keratinocytes and trigger an atopic dermatitis. Proc. Natl. Acad. Sci. USA 2006, 103, 11736–11741.
[CrossRef]

53. Pavletich, N.P.; Pabo, C.O. Zinc finger-DNA recognition: Crystal structure of a Zif268-DNA complex at 2.1 A. Science 1991, 252,
809–817. [CrossRef] [PubMed]

54. Milbrandt, J. A nerve growth factor-induced gene encodes a possible transcriptional regulatory factor. Science 1987, 238, 797–799.
[CrossRef]

55. Gashler, A.; Sukhatme, V.P. Early growth response protein 1 (Egr-1): Prototype of a zinc-finger family of transcription factors.
Prog. Nucleic Acid Res. Mol. Biol. 1995, 50, 191–224. [PubMed]

56. Duclot, F.; Kabbaj, M. The role of early growth response 1 (EGR1) in brain plasticity and neuropsychiatric disorders. Front. Behav.
Neurosci. 2017, 11, 35. [CrossRef] [PubMed]

57. McMahon, S.B.; Monroe, J.G. The role of early growth response gene 1 (egr-1) in regulation of the immune response. J. Leukoc.
Biol. 1996, 60, 159–166. [CrossRef] [PubMed]

58. Li, T.T.; Liu, M.R.; Pei, D.S. Friend or foe, the role of EGR-1 in cancer. Med. Oncol. 2019, 37, 7. [CrossRef]
59. Bhattacharyya, S.; Fang, F.; Tourtellotte, W.; Varga, J. Egr-1: New conductor for the tissue repair orchestra directs harmony

(regeneration) or cacophony (fibrosis). J. Pathol. 2013, 229, 286–297. [CrossRef]
60. Bryant, M.; Drew, G.M.; Houston, P.; Hissey, P.; Campbell, C.J.; Braddock, M. Tissue repair with a therapeutic transcription factor.

Hum. Gene Ther. 2000, 11, 2143–2158. [CrossRef]
61. Jeong, S.H.; Kim, H.J.; Jang, Y.; Ryu, W.I.; Lee, H.; Kim, J.H.; Bae, H.C.; Choi, J.E.; Kye, Y.C.; Son, S.W. Egr-1 is a key regulator of

IL-17A-induced psoriasin upregulation in psoriasis. Exp. Dermatol. 2014, 23, 890–895. [CrossRef]
62. Yeo, H.; Ahn, S.S.; Lee, J.Y.; Shin, S.Y. EGR-1 acts as a transcriptional activator of KLK7 under IL-13 stimulation. Biochem. Biophys.

Res. Commun. 2021, 534, 303–309. [CrossRef] [PubMed]
63. Sabio, G.; Davis, R.J. TNF and MAP kinase signalling pathways. Semin. Immunol. 2014, 26, 237–245. [CrossRef]
64. An, E.J.; Kim, Y.; Lee, S.H.; Choi, S.H.; Chung, W.S.; Jang, H.J. Ophiopogonin D ameliorates DNCB-induced atopic dermatitis-like

lesions in BALB/c mice and TNF-α- inflamed HaCaT cell. Biochem. Biophys. Res. Commun. 2020, 522, 40–46. [CrossRef]

126



 International Journal of 

Molecular Sciences

Article

Active Components from Cassia abbreviata Prevent HIV-1
Entry by Distinct Mechanisms of Action

Yue Zheng 1, Xian-Wen Yang 1, Dominique Schols 2, Mattia Mori 3, Bruno Botta 4, Andy Chevigné 5,

Martin Mulinge 5,6, André Steinmetz 1, Jean-Claude Schmit 5,7 and Carole Seguin-Devaux 5,*

Citation: Zheng, Y.; Yang, X.-W.;

Schols, D.; Mori, M.; Botta, B.;

Chevigné, A.; Mulinge, M.; Steinmetz,

A.; Schmit, J.-C.; Seguin-Devaux, C.

Active Components from Cassia

abbreviata Prevent HIV-1 Entry by

Distinct Mechanisms of Action. Int. J.

Mol. Sci. 2021, 22, 5052.

https://doi.org/10.3390/

ijms22095052

Academic Editors: Se-Kwon Kim

Received: 18 February 2021

Accepted: 4 May 2021

Published: 10 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Laboratory of Cellular and Molecular Oncology, Luxembourg Institute of Health, L-1445 Luxembourg,
Luxembourg; yue.zheng@path.utah.edu (Y.Z.); yangxianwen@tio.org.cn (X.-W.Y.);
andre.steinmetz@lih.lu (A.S.)

2 Laboratory of Virology and Chemotherapy, Department of Microbiology, Immunology and Transplantation,
Rega Institute for Medical Research, KU Leuven, 3000 Leuven, Belgium; dominique.schols@kuleuven.be

3 Department of Biotechnology, Chemistry and Pharmacy, University of Siena, 53100 Siena, Italy;
mattia.mori@unisi.it

4 Department of Chemistry and Technology of Drugs, Sapienza University of Rome, 00185 Rome, Italy;
bruno.botta@uniroma1.it

5 Department of Infection and Immunity, Luxembourg Institute of Health, L-4354 Esch-sur-Alzette,
Luxembourg; andy.chevigne@lih.lu (A.C.); mmulinge@uonbi.ac.ke (M.M.);
Jean-Claude.Schmit@ms.etat.lu (J.-C.S.)

6 Department of Biochemistry, School of Medicine, University of Nairobi, Nairobi, Kenya
7 Service National of Infectious Diseases, Centre Hospitalier de Luxembourg, L-1210 Luxembourg,

Luxembourg
* Correspondence: carole.devaux@lih.lu

Abstract: Cassia abbreviata is widely used in Sub-Saharan Africa for treating many diseases, including
HIV-1 infection. We have recently described the chemical structures of 28 compounds isolated
from an alcoholic crude extract of barks and roots of C. abbreviata, and showed that six bioactive
compounds inhibit HIV-1 infection. In the present study, we demonstrate that the six compounds
block HIV-1 entry into cells: oleanolic acid, palmitic acid, taxifolin, piceatannol, guibourtinidol-
(4α→8)-epiafzelechin, and a novel compound named as cassiabrevone. We report, for the first
time, that guibourtinidol-(4α→8)-epiafzelechin and cassiabrevone inhibit HIV-1 entry (IC50 of 42.47
μM and 30.96 μM, respectively), as well as that piceatannol interacts with cellular membranes.
Piceatannol inhibits HIV-1 infection in a dual-chamber assay mimicking the female genital tract, as
well as HSV infection, emphasizing its potential as a microbicide. Structure-activity relationships
(SAR) showed that pharmacophoric groups of piceatannol are strictly required to inhibit HIV-1 entry.
By a ligand-based in silico study, we speculated that piceatannol and norartocarpetin may have a
very similar mechanism of action and efficacy because of the highly comparable pharmacophoric
and 3D space, while guibourtinidol-(4α→8)-epiafzelechin and cassiabrevone may display a different
mechanism. We finally show that cassiabrevone plays a major role of the crude extract of CA by
blocking the binding activity of HIV-1 gp120 and CD4.

Keywords: natural products; Cassia abbreviata; HIV-1 entry; piceatannol; structure-activity relation-
ship; pharmacophoric studies; norartocarpetin

1. Introduction

Human Immunodeficiency Virus (HIV) infection was affecting about 38 million people
(http://www.unaids.org/ accessed on 18 February 2021) around the world in 2019. The
vast majority of HIV-infected patients live in low- and middle-income countries, particu-
larly in Sub-Saharan Africa. Combined antiretroviral therapy (cART) has largely improved
the life of HIV-infected patients [1], and is the leading factor in reducing the number of new
HIV-infected cases worldwide. Current cART is, nevertheless, facing many challenges for
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life-long adherence [2]; treatment-experienced patients encountered viral mutants resistant
to multiple drugs, and women are more prone to HIV infection than men in Sub-Saharan
Africa [3]. The development of new anti-HIV drugs and potent microbicides is, therefore,
highly required.

Around 30 antiretroviral drugs have been released for clinical practice, inhibiting
HIV-1 at different stages of the viral life cycle [4]. Novel therapeutic strategies could take
advantage of the multiple events involved in the entry process [5]. HIV-1 attaches to the cell
membrane, engaging its surface envelope glycoprotein gp120 to bind subsequently the CD4
receptor and either to the C-X-C chemokine receptor type 4 (CXCR4) or C-C chemokine
receptor type 5 (CCR5) co-receptor, and further triggering conformational changes in HIV-1
envelope glycoproteins leading to the membrane fusion process [6]. New compounds
targeting interactions with cellular proteins/membranes or viral membranes might be less
prone to selecting for drug resistance, should reduce the formation of viral reservoirs, and
could additionally display broad spectrum antiviral effects than compounds targeting viral
replication [7].

In the past decades, a high number of drugs have been developed from natural
products and showed their critical power in medical therapies, such as the anti-malarial
drug artemisinin and the anticancer drug paclitaxel [8]. The 2015 half Nobel Prize award for
artemisinin’s discovery recently emphasized the enormous value of traditional medicine
and ethnopharmacology. In this regard, Cassia abbreviata (C. abbreviata) is a tropical tree
in Cassia genus, Fabaceae family, which is indigenous to South-East Africa, widespread in
African countries and commonly used in the African local medicines [9]. Roots, barks,
and leaves are taken as decoction or chewed, for healing abdominal pain, fever, cough,
snake bite, malaria, infections, and, in particular, HIV-1 infection [10,11]. We have recently
reported the isolation of 28 compounds from a crude extract of bark and roots of C.
abbreviata [12]. Six bioactive compounds showed anti-HIV activity. Leteane et al. [13] has
previously reported that a tanning free crude extract of C. abbreviata root inhibited HIV-1c
(MJ4) replication in human peripheral blood mononuclear cells (PBMCs). It is known that
a variety of compounds, including alkaloids, tannins, anthraquinones, and flavonoids, may
contribute to the biological effect of plant medicines [10], while the active components of C.
abbreviata’s, as well as their mode of action, are still unknown.

To better understand the mode of action of the traditional medicine plant C. abbreviate,
we elucidated the antiviral activity of C. abbreviata’s crude extract (pulverized from barks
and roots and extracted with 95% ethanol) against several HIV-1 strains, and demonstrated
that six compounds isolated from C. abbreviata were inhibiting HIV-1 entry, including a
novel compound cassiabrevone. We showed here the different mode of action of the active
compounds in both structure studies and biological tests. Cassiabrevone plays a major role
in the CE of C. abbreviata by inhibiting the binding activity of gp120 and CD4. Piceatannol
blocks HIV-1 entry using a different mechanism by targeting cell and viral membrane.
Optimized synthetic derivatives from cassiabrevone and piceatannol could be used as
a microbicide.

2. Results

2.1. The Crude Extract and Purified Compounds of C. abbreviata Inhibit HIV-1 Entry

The anti-HIV-1 activity of C. abbreviata was first assessed on MT4 cells and human
peripheral blood mononuclear cells (PBMCs) from healthy donors using the HIV-1 reference
strain IIIB (X4 tropic virus) and ADA-M (R5 tropic virus), as well as 2 non-B HIV-1 primary
clinical isolates carrying several drug resistance mutations to nucleoside/nucleotide reverse
transcriptase inhibitor (NRTI), to non-nucleoside reverse transcriptase inhibitor (NNRTI),
and to protease inhibitors (PI). The crude extract (CE) inhibited HIV-1 infection in MT4
cells infected with the reference strain HIV-1-IIIB (X4 virus, IC50 = 21.75 ± 1.20 μg/mL) at
non-toxic concentrations (CC50 above 1000 μg/mL). As shown in Figure 1A, CE inhibited
HIV-1 infection in PBMCs with IC50 ranging from 10.47 to 40.77 μg/mL. The NNRTI
efavirenz (EFV), the NRTI azidothymidine (AZT), and the fusion inhibitor enfuvirtide (T20)
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were used as positive controls. As expected, EFV and AZT did not inhibit viral infection
of the respective clinical isolates which carried resistance mutations to NRTI and NNRTI,
while T20 inhibited both HIV-1 reference strains and clinical isolates. We also examined
the cytotoxicity of CE in PBMCs and found that CE was not toxic after 2 days treatment
(Figure 1B). To further determine whether CE induces cell apoptosis, we measured the
apoptotic cells by Annexin-V/PI staining after incubating CE and PBMCs for 48 h. As
shown in Figure 1C, 30 μM H2O2, used as a positive control, induced 20% apoptosis, while
CE did not induce any apoptosis as in non-treated cells. These data indicate that CE has an
anti-HIV-1 activity without inducing any cytotoxicity or apoptosis.

Figure 1. Cont.
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Figure 1. Crude extract (CE) of C. abbreviata inhibits HIV-1 entry into cells. (A) PBMCs isolated from healthy donor were
treated with CE, or the NNRTI inhibitor efavirenz (EFV), the NRTI inhibitor azidothymidine (AZT) or the fusion inhibitor
enfuvirtide (T20) for 7 days during infection. HIV-1 infection was assessed by measuring P24 in cell supernatants via ELISA.
(B) PBMCs were treated with CE for 2 days. Cell viability was measured by flow cytometry. (C) PBMCs treated with CE
were stained with Annexin-V/PI and measured by flow cytometry. Apoptosis level was calculated by counting both early
apoptotic cells (Annexin-V+) and late apoptotic cells (PI+) (D,E). CE was tested in a multi-dosing time assay (D) using U373-
CD4-CXCR4 cells against pseudotype virus pNL4.3ΔEnvLuc-HXB2 and (E) using U373-CD4-CCR5 cells against pseudotype
virus pNL4.3ΔEnvLuc-BAL. CE was either pre-incubated with cells or viruses for 2 h, or incubated with cells and viruses
during the 2 h spinoculation infection (normal treatment), or added to the cells after infection (post-incubation). HIV-1
infection was assessed by measuring luciferase in the cell supernatant. Three independent experiments were performed
in triplicates.
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To further characterize at which step of infection CE inhibited HIV-1, multi-dosing time
assay experiments were performed with U373-CD4-CXCR4/CCR5 cells against infection of
pseudotyped virus pNL4.3ΔEnvLuc-HXB2 and pNL4.3ΔEnvLuc-BAL.Pseudotyped viruses
pNL4.3ΔEnvLuc-HXB2/BAL are only able for one cycle of viral infection and allow us
to assess the infection level by measuring the luciferase value in the cell supernatant.
As shown in Figure 1D,E, the inhibitory effect of CE was apparent when CE was pre-
incubated with the virus for 2 h cells (IC50 HXB2 = 2.57 μg/mL, IC50 BAL = 11.41 μg/mL)
but not with the cells, as well as when CE was incubated with both cells and viruses
during 2 h spinoculation infection (normal treatment) (IC50 HXB2 = 13.37 μg/mL, IC50
BAL = 67.40 μg/mL) but not after infection (CE was added during the first 2 h after the
spinoculation). These results indicate that CE inhibits HIV-1 infection at an early stage of
the HIV-1 infection independently of co-receptor usage

Since we identified 6 compounds with an anti-HIV-1 activity [12], the anti-HIV activi-
ties of isolated compounds from C. abbreviata were further assessed against pseudotype
viruses pNL4.3ΔEnvLuc-HXB2 when the compounds were added only at the time of infec-
tion to identify the compounds targeting HIV-1 entry. Four known anti-HIV compounds
were characterized: oleanolic acid, palmitic acid, taxifolin, and piceatannol (Figure 2A). In
our experiment, oleanolic acid, palmitic acid, taxifolin and piceatannol inhibited HIV-1
entry at non-cytotoxic concentration showing IC50 at 34.87 ± 9.09 μM, 87.48 ± 16.12 μM,
240 ± 3 μM, and 10.28 ± 5.74 μM, respectively (Figure 2B). Moreover, we identified
two other flavonoids that prevent HIV-1 entry: guibourtinidol-(4α→8)-epiafzelechin (IC50
42.47 ± 3.88 μM) and a novel compound we named as cassiabrevone (IC50 30.96 ± 5.02 μM).
We will elucidate their mode of action in the last part of this work. We first focused our
study on piceatannol since it was never described as an HIV-1 entry inhibitor.

2.2. Piceatannol Interacts with Both Cell and Viral Membranes and has a Synergistic Effect with
HIV-1 Entry Inhibitors

We first confirmed that piceatannol protected PBMCs against HIV-1 IIIB and HIV-1
ADA-M (IC50 = 24.22 ± 7.13 μM and IC50 = 19.91 ± 0.22 μM, respectively), and against two
non-B HIV-1 primary clinical isolates harboring multi-drug resistance to NRTI, NNRTI, and
PI (IC50 of 37.72 ± 12.54 and 8.04 ± 3.07 μM) (Figure 3A). We also examined the cytotoxicity
and apoptosis in the PBMCs treated with piceatannol for 2 days by flow cytometry. As
shown in Figure 3B,C, piceatannol was not cytotoxic and did not induce any apoptosis.
We next deciphered whether piceatannol targets cells or viruses using the multi-dosing
time assay (Figure 3D). In contrast to CE, piceatannol inhibited HIV-1 infection at high
concentration when it was pre-incubated with cells but not pre-incubated with the virus,
indicating that piceatannol’s action is maximal when added together on both surface of
cells and viruses. We did not find any effect of piceatannol when added after the step of
infection in our pseudotyped assay although the integrase inhibitor raltegravir inhibited
HIV-1 infection when added only after the time of infection.
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Figure 2. Anti-HIV-1 entry activity of oleanolic acid, palmitic acid, piceatannol, taxifolin, 4′7-dihydroxyflavan-(4,6)-3, 4′,
5,7-tetrahydroxyflavan and cassiabrevone. (A) Chemical structures of the compounds. (B) Oleanolic acid, palmitic acid,
piceatannol, taxifolin, guibourtinidol-(4α→8)-epiafzelechin, and cassiabrevone were tested on U373-CD4-CXCR4 cells
infected with pseudotype virus pNL4.3ΔEnvLuc-HXB2 when added only at the time of infection. Percentage of infection
versus the control cells infected without any compounds is represented.
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Figure 3. Piceatannol inhibits HIV-1 entry into cells. (A) PBMCs isolated from healthy donor were incubated with
piceatannol during infection of HIV-1 reference strains and clinical isolates for 7 days. HIV-1 infection level was assessed
by measuring P24 in cell supernatants via ELISA. (B) PBMCs were treated with piceatannol for 2 days. Cell viability was
measured by flow cytometry. (C) PBMCs treated with piceatannol were stained with Annexin-V/PI and measured by flow
cytometry. Apoptosis level was calculated by counting both early apoptotic cells (Annexin-V+) and late apoptotic cells (PI+).
(D) Multi-dosing time assay with piceatannol was performed (a) using U373-CD4-CXCR4 cells against pseudotype virus
pNL4.3ΔEnvLuc-HXB2 and (b) using U373-CD4-CCR5 cells against pseudotype virus pNL4.3ΔEnvLuc-BAL. (c) Raltegravir
was tested in the multi-dosing time assay using U373-CD4-CXCR4 cells against pseudotype virus pNL4.3ΔEnvLuc-HXB2.
Percentage of infection relative to no drug treatment is represented. (E) Hela-ENV-Lai cells pretreated with piceatannol,
CE, T20, or AMD3100 for 2 h were incubated with Hela-P4-CXCR4-LTRLacZ cells. HIV-1 fusion level was assessed by
measuring β-Galactosidase activity. (F) Drug combination of CE or piceatannol and AMD3100/maraviroc/T20 was tested
in U373-CD4-CXCR4/U373-CD4-CCR5 cells against pseudotype particles pNL4.3ΔEnvLuc-HXB2/BAL. Combination Index
(CI) at 95% maximal effective concentration (EC95) level was calculated using CompuSyn (ComboSyn, Paramus, NJ, USA).
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To determine if CE and piceatannol block the HIV-1 fusion step, we treated Hela-ENV-
Lai cells with CE, piceatannol, the CXCR4 inhibitor AMD100 or the fusion inhibitor T20
for 2 h and then co-cultured with Hela-P4-CXCR4LTRLacZ cells for 2 days. We can assess
the effect of CE and piceatannol on the fusion process by measuring the β-galactosidase
activity when the fusion step occurs between Hela-P4-CXCR4 cell and Hela-ENV-Lai cell.
As shown in Figure 3E, both CE and piceatannol inhibit HIV-1 fusion efficiently with an
IC50 of 22 μM and 33.35 μg/mL, respectively.

To further investigate if CE and piceatannol have a synergistic effect with known
inhibitors of the fusion step, including the fusion inhibitor T20, the CXCR4 inhibitor
AMD3100, or the CCR5 inhibitor Maraviroc, we treated U373-CD4-CXCR4/U373-CD4-
CCR5 cells with single drug or combined drugs during the infection of pseudotyped
viruses pNL4.3ΔEnvLuc-HXB2/pNL4.3ΔEnvLuc-BAL for 2 h. By calculating the com-
bination index (CI) using the qualitative Chou and Talalay’s method [14], both CE and
piceatannol showed synergistic effect with the three known inhibitors T20, AMD100 and
Maraviroc (CI < 0.9), which indicates that CE and piceatannol employ a different mecha-
nism to prevent HIV-1 entry than the fusion inhibitor T20 or the CXCR4/CCR5 inhibitors.

2.3. CE of C. abbreviata Affects gp120/CD4 Binding Whereas Piceatannol Interacts with
Cellular Membranes

To further examine whether CE and piceatannol affects the binding activity of HIV-
1 gp120 on the host CD4 receptor, we performed an ELISA assay to analyze if CE or
piceatannol could compete with gp120 to bind CD4. As shown in Figure 4A, CE blocked
the binding between CD4 and gp120 in a dose-dependent manner, while piceatannol did
not. We then further tested if CE and piceatannol inhibited CD4-gp120 binding by targeting
CD4. The binding activity of two anti-CD4 monoclonal antibodies targeting the CD4
domain 1 and 3, in the presence or absence of CE and piceatannol was assessed. As shown
in Figure 4B, the positive control soluble CD4 (sCD4) inhibited the two anti-CD4 antibodies
binding to CD4, while neither CE nor piceatannol did. Thus, CE inhibits CD4-gp120
binding by targeting gp120.

We observed in Figures 1 and 3 that CE and piceatannol inhibited viral infection
of both X4 and R5 viruses, suggesting no specific effect of CE or piceatannol on the
co-receptors CXCR4 and CCR5. We next measured CXCR4/CCR5 binding with their
respective chemokine in the presence or absence of CE and piceatannol. As shown in
Figure 4C, the chemokines CXCL12 (C-X-C motif chemokine ligand 12) and CCL5 (C-C
motif chemokine ligand 5) inhibited CXCR4/CCR5 binding, respectively, while neither CE
nor piceatannol did.

In line with this evidence, piceatannol, but not CE, inhibited the infection of pseu-
dotype particles of vesicular stomatitis virus (VSV) G proteins (IC50 = 79.23 ± 17.20 μM,
Table 1), indicating that piceatannol inhibits HIV-1 entry independently of any receptors.
To determine if CE or piceatannol had a broad-spectrum antiviral activity or was specific
to HIV-1, we tested both on diverse viruses. CE and piceatannol demonstrated anti-viral
activity on simplex virus infection HSV-1 and HSV-2 (IC50 around 45.0 μM) but not on
influenza, para-influenza, HCV, coxsackie virus, RSV, reovirus, sindbisvirus, punta toro
virus, yellow river virus, feline corona virus, and feline herpes virus (Table 1).
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Figure 4. Binding activity of C. abbreviata’s crude extract and piceatannol. (A). CE and piceatannol were tested in an
in-house ELISA assay against gp120 binding activity. Data were normalized to control cells without CE/piceatannol
treatment. (B) U373-CD4-CXCR4/CCR5 cells were incubated with either anti-CD4 antibody OKT4 or RPA-T4 in the
presence of CE and piceatannol. Soluble CD4 (sCD4) was used as a positive control for binding anti-CD4 antibodies.
(C) U373-CD4-CXCR4/CCR5 cells were incubated with either anti-CXCR4 antibody 12G5 or anti-CCR5 antibody 2D7 in the
presence of CE and piceatannol. The chemokines CXCL12 and CCL5 were used as positive controls for binding CXCR4 and
CCR5, respectively. Data were normalized to the MFI of the control cells. Three independent assays were performed for
each binding assay, and ANOVA analysis was done for statistical significance. * p < 0.05.
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Table 1. Evaluation of CE and piceatannol’s activity against various viruses.

Cells Viruses CE (μg/mL) Piceatannol (μM)

HEL Herpes simplex virus-1 (KOS) 46.7 ± 2.9 47.5 ± 3.5
HEL Herpes simplex virus-2 (G) 39.5 ± 5.5 45.0 ± 1.8
HEL Herpes simplex virus-1 TK KOS ACV 45.0 ± 2.6 45.4 ± 4.0
U87 Vesicular stomatitis virus >100 79.2 ± 17

MDCK Influenza A/H1N1 A/Ned/378/05 >100 >100
MDCK Influenza A/H3N2 A/HK/7/87 >100 >100
MDCK Influenza B B/Ned/537/05 >100 >100

Huh 7-D Hepatitis C virus (Jc1) >100 >100
HeLa Coxsackie virus B4 >100 >100
vero Coxsackie virus B4 >100 >100
HeLa Respiratory syncytial virus >100 >100
vero Para-influenza-3 virus >100 >100
vero Reovirus-1 >100 >100
vero sindbisvirus >100 >100
vero Punta toro virus >100 >100
vero Yellow fever virus >100 >100

CRFK Feline corona virus (FIPV) >100 >100
CRFK Feline herpes virus >100 >100
HEL Human corona virus >100 >100

IC50 (inhibitory concentration of viral replication by 50%), CE, crude extract of C. abbreviata.

2.4. Microbicide Activity of Piceatannol

Since both CE and piceatannol were active against HIV-1, HSV-1, and HSV-2, we
further checked its potential as a microbicide. We next tested piceatannol in a dual-chamber
system mimicking the epithelium female genital tract (Figure 5A). Both CE and piceatannol
inhibited HIV-1 infection of TZM-Bl cells without affecting the confluence layer’s TEER
and epithelial cells viability. At their IC50 concentration, CE decreased by more than 4 times
HIV-1 infection (from 100 to 18.41%), while piceatannol diminished it by 33% (from 100 to
66.9%). For potential microbicide application, anti-HIV compounds should not stimulate
target cells. PHA increased the expression of CD25 (early activation marker) and CD69 (late
activation marker), whereas CE and piceatannol did not have any effect (Figure 5B). Finally,
CE and piceatannol did not prevent transmission of DC-SIGN (Dendritic Cell-Specific
Intercellular adhesion molecule-3-Grabbing Non-integrin)-captured virus to CD4+ T cells
in vitro (data not shown).

2.5. Structure-Activity Relationship of Piceatannol

Piceatannol emerged from this study as a promising anti-HIV-1 compounds extracted
from C. abbreviata. Since molecular details of piceatannol interaction with its target(s) are
currently not available, we performed a structure-activity relationship (SAR) study with
the aim to understand the chemical and pharmacophoric features of piceatannol that are
relevant for its anti-HIV activity. Seventeen chemical analogues of piceatannol (molecules
1–17, Figure 6) were designed and retrieved from commercial vendors and from an in-
house library of natural products and their derivatives [15–19] and tested in vitro against
HIV-1 entry and HIV-1 infection using the pseudotype and the MTT assay, respectively.
Compounds 1–13 are stilbene derivatives endowed with subtle chemical modifications with
respect to piceatannol (i.e., molecules 4 and 5) or bearing larger substituents (i.e., 6–11 and
longistilines 12 and 13) showing no anti-HIV activity. Besides, the two flavones hispidulin
14 and norartocarpetin 15, and the two styrene derivatives 16 and methyl ferulate 17 were
tested. Only compounds that do not bear the stilbene scaffold showed some activity:
methyl ferulate 17 at high concentrations (IC50 = 600 ± 22 μM) and norartocarpetin 15

(IC50 = 39 ±5 μM, CC50 > 500 μM), the latest showing antiretroviral activity similar to
piceatannol. Norartocarpetin is structurally related to taxifolin, although it is noticeably
more potent. This result clearly indicates that pharmacophoric features of piceatannol
are highly specific, and that subtle modifications to its chemical structure determine
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a significant drop of anti-HIV-1 activity. Accordingly, it is not surprising that stilbene
derivatives bearing larger substitutions, such as molecules 1, 2, 6–11, and longistilines 12

and 13 proved inactive, as well. Similar to piceatannol, the comparison between structure
and activity of 14 and 15 further highlights the key role of polyphenols in providing
anti-HIV activity.

Figure 5. Evaluation of Piceatannol as a microbicide. (A) CE, piceatannol and T20 were tested in a dual chamber system.
Compounds and HIV-1 ADA-M viruses were added to Hela cells in the upper chamber. Luciferase of TZM-bl cells in
the lower chamber was measured at 24 h post-infection. (B) Expressions of CD25 (a) and CD69 (b) on PBMCs with or
without CE and piceatannol treatment were measured by flow cytometry. ANOVA analysis was performed for statistical
significance. ** p < 0.01.
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Figure 6. SAR of piceatannol. The chemical structure of compounds 1–17 used to afford SAR of piceatannol is shown.
Molecules are grouped based on their chemical structures: (i) stilbene derivatives 1–13; (ii) flavones 14 and 15; (iii) styrene
derivatives 16 and 17. IC50 values of the compounds are mentioned when the compound displayed anti-HIV-1 activity.

2.6. Mode of Action of the Two Flavonoids Inhibiting HIV-1 Entry

To develop the mode of action, we first performed a ligand-based studies to provide
insights into the mechanism of action of piceatannol, norartocarpetin, cassiabrevone, and
4′7-Dihydroxyflavan (4,6)-3, 4’, 5,7- tetrahydroxyflavan using the Rapid Overlay of Chemi-
cal Structures (ROCS) program (OpenEye Scientific Software). As shown in Figure 7A, a
normalized similarity of 0.63 was obtained by comparing piceatannol to norartocarpetin,
suggesting that these compounds cover a highly similar pharmacophoric and 3D space. In
contrast, 4′7-dihydroxyflavan (4,6)-3, 4´, 5,7- tetrahydroxyflavan and cassiabrevone share
a moderate similarity with piceatannol, (normalized similarity = 0.37 and 0.23, respec-
tively, Figure 7B–C), which suggests a different mechanism of action for these molecules
compared to piceatannol and norartocarpetin.
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Figure 7. Pharmacophoric studies. (A) ROCS alignment between the query built on piceatannol and
norartocarpetin, 4′7-Dihydroxyflavan (4,6)-3, 4´, 5,7- tetrahydroxyflavan (B), and cassiabrevone (C).
Piceatannol is shown as green balls and sticks with the same orientation in the three panels. Aligned
ligands are shown as yellow sticks. Non-polar H atoms were omitted. The TanimotoCombo and
normalized similarity scores are reported for each pair of compounds.

For further validation, we then tested cassiabrevone and guibourtinidol-(4α→8)-
epiafzelechin in a fusion assay and showed that both two compounds inhibited viral fusion
similarly to CE (Figure 8A). Moreover, cassiabrevone but not guibourtinidol-(4α→8)-
epiafzelechin inhibited significantly gp120/CD4 binding activity in a dose-dependent
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manner as observed for CE (Figure 8B), indicating that cassiabrevone may play the ma-
jor role of the crude extract of C. abbreviata and display different mode of action from
piceatannol (Figure 3D).

Figure 8. Cassiabrevone inhibits gp120/CD4 interaction. (A) Hela-P4-CXCR4 cells pretreated with
CE, guibourtinidol-(4α→8)-epiafzelechin), and cassiabrevone were incubated with hela-ENV-Lai
cells. β-Galactosidase activity was accessed. Data were normalized to control cells without any drugs
to give the percentage of fusion. (B) Cassiabrevone and guibourtinidol-(4α→8)- -epiafzelechin were
tested in an in-house ELISA assay against gp120 binding activity. Data were normalized to control
cells without compound treatment. ANOVA analysis was performed for statistical significance.
* p < 0.05.

Finally, taken together, our studies confirmed that the traditional medicine plant C.
abbreviata displayed anti-HIV-1 activity and identified six active components that inhibits
HIV-1 entry. Importantly, we revealed a novel compound cassiabrevone and showed that
cassiabrevone played the major role of the crude extract of C. abbreviata. Moreover, we de-
lineated the anti-HIV mechanism of piceatannol and showed its potential as a microbicide.

3. Discussion

Many antiviral agents have been identified from plant sources but their mechanisms
of action are poorly understood. C. abbreviata is indigenous to Africa, and commonly
used against infectious diseases [9,11]. Nevertheless, C. abbreviata’s bioactive compounds
were not characterized. The anti-HIV-1 activity of a C. abbreviata’s ethanol extract was
first described by Leteane’s group [13]. In our study, we have performed a secondary
ethyl acetate partition after a primary ethanol extraction to obtain a crude extract (CE)
with enhanced anti-HIV-1 activity and lower cytotoxicity. We sought here (i) to determine
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at which step of infection the CE of C. abbreviata inhibited HIV-1, (ii) to screen active
compounds against HIV-1 entry, and (iii) to unravel the mechanism of action of isolated
compounds preventing HIV-1 entry.

Our results indicate that CE inhibited HIV-1 infection at an early stage of the HIV-1
entry process independent of co-receptor usage and interacted with HIV-1 gp120. By testing
compounds only at the time of infection against pseudotyped viruses, we found that oleano-
lic acid, palmitic acid, taxifolin, and piceatannol inhibited HIV-1 entry at the micromolar
range for non-cytotoxic concentrations. These results are consistent with previous studies
showing that palmitic acid and oleanolic acid blocked gp120-CD4 interaction [20,21] and
that oleanolic acid, piceatannol and taxifolin inhibited HIV-1 infection [22–25]. According
to our findings, the major active components of CE inhibited the interaction between
gp120 and CD4, and, especially, cassiabrevone, a flavonoid with a new structure purified
from CE, reproduced this feature. CD4 and co-receptor binding sites, as well as variable
loops and glycans of gp120, were already proposed as therapeutic targets. For instance,
several small-molecule attachment inhibitors targeting the conserved CD4 binding region
within gp120 have been described [26–29]. Fostemsavir, a prodrug of the HIV-1 attachment
inhibitor temsavir, was recently approved in clinic for heavily treatment-experienced HIV-1
patients. Using homology models, fostemsavir was proposed to bind to the unliganded
conformation of gp120 within the structurally conserved outer domain adjacent to the
CD4 binding loop. It is tempting to speculate that other compounds derived from natural
products may display similar activity on gp120 conformation or binding with CD4. In our
hands, cassiabrevone may display such potential and might explain the main effects of C.
abbreviata against HIV-1 entry.

In this study, we have shown, for the first time, that piceatannol inhibits HIV-1 entry
and focused our work to explain its mode of action, as well as its potency as microbicide
and against other viruses. Clouser et al. have reported that piceatannol inhibited HIV-1
replication with an IC50 of 21.4 μM in accordance with our results [24]. In our hands, time
dose-dependent experiments and fusion assays did not support piceatannol as an HIV-1
integrase inhibitor as previously reported in non-cell-based assays [25,30]. We did not
find any effect of piceatannol when added after the step of infection in our pseudotype
assay although the integrase inhibitor raltegravir inhibited HIV-1 infection when added
only after the time of infection (Figure 3). Taking into consideration that piceatannol did
not affect neither CD4 and CCR5/CXCR4 binding, nor the interaction between CD4 and
gp120, as well as the fusion process, we assume that piceatannol may interact with virus
attachment by adsorbing at either the cell surface or the virus surface. Piceatannol also
showed a synergistic effect with both co-receptor and fusion inhibitors, which indicates
that piceatannol employs a different mechanism to prevent HIV entry. This hypothesis is
reinforced by the observation that piceatannol inhibited VSV infection since VSV enters into
target cells by endocytosis and not by interfering with a specific cellular receptor. From a
chemical standpoint, piceatannol (trans-3,3′,4,5′-tetrahydroxystilbene) is a natural analogue
of resveratrol (trans-3,4′,5′-trihydroxystilbene). Many analogues of resveratrol have been
reported, as well, to inhibit HIV-1 infection [31], and trans-3,3′,4,4′,5,5′-hexahydroxy-
stilbene was shown recently to inhibit HIV-1 entry before the fusion step [32]. Both
piceatannol and 3,3′,4,4′,5,5′-hexahydroxy-trans-stilbene display better anti-HIV activity
than resveratrol, suggesting that the additional hydroxyl groups to the basic stilbene rings
may increase the anti-HIV activity by strengthening compound affinity or by facilitating its
action on the membrane surface. Furthermore curcumin, having two phenols connected
by a carbon chain, has structural similarity to piceatannol and can affect viral membrane
fluidity to block viral entry [33] similarly to rigid amphipathic fusion inhibitors (RAFIs)
and LJ001, which affects the membrane of HIV [7,34]. Interestingly, resveratrol was also
shown to inhibit simplex virus vaginal infection in a mouse model [35].

The SAR and ligand-based studies highlighted the highly specific chemical and phar-
macophoric features of piceatannol that are required to exert anti-HIV-1 activity. Moreover,
the flavone norartocarpetin was identified as a conformational restrained analogue of

141



Int. J. Mol. Sci. 2021, 22, 5052

piceatannol endowed with comparable efficacy. Piceatannol and norartocarpetin share a
number of pharmacophoric and shape similarities, indicating a common mechanism of ac-
tion. In contrast, 4′7-dihydroxyflavan (4,6)-3, 4´, 5,7- tetrahydroxyflavan and cassiabrevone
share only a moderate similarity with piceatannol, which suggests that these molecules
might inhibit HIV-1 replication through a mechanism that is different from that observed
for piceatannol itself and norartocarpetin. The SAR study also emphasized the key role
of polyphenols in providing anti-HIV activity, in agreement with recent reports [32,36,37].
One may note that piceatannol has a catechol moiety, widespread in natural products,
which is considered as a protein-reactive species [38,39]. However, the anti-HIV-1 effect of
piceatannol was found in this work to be highly specific by targeting only the entry step of
the envelope virus HIV, HSV, and VSV without significant cytotoxicity.

Importantly, we have shown that both CE and piceatannol inhibited HIV infection in
an in vitro dual-chamber model, mimicking the epithelium of the female genital tract [35],
suggesting that the active components can cross the epithelial barrier without any toxicity
on epithelial cells and no further activation of PBMCs. These data indicate the potential of
piceatannol or cassiabrevone to be used as a lead structure for microbicides, although it did
not prevent cell-to-cell and DC-SIGN-mediated viral transmission in vitro. In addition, the
dual HIV/HSV activity of piceatannol could be crucial for microbicide applications since
genital HSV-2 infection has been shown to potentiate HIV transmission and infection [40].

4. Conclusions

There is still an ongoing need for new potent classes of antiretroviral drugs with
improved safety and tolerability profiles to sustain long-life antiretroviral therapy. In the
present work, we have shown that 6 active components block HIV-1 entry. Importantly,
we have isolated a novel flavonoid named as cassiabrevone and identified cassiabrevone
as one of the active components from C. abbreviata that prevents HIV-1 entry by targeting
gp120. Similar to piceatannol, cassiabrevone might have the potential to be used as a
microbicide. Optimized synthetic derivatives from cassiabrevone and/or piceatannol
should be resolved to reach a future therapeutic efficacy in humans.

5. Materials and Methods

5.1. Plant Extraction and Compounds Purification

Barks and roots of C. abbreviata were collected from mature shrubs in Makueni County,
Kenya. Its identity was confirmed by DNA barcoding approach in the lab. All materials
were pulverized before extraction. The crude extract (CE) was obtained through a first
extraction of barks and roots from C. abbreviata that were pulverized with 95% ethanol,
and a second extraction with ethyl acetate, and dried. The extracts were combined and
concentrated to a small volume to provide a crude extract. The concentrate of the ethanol
phase was suspended in deionized water, successively partitioned with CHCl3, EtOAc, and
n-BuOH and subjected to column chromatography over silica gel. The CHCl3 and EtOAc
extracts were combined and subjected to column chromatography over silica gel eluting
with a gradient CHCl3-MeOH (0- > 100%), followed by column chromatography over
octadecyl silane and sephadex LH-20. Preparative thin layer chromatography was used
to purify the compounds, and purity over 95% was verified by HPLC-UV. To characterize
the compounds, UV and NMR data were collected from UV-2550 spectrometer and Bruker
Avance 500 or 600 NMR spectrometers.

5.2. Cell Cultures

MT-4, U373-CD4-CXCR4, U373-CD4-CCR5, HeLa and TZM-Bl cell lines were obtained
through the NIH AIDS Reagent Program. HEK 293, Vero, MDCK, and CRFK cells were
purchased from ATCC (Manassas, VA, USA). HeLa-P4-CXCR4-LTRLacZ and Hela-ENV-Lai
cells [26] were kindly given by Dr. Marc Alizon, Institute Pasteur, Paris. MT-4 cells were
cultured in RPMI 1640 (Lonza, Wijchen, The Netherlands) containing 10% heat-inactivated
fetal bovine serum (FBS) (Lonza, Netherlands) and 2mM L-glutamine (Invitrogen, Gos-
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selies, Belgium). U373-CD4-CXCR4 and U373-CD4-CCR5 were cultured in RPMI 1640
containing 10% FBS, 2mM L-glutamine, 200 μg/mL geneticin (Invitrogen, Belgium), and
100 μg/mL hygromicin B (Invitrogen). HEK 293, Vero, Hela, and TZM-Bl were cultured
in dulbecco’s modified eagle medium (DMEM) (Lonza) containing 10% FBS and 2mM
L-glutamine. MDCK and CRFK cells were in eagle’s minimum essential medium (Lonza)
containing 10% FBS. HeLa-P4-CXCR4-LTRLacZ cells were cultured in DMEM containing
10% FBS, 2mM L-glutamine, and 500 μg/mL geneticin. Hela-ENV-Lai cells were cultured
in DMEM containing 10% FBS, 2mM L-glutamine, and 2 μM methotrexate (Sigma-Aldrich,
Liège, Belgium).

5.3. Viral Infection with HIV-1 Reference Strains and Clinical Isolates

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donors’ buffy
coats (Red Cross of Luxembourg, Luxembourg, Luxembourg) using Ficoll-Hypaque gra-
dient as indicated previously (Sigma-Aldrich, Liège, Belgium). PBMCs were stimulated
using 10 μg/mL phytohemagglutinin (PHA-P, Sigma Aldrich) for 48 h and recombinant
IL-2 (10 U/mL, Roche, Sigma-Aldrich, Liège, Belgium) for another 24 h. Stimulated PBMCs
were infected by the HIV-1 reference strains IIIB/ADA-M or primary clinical isolates
expanded in culture from anonymized left-over samples (Centre Hospitalier de Luxem-
bourg, Luxembourg, Luxembourg) in the presence or absence of drugs replaced every
other day during 7 days. P24 production was measured in supernatants by ELISA (Perkin
Elmer, Brussels, Belgium). Efavirenz (EFV) and azidothymidine (AZT) were obtained from
Sigma_Aldrich. Enfuvirtide (T20) was purchased from Eurogentec (Seraing, Belgium).

5.4. Cytotoxicity and Apoptosis Assays

To assess drug cytotoxicity, PBMCs were incubated with or without drugs in a 96-well
round bottom plate (Thermo Fisher, Asse, Belgium) at 2 × 105/200 μL/well. After 2 days,
cells were washed with PBS and stained with 0.1 μL near-IR fluorescent reactive dye (Life
technologies, Ghent, Belgium) in 100 μL PBS for 20 min at room temperature in dark.
Stained cells were measured by flow cytometry (FACSCanto, BD biosciences, Belgium).

To measure apoptosis, PBMCs were incubated with or without drugs in a 96-well
round bottom plate at 2 × 105/200 μL/well. After 2 days, cells were washed with PBS
and stained with 2.5 μL Annexin-V-APC (Biosciences, Aalst, Belgium) in 100 μL staining
buffer containing 10 mmol/L HEPES pH7.4, 140 mmol/L NaCl, and 2.5 mmol/L CaCl2
for 20 min at room temperature in dark. Cells were then washed with staining buffer and
incubated with 100 μL 0.1 μg/mL propidium iodide (PI) (Thermo Fisher, Asse, Belgium)
for 5 min at room temperature in dark. Stained cells were measured by flow cytometry
(FACSCanto, BD, Aalst, Belgium).

5.5. Multi-Dosing Time Assay and Drug Combination Assay

For normal treatment, U373-CD4-CXCR4/U373-CD4-CCR5 cells were infected by
pseudotyped virus pNL4.3ΔEnvLuc-HXB2/pNL4.3ΔEnvLuc-BAL [41], respectively, in
the presence or absence of drugs through 2 h spinoculation at 1200× g. After infection,
cells were then cultured in fresh culture medium for 48 h. Luciferase activity in cell
lysates expressed as relative light units was measured via Luciferase System kit (Promega,
Leiden, Netherlands).

In multi-dosing time assay, four different treatments were performed: 2 h pre-incubation
of drugs on U373-CD4-CXCR4/U373-CD4-CCR5 cells, 2 h pre-incubation of drugs on pseu-
dotyped virus pNL4.3ΔEnvLuc-HXB2/pNL4.3ΔEnvLuc-BAL, 2 h co-incubation of drugs,
cells and viruses during spinoculation (normal treatment), and 2 h incubation of drugs on
infected cells after spinoculation (post-infection).

In drug combination assay, U373-CD4-CXCR4/U373-CD4-CCR5 cells were co-incubated
with CE or piceatannol combined with the CXCR4 inhibitor AMD3100 (Sigma, Belgium) or
with the CCR5 inhibitor Maraviroc (Sigma, Belgium) or with the fusion inhibitor T20 dur-
ing infection with the pseudotyped viruses by spinoculation as described above (normal
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treatment). The combination index (CI) was calculated at the EC95-level using CompuSyn
software (ComboSyn, USA). According to Chou and Talalay’s method, CI > 1.1 means
antagonism, CI < 0.9 means synergy, and 0.9 < CI < 1.1 means additive effect of the drugs.

5.6. Fusion Assay

Fusion inhibition was evaluated as previously described [26]. Briefly, HeLa-ENV-Lai
cells were pre-incubated with or without drugs for 2 h and added to HeLa-P4-CXCR4-
LTRLacZ cells which were placed in a 96-well plate 1 day before. After 24 h, cells were
washed with PBS and then incubated with 50 μL containing 0.5% NP-40 (Sigma, Belgium)
for 15 min at room temperature. Fifty microliters chlorophenol red-β-D-galactopyranoside
(CPRG) reagent (Roche, Sigma-Aldrich, Liège, Belgium) was then added into the plate.
After 30 min incubation at room temperature in dark, β−galactosidase was assessed by
measuring OD562 of the cells via POLARstar Omega plate reader (BMG Labtech, Orten-
berg, Germany).

5.7. Broad Spectrum Antiviral Activity

Antiviral assays were previously described [27] for the following viruses: HSV-1 (KOS),
HSV-2 G, HSV-1 TK KOS ACV; VSV, coxsackie virus B4, RSV, Coxsackie virus B4, para-
influenza-3 virus, reovirus-1, sindbisvirus, punta toro virus, yellow fever virus, influenza
A/H1N1 A/Ned/378/05, influenza A/H3N2 A/HK/7/87, influenza B B/Ned/537/05;
human corona virus, feline corona virus, feline herpes virus, and HCV (Jc1).

5.8. CD4-gp120 Interaction Assay

Human soluble CD4 (sCD4) was immobilized in a 96-well plate by adding 100 ng
sCD4 (R&D Systems, Belgium) in 100 μL PBS per well and incubated at 4 ◦C. After 24 h,
the CD4 coated plate was washed with 1% BSA-PBS and blocked by adding 100μL 5%
BSA-PBS per well for 1 h at 4 ◦C. The coated plate was then washed and incubated with or
without drugs for 1 h at 4 ◦C. After washing, 100 ng HIV-1 gp120 protein (Fitzgerald, Acton,
MA, USA) was added into the plate and kept for 1 h at 4 ◦C. The plate was washed, and
anti-HIV-1 gp120 (Aalto Bio Reagents, Dublin, Ireland) (100 ng/100 μL PBS) was added.
After 1 h, the plate was washed and anti-sheep HRP (Sigma, Belgium) (100 ng/100 μL
PBS) was added. After 1 h incubation at 4 ◦C, 100 μL o-phenylenediamine dihydrochloride
(OPD) (Thermo Fisher, Asse, Belgium) was added and incubated for 20 min in dark. One
hundred microliters 0.5M H2SO4 was finally added to stop the reaction. OD492 and OD630
were measured by POLARstart Omega Plate Reader. OD492 − OD630 was calculated.

5.9. Binding Assays and Co-Receptor Internalization

Binding competition between increasing concentrations of compounds and FITC-
conjugated mouse anti-human CD4 clone RPA-4 (Biolegend, Amsterdam, Netherlands),
PE-conjugated mouse anti-Human CXCR4 clone 12G5, and PE-conjugated mouse anti-
human CCR5 clone 2D7 (BD Pharma, Aalst, Belgium) to U373-CD4-CXCR4 and U373-CD4-
CCR5 cells was first tested by flow cytometry (FACSCanto). The chemokines CXCL12
and CCL5 (50 nM) (Peprotech, London, United Kingdom) were used as positive controls,
and near-IR fluorescent reactive dye was added simultaneously to evaluate cell viability.
After 1 h of incubation at 4 ◦C, cells were washed with FACS buffer (1% bovine serum
albumin, 0.1% N3Na in PBS, Sigma), and Mean Fluorescence Intensity (MFI) was measured.
To study co-receptor internalization, compounds were incubated alone (agonist mode)
or in the presence of 50 nM chemokines (CXCL12/CCL5) (antagonist mode) with MT-4
and U373-CD4-CCR5 cells at 37 ◦C for 1 h. Internalization was stopped after 30 min by
addition of NaN3 (0.1%) on ice. Cells were stained with anti-human CXCR4 clone 4G10 (BD,
Belgium) or anti-human CCR5 (CD195) clone T21/8, (eBioscience, Asse, Belgium), Near-IR
fluorescent reactive dye during 1 h at 4 ◦C, washed with FACS buffer, and a secondary PE-
conjugated goat anti-mouse antibody (Jackson ImmunoResearch, West Grove, PA, USA).
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5.10. Dual-Chamber and DC-SIGN Transmission Assays

Dual chamber transmission assay was performed as previously described [28]. HeLa
cells were seeded into an upper chamber of a transwell plate (Sigma-Aldrich, Liège, Bel-
gium), while TZM-bl cells were seeded in the lower chamber. Trans Epithelial Electric
Resistance (TEER) was measured using Millicell-ERS Volt-Ohm Meter. HIV-1 ADA-M
(200 pg) and drugs were added to the upper chamber after 4 days when TEER reached
150 Ohm/cm2. 24 h after infection luciferase value of TZM-bl cells lysate was measured us-
ing the Luciferase System Kit and the POLARstar Omega Plate Reader. Data were analyzed
using GraphPrism. The HIV-1 DC-SIGN transmission assay was performed as previously
described [27]. To investigate the cellular activation induced by CE or piceatannol, CD25
and CD69 expression was measured on PBMCs after incubation with CE/piceatannol or
10 μg/mL PHA-P for 24 h at 37 ◦C using FITC-conjugated anti-CD4, PE/Cy7-conjugated
anti-CD25, PE-conjugated anti-CD69 mAbs (Biolegend, Amsterdam, Netherlands), and the
near-IR fluorescent reactive dye.

5.11. In Silico Ligand-Based Study

For SAR purposes, molecules 1–11 were purchased from MolPort (Riga, Latvia), while
molecules 12–17 (purity > 95% by HPLC) were retrieved from an in-house library of
natural products previously characterized [29,42]. To provide insights into the mechanism
of action of bioactive hits, a ligand-based study was conducted using the ROCS program
(Openeye Scientific Software) version 3.3.0.3 [43]. A query was built on the chemical
structure of piceatannol and used to screen the conformational database of compounds
1-17 that was generated by OMEGA (OpenEye Scientific Software) version 3.1.0.3 [44] using
default settings. Ligands similarity was assessed by the TanimotoCombo scores, while
normalized similarity scores were calculated by dividing the TanimotoCombo value by two.
All the possible stereochemical configurations of cassiabrevone and 4′7-Dihydroxyflavan
(4,6)-3, 4´, 5,7- tetrahydroxyflavan were analyzed; the reported normalized similarity
and TanimotoCombo scores refer to the isomers endowed with the highest similarity
to piceatannol.
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Abstract: Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) is still an ongoing global health crisis. Immediately after the inhalation
of SARS-CoV-2 viral particles, alveolar type II epithelial cells harbor and initiate local innate immunity.
These particles can infect circulating macrophages, which then present the coronavirus antigens
to T cells. Subsequently, the activation and differentiation of various types of T cells, as well as
uncontrollable cytokine release (also known as cytokine storms), result in tissue destruction and
amplification of the immune response. Vitamin D enhances the innate immunity required for
combating COVID-19 by activating toll-like receptor 2. It also enhances antimicrobial peptide
synthesis, such as through the promotion of the expression and secretion of cathelicidin and β-
defensin; promotes autophagy through autophagosome formation; and increases the synthesis of
lysosomal degradation enzymes within macrophages. Regarding adaptive immunity, vitamin D
enhances CD4+ T cells, suppresses T helper 17 cells, and promotes the production of virus-specific
antibodies by activating T cell-dependent B cells. Moreover, vitamin D attenuates the release of
pro-inflammatory cytokines by CD4+ T cells through nuclear factor κB signaling, thereby inhibiting
the development of a cytokine storm. SARS-CoV-2 enters cells after its spike proteins are bound
to angiotensin-converting enzyme 2 (ACE2) receptors. Vitamin D increases the bioavailability and
expression of ACE2, which may be responsible for trapping and inactivating the virus. Activation of
the renin–angiotensin–aldosterone system (RAS) is responsible for tissue destruction, inflammation,
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and organ failure related to SARS-CoV-2. Vitamin D inhibits renin expression and serves as a negative
RAS regulator. In conclusion, vitamin D defends the body against SARS-CoV-2 through a novel
complex mechanism that operates through interactions between the activation of both innate and
adaptive immunity, ACE2 expression, and inhibition of the RAS system. Multiple observation studies
have shown that serum concentrations of 25 hydroxyvitamin D are inversely correlated with the
incidence or severity of COVID-19. The evidence gathered thus far, generally meets Hill’s causality
criteria in a biological system, although experimental verification is not sufficient. We speculated that
adequate vitamin D supplementation may be essential for mitigating the progression and severity of
COVID-19. Future studies are warranted to determine the dosage and effectiveness of vitamin D
supplementation among different populations of individuals with COVID-19.

Keywords: coronavirus disease 2019; severe acute respiratory syndrome coronavirus 2; vitamin
D; adaptive immunity; innate immunity; angiotensin-converting enzyme 2; renin–angiotensin–
aldosterone system

1. Introduction

Coronavirus disease 2019 (COVID-19), a rapidly spreading respiratory illness caused
by the severe acute respiratory syndrome (SARS) coronavirus 2 (SARS-CoV-2) virus [1],
constitutes a global health emergency. Notably, immune responses activated by the coro-
navirus, including adaptive immune responses in the earlier and asymptomatic stages,
prevent further disease progression. Patients’ immune status plays a pivotal role in predict-
ing their prognosis. Patients with immunodeficiency or aberrant immunity may promote
viral replication and subsequent tissue damage with multiple organ failure. At the other
end of the spectrum, overactive immune responses are correlated with immunopathological
conditions and further tissue destruction.

Vitamin D insufficiency or deficiency is a highly prevalent global problem, affecting
over a billion people worldwide [2,3]. In the COVID-19 era, it is interestingly found that
vitamin D deficiency related with higher risks for SARS-CoV-2 infection [4,5]. It also
associated with respiratory immune impairment and increased COVID-19 severity and
mortality [6,7]. Moreover, vitamin D deficiency leads to cytokine storms [8] and to excessive
tissue damage and mortality in patients with SARS-CoV-2 infection [6,9]. However, the
clinical effects of vitamin D supplementation in COVID-19 era is still controversial [10–12].
It is critically important to understand how vitamin D influence the impact of COVID-19
and determine appropriate dosages of vitamin D among different patient population.

COVID-19 world map evidence the variations of COVID-19 occurrence, spread, sever-
ity, and mortality varied around the world, and this has been found to overlap with
vitamin D deficiency areas. Understanding the immunological differences in individuals
and populations is essential. With the continuing spread of infection, the lack of targeted
therapy presents a major problem [2]. Adequate supplementation of vitamin D might
be helpful for preventing those at higher risk of vitamin D deficiency (e.g., older adults,
patients, individuals with comorbid conditions, and immunocompromised individuals)
from contracting COVID-19. In this review, we will discuss the details of human immu-
nity defense against SARS-CoV-2, molecular mechanisms underlying vitamin D-related
anti-SARS-CoV-2 immunity and different clinical situations.

2. COVID-19 Pathophysiology

During the initial 1–2 days of infection, SARS-CoV-2 either passes through the upper
respiratory tract or directly enters the lower respiratory tract, infecting both bronchial and
alveolar cells [13,14]. Angiotensin-converting enzyme (ACE) 2 (ACE2), which is expressed
in most human cells, acts as a receptor for SARS-CoV-2 [15]. In vitro studies have indicated
that SARS coronavirus (SARS-CoV) primarily infects the ciliated cells which is high in ACE2
expression in the conducting airways [16], and that ACE2 expression is lower within other
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cells in these airways [13,17]. Local propagation of the virus occurs when innate immunity
cannot be fully initiated. At this stage, the virus can be detected in nasal swabs. As the
infection progresses, the virus moves through the respiratory tract, and a robust innate
immune response is triggered. By the time the infection is clinically manifested, viremia has
already occurred; that is, the virus has already entered the peripheral bloodstream [18,19].
As the disease progresses, the virus continues to affect other organs that mainly express
ACE2 (e.g., the heart and its blood vessels, the kidneys, and the gastrointestinal tract). Thus,
further disease progression and systemic organ damage tend to occur in patients with
severe pulmonary symptoms [19]. Cytokine storms, characterized by strong inflammatory
responses in response to immunological threats, are possibly responsible for systemic organ
dysfunction. The clinical symptomatology of COVID-19 varies, from a lack of symptoms
to the presentation of symptoms related to local infection (pneumonia), followed by either
recovery or disease progression with systemic manifestations [20].

In almost 20% of patients infected with SARS-CoV2, the disease progresses to the
point where pulmonary infiltrates are developed [1]—a point at which the inhaled virus
reaches the terminal airway and mainly infects alveolar type II cells [21]. Most alveoli in
the peripheral and subpleural regions that are infected [22] undergo substantial apoptosis
as SARS-CoV2 propagates locally [23]. Pathological data from a case report indicated
diffuse alveolar damage with subsequent infiltration of multinucleated giant cells and the
formation of fibrin-rich hyaline membranes [19]. Notably, aberrant healing from SARS-
CoV-2 results in more severe scarring and fibrosis compared with that from other types of
acute respiratory distress syndrome (ARDS).

2.1. Viral Cell Entry

In order to enter the host cell, the SARS-CoV-2 firstly binds to the cell surface receptor
for virus attachment, then enters the endosome, and finally fuses the viral membrane and
the lysosomal membrane. The virus has several structural proteins, such as S (Spike),
M (Membrane), N (Nucleocapsid), and E (Envelope) and HE (Hemagglutinin esterase).
Protein S consists of 2 sub-units: S1 and S2. S1 plays a role in viral attachment. SS (signal
sequence), NTD (terminal domain N), RBD (receiver link domain), and RBM (receiver
link pattern) are parts of S1 proteins. The S2 subunit consists of the fusion peptide (FP),
protease cleavage site (S2′), central helix (CH), connector domain (CD), heptad repeat (HR)
1 and 2, transmembrane domain (TM), and cytoplasmic tail (CT). The S2 subunit fuses the
virus with the host cells [24].

On mature viruses, the spike protein exists in the form of trimers, and there are three S1
heads that bind to the receptor on the three-trimeric membrane fusion S2 stalk. SRAS-CoV
S1 contains a receptor binding domain (RBD) which specifically recognizes the ACE2 as its
receptor. RBD continuously switches between the standing position (for the connection of
the receiver) and the lying position (to escape immunity) [25]. The furin preactivation of the
spike for enhanced entry into cells by keeping RBD in a standing position which enhance
the virus binding to host cell membrane ACE2. In order to fuse the membrane, the SRAS-
CoV spike needs to be proteolytically activated at the S1/S2 boundary to dissociate S1, and
S2. The cleavage of the S1–S2 protein, which is required for the conformational changes of
the S2 subunit and processing of viral fusion, is regulated by the host proteases, including
TMPRSS2 (independently) and cathepsin L (during endocytosis). The TMPRSS2 may cleave
the S protein [26]. The viral spike protein mediates SARS-CoV-2 entry into host cells and
harbors a S1/S2 cleavage site containing multiple arginine residues (multibasic) not found
in closely related animal coronaviruses [27]. After protease cleavage of the S1 protein, the
FP subunit of S2 undergoes membrane fusion with the host cell membrane [28,29]. These
entrance characteristics of SARS-CoV contribute to its rapid spread and result in severe
symptoms and high mortality in infected patients [30].

After entry into the host cell, SRAS-CoV-2 lowers the ACE2 expression, which in
turn regulates angiotensin II (Ang II). ACE2 is a type 1 integral membrane glycoprotein
that is constitutively expressed by the epithelial cells of the lungs, kidneys, intestine,
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and blood vessels. In normal physiology, ACE2 breaks down Ang II and, to a lesser
extent, angiotensin-I (Ang I) to smaller peptides, angiotensin 1–7 and angiotensin 1–9,
respectively [31]. ACE2/Ang 1–7 system plays an important anti-inflammatory and anti-
oxidant role protecting the lung against ARDS; indeed, ACE2 has been shown to be
protective against lethal avian influenza A H5N1 infection [32].

The ACE2 molecule, besides being a receptor of SARS-CoV and SARS-CoV-2, reduces
the activity of the renin–angiotensin system (RAS) by converting Ang I and Ang II into
Ang 1–9 and Ang 1–7 respectively [33]. Thus, the ACE2 protein has been shown to play an
important role in protecting against some disorders such as cardiovascular complications,
chronic obstructive pulmonary disease (COPD) and diabetes, among other COVID-19
comorbidities [34]. The ACE2/Ang 1–7 axis counterbalances the ACE/Ang II-I axis by
decreasing Ang II levels, the activation of angiotensin type 1 receptors (AT1Rs) and,
thus, leads to decreased pathophysiological effects on tissues, such as inflammation and
fibrosis [35].

Ang II interacts with its receptor, Ang II receptor type 1 (AT1R), and modulates the
gene expression of several inflammatory cytokines via nuclear factor κB (NF-κB) signal-
ing. This interaction also promotes macrophage activation and results in the production
of inflammatory cytokines that may cause ARDS or macrophage activation syndrome
(MAS). Some metalloproteases, such as ADAM17, cleave these pro-inflammatory cytokines
and ACE2 receptors, resulting in their release as soluble forms. This contributes to the
loss of the protective function of surface ACE2 and potentially exacerbates SARS-CoV-2
pathogenesis [36]. SARS-CoV-2 infects the mononuclear phagocyte system, the cells in
which produce different pro-inflammatory cytokines to trigger focal inflammation and
systemic inflammatory response, a phenomenon known as a cytokine storm. Altogether,
these events play a fundamental role in severe presentations of COVID-19, including ARDS
and death [37].

Role of Pulmonary Alveolar Type II Epithelial Cells and Macrophages in
SARS-CoV-2 Infection

As mentioned, SARS-CoV-2 infects alveolar type II epithelial cells and downregulates
ACE2 expression, leading to the upregulation of and metabolic dysfunction in Ang II.
Ang II acts on the AT1R, activating macrophages and releasing various inflammatory
cytokines that trigger tissue inflammation and destruction. As type II alveolar cells, these
macrophages also express furin and TMPRSS2, which are responsible for SARS virus
exposure [38,39], as well as ADAM17, which acts as a sheddase of ACE2 [40]. Theoretically,
after the invasion of macrophages and type II alveolar cells, viruses replicate quickly within
macrophages and dendritic cells and trigger the aberrant production of pro-inflammatory
cytokines [41] (Figure 1). However, recent studies have detected the increased expression
of pro-inflammatory chemokines in human macrophages even in the absence of SARS-
CoV-2 replication [42] or antiviral cytokine production [43]. Pulmonary dendritic cells
also exert anti-inflammatory effects through antigen presentation and regulation of T
cell reactions. Notably, a study revealed that human dendritic cells are susceptible to
SARS-CoV-2 infection and cannot maintain viral replication [34].
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Figure 1. Possible pathophysiological pathways after the entry of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). SARS-CoV-2 infects both alveolar macrophages and type II alveolar cells by binding to angiotensin-converting
2 (ACE2) receptors. Before SRAS-CoV-2 enters the host cells, the spike protein 1 (S1) should be pre-activated by the host
furin, a convertase proprotein, which will expose the receptor binding domain (RBD) of S1. RBD has a strong binding
affinity for the host cell membrane ACE2 for effective entry. After binding of RBD and ACE2, the type 2 transmembrane
protease (TMPRSS2) will proteolytically activated the S1/S2 boundary through cleavage the S1–S2 protein which will
cause drastic structural changes with further expose the fusion peptide (FP) of S2 which will facilitate the processing of
viral-host cell fusion [44]. Immediately after entry, S protein activation is mediated by lysosomal cathepsins and/or furin
within the TGN [14,15]. SARS-CoV-2 replication is suppressed by synthetic furin inhibitors [16]. After entry into the host
cell, the virus downregulates ACE2 expression, which in turn upregulates angiotensin II (Ang II). Ang II interacts with
its receptor, Ang II receptor type 1, and modulates the gene expression of several inflammatory cytokines via nuclear
factor κB signaling. This interaction also promotes macrophage activation and results in the production of inflammatory
cytokines that may cause acute respiratory distress syndrome or macrophage activation syndrome. Some metalloproteases,
such as ADAM metallopeptidase domain 17, cleave these pro-inflammatory cytokines and ACE2 receptors, resulting
in their release as soluble forms. This contributes to the loss of the protective function of surface ACE2 and potentially
exacerbates SARS-CoV-2 pathogenesis [39]. Monocytes and macrophages in the mononuclear phagocyte system, infected
with SARS-CoV-2, produce various pro-inflammatory cytokines and chemokines, a process critical for the induction of local
and systemic inflammatory responses known as cytokine storms [18].

2.2. Innate Immune Responses
2.2.1. Local (Pulmonary) Innate Immune Responses to COVID-19 Infection

After harboring SARS-CoV-2, alveolar epithelial cells initiate innate immunity within
the lungs [45]. Viral RNA, which constitutes a pathogen-associated molecular pattern
(PAMP), is detected by various sensors including toll-like receptors (TLRs) 3, 7, and 8, as
well as retinoic acid-inducible gene I-like receptors [46]. TLRs upregulate antiviral and pro-
inflammatory mediators and trigger NF-kB signaling-mediated inflammatory pathways
within the lungs [47]. In alveolar epithelial cells and macrophages infected with SARS-CoV-
2, NF-κB contributes crucially to the production of various inflammatory cytokines and
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the development of cytokine storms [48]. In a recent study involving meta-transcriptomic
sequencing, a robust innate immune response, hypercytokinemia, and expression of in-
terferon (IFN)-stimulated genes (ISGs) in the bronchoalveolar lavage fluid were found
in patients with COVID-19 [49]. Considering that SARS-CoV-2 robustly triggers the ex-
pression of numerous ISGs with immunopathogenic potential, with overrepresentation of
genes involved in inflammation, ISGs can be used to determine disease severity.

2.2.2. Systemic Innate Immune Responses against COVID-19 Infection

T cell activation and differentiation occur after macrophage processing and the presen-
tation of SARS-CoV-2 particles to T cells. This is followed by immune response amplifica-
tion, as indicated by a massive release of cytokines [50], including interleukins (ILs) 1, 6, 8,
and 21, as well as tumor necrosis factor-β and CCL2. Subsequently, activated lymphocytes
and leukocytes are recruited to the site of infection [50]. Viral infection further induces the
expression of cathelicidin and defensins, the antimicrobial peptides within the infected cells.
Human cathelicidin peptide LL-37, a small, cationic, and amphipathic particle, facilitates
the effective binding of cathelicidin and prevents viral invasion [51,52]. During antimicro-
bial attacks, cathelicidin removes the outer membrane of the virus through a single event
rather than a gradual process [53]. This causes the leakage of viral components, which in
turn leads to the death of the virus [54,55]. A study on Venezuelan equine encephalitis virus
infections reported that cathelicidin inhibited virus entry and modulated the expression
of IFN-β1 expression in the infected host cells, eliciting an antiviral response through the
inhibition of viral replication [56]. Defensin, another antimicrobial peptide associated with
the first line of immunological defense [57], also suppresses viral infection, either through
the direct blockage of viral particles or indirectly through the indirect disruption of the
viral life cycle [58]. Growing evidence suggests that antiviral activity related to defensins
occurs not only during viral entry [59] but also modifies innate immune responses to viral
infections. The most important mechanisms of these responses include the activation of T
cells, recruitment of macrophages and dendritic cells, differentiation and maturation of
dendritic cells, and production of pro-inflammatory cytokines by macrophages and mast
cells [60] (Figure 2).

2.3. Adaptive Immune Response: T Cell Differentiation and Inflammatory Cytokines in COVID-19

Compared with COVID-19, fewer cases of severe Middle East Respiratory Syndrome
coronavirus and SARS-CoV cases result in fatal lower respiratory tract infections and
systemic extrapulmonary manifestations [61]. Cytotoxic T cells account for approximately
80% of inflammatory cells related to SARS-CoV in the pulmonary interstitium. Thus, they
play a vital role in clearing the viral particles and are responsible for most immune-related
injuries [50]. Adaptive immunity occurs through activation of CD4+ T cells, which promotes
the production of virus-specific antibodies by B cells. Depletion of CD4+ T cells results in
the reduced production of neutralizing antibodies and cytokines in patients with interstitial
pneumonitis [62]. A 2020 study reported that T cell activation was substantially higher in
patients with COVID-19 pneumonia, and that the T cells preferentially differentiate into
Th17 cells [63].

The persistent response of T cells to S proteins and other structural proteins (M and
N proteins) in SARS coronavirus is well established. This serves as a valuable reference
for the development of SARS vaccines, particularly with respect to the induction of long-
term memory in T cell and immune responses. However, another report suggested that
protective antibodies against SARS-CoV-2 infection may not last long [64]. In another study,
serological surveys in early convalescence revealed reduced levels of immunoglobulin G
and neutralizing antibodies [65]. Clinical studies have indicated that the level of naïve CD4+

T cells, regulatory T cells (Tregs), and Th2 cells is higher in patients with poor prognosis than
that in patients with good prognosis, as reflected by progression in disease severity [66,67].
Immunosuppression and an enhanced inflammatory response were implicated in disease
progression among patients with poor prognosis [68].
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On the other hands, dendritic cells exhibit anti-inflammatory activity through antigen
presentation and the regulation of T cell reactions to SARS-CoV. This will decrease the
degree of CD4+ T cells induce pro-inflammatory cytokine production through the activation
of the NF-kB pathways [48]. They also produce IL-17, which recruits more inflammatory
cells to the infection site, with further activation of downstream cytokine and chemokine
cascades [50,69].

Figure 2. Putative vitamin D-related innate immunity (anti-infection activity) and autophagy responses to coronavirus
disease 2019 (COVID-19) infection. The activation of monocyte toll-like receptors (TLR1/TLR2) by pathogen-associated
molecular patterns (PAMPs) induces the expression of the cytokine interleukin-1 (IL-1) and suppresses the expression of the
IL-1 receptor antagonist, thereby enhancing intracrine signaling by IL-1 and increasing the activity of nuclear factor кB (NF-
кB). Pathogen phagocytosis increases the intracellular concentrations of muramyl dipeptide (MDP), which can then bind to
the intracellular pathogen recognition receptor NOD2 and increase NF-кB activity. In addition, the activation of TLR1/TLR2
by PAMP results in the transcriptional induction of vitamin D receptor (VDR) and the activation of 1α-hydroxylase
expression. Circulating 25-hydroxyvitamin D [25(OH)D] bound to serum vitamin D-binding protein enters monocytes in
its free form and is converted to active 1,25-dihydroxyvitamin D [1,25(OH)2D] by mitochondrial 1α-hydroxylase. It then
binds to VDR and acts as a transcription factor, induces the expression of cathelicidin and β-defensin 4A, and promotes
autophagy through autophagosome formation. NF-кB also enhances the transcriptional induction of cathelicidin and
β-defensin 4A. In the presence of increased cathelicidin, immune cells induce the activity of NOD2/CARD15-β-defensin
2, autophagy-related protein 5 (ATG5), and BECLIN1, and they then induce autophagy. Cathelicidin, β-defensin 4A,
and mature autophagosomes then work in concert to eliminate bacteria. Cytoplasm SNAP receptor proteins mediate
fusion between autophagosomes and lysosomes, and various lysosomal enzymes further hydrolyze proteins, lipids, and
nucleic acids. Digestive nutrients may be recycled and utilized by the cells. The net efficacy of such a response is highly
dependent on vitamin D status, as well as the availability of circulating 25(OH)D for intracrine conversion to active
1,25(OH)2D by the enzyme 1α-hydroxylase. Activation of TLR1 and TLR2 by PAMP induces the expression of cytokines
and inflammatory pathways. Adequate vitamin D supplementation may strengthen the innate immune response against
COVID-19 through TLR activation and autophagy, enhance antimicrobial peptide synthesis, and increase the generation of
lysosomal degradation enzymes within macrophages.

2.4. Renin–Angiotensin System and COVID-19

The activation of the renin–angiotensin–aldosterone system (RAS) and Ang-II-related
inflammation and fibrosis play vital roles in COVID-19 infection and mortality.
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Renin converts angiotensinogen into angiotensin I, which is again metabolized to Ang
II by the dipeptide carboxypeptidase ACE. The pro-inflammatory effects of Ang II [70] are
exerted in concert with the AT1R. In a recent study, the ACE2 receptor and the downstream
signaling pathway were identified as an essential counter-regulatory mechanism to RAS
activation. Aldosterone reduces membrane ACE2 expression. Under favorable conditions,
Ang II can be converted to Ang 1–7 via ACE2, the counter-regulatory effects of which are
mediated by the Mas receptor [71].

Strains of both SARS-CoV and SARS-CoV-2 have been shown to use ACE2 receptors
and enter the affected cells [72]. The identification of ACE2 and its modulation on the
RAS constitutes an interesting topic for the development of therapeutic targets [73]. ACE2
exists in both membrane-bound and soluble forms, and SARS-CoV-2 infection involves the
binding of the S protein to the membrane form [74]. A study reported that poor prognosis in
SARS-CoV infection was accompanied by ACE-2 downregulation [75]. The virus attaches
to ACE-2; the complexes then enter the cells by endocytosis. Viral complexes that are not
endocytosed are digested by ADAM17 and lead to critical illness [76]. Less entry of viral
particles into cells is associated with better clinical outcomes. A viewpoint paper (2020)
revealed that reduced ACE-2 levels are correlated with more severe clinical presentations
and harmful end organ damage [77].

3. Role of Vitamin D in the COVID-19 Era

3.1. Antiviral Activity of Vitamin D and the Innate Immune Response

The promotion of antiviral immunity by vitamin D, which is of great relevance to
the current discussion on COVID-19, involves various mechanisms that overlap with
antibacterial responses, such as the induction of cathelicidin and defensins, which can
block viral entry into cells as well as suppress viral replication [65,78]. Another property
of vitamin D relevant both to antibacterial and antiviral mechanisms acts through the
promotion of autophagy [79], a fundamental biological process that maintains cellular
homeostasis through the encapsulation of damaged organelles and misfolded proteins
by intracellular membranes. Autophagy is also an essential mechanism by which cells
respond to viral invasion. Specifically, autophagic encapsulation packages viral particles
for lysosomal degradation and subsequent antigen presentation and activation of adaptive
antiviral immune responses [80]. Thus, autophagy facilitates the creation of a cellular
environment that is hostile to viruses but does not guarantee one.

In addition to its established function in bone homeostasis, vitamin D modulates
and regulates multiple processes, including host defense, inflammation, immunity, and
epithelial repair. Patients with respiratory disease are frequently presented with deficient
in vitamin D; supplementation might provide substantial benefits to this population [81].
After binding to serum vitamin D binding protein, circulating 25-hydroxyvitamin D enters
monocytes and increases the intracellular level of active 1,25-dihydroxyvitamin D (1,25D),
which after binding to vitamin-D receptor (VDR) induces the expression of antimicrobial
peptides cathelicidin and β-defensin 4A and promotes autophagy through autophagosome
formation [82]. In humans, cathelicidin [83] and β-defensin [84] are produced through a
vitamin D-dependent antimicrobial pathway. Our previous study also demonstrated that
vitamin D-treated uremic hyperparathyroidism can efficiently increase serum cathelicidin
levels [85]. Taken together, vitamin D promotes innate immunity through the expression of
both cathelicidin and β-defensin, enhances autophagy through TLR activation, and affects
complement activation. Figure 2 presents the putative immune-related mechanisms of
vitamin D linked to COVID-19.

3.2. Vitamin D Regulates Adaptive Immunity

The adaptive immune system is initiated by the activation of antigen-presenting cells,
such as dendritic cells and macrophages, which in turn activate the antigen-recognizing
cells, T lymphocytes and B lymphocytes, which are major determinants of the immune
response [86]. 1α,25-Dihydroxyvitamin D directly modulates inflammatory cytokines
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that are dependent on NF-κB activity in numerous types of cells, including macrophages,
by blocking NF-κB p65 activation via the upregulation of the NF-κB inhibitory protein
IκBα [87]. TLRs are transmembrane proteins that recognize conserved molecular motifs
of viral and bacterial origin and initiate innate immune responses. TLR3 recognizes viral
double-stranded RNA or synthetic double-stranded RNA (polyinosinic: polycytidylic acid)
and is primarily involved in viral defense. Vitamin D treatment has been demonstrated to
attenuate the expression of IL-8 in respiratory epithelial cells by double-stranded RNA-
TLR3 [86,88].

Circulating T cells, B cells, and dendritic cells express the vitamin D-activating en-
zyme CYP27B1 (1α-hydroxylase) and the VDR, which then utilize the circulating 25D
through intracrine conversion to active 1,25D. Increased intracellular 1,25D inhibits the
maturation of dendritic cells and thus modulates the function of CD4+ T cells. Systemic
active vitamin D (1,25D) also regulates VDR-expressing CD4+ T cells in a similar way. In
essence, vitamin D inhibits the activation of type 1 T helper cells and cellular immune
responses related to tissue destruction. In addition, vitamin D promotes the association of
Th2 cells with humorally mediated immunity. In general, vitamin D regulates immunity
by promoting the shift from Th1 to Th2 cells. Vitamin D also mitigates inflammation
and tissue damage by inhibiting the development of Th17 cells. Similarly, Tregs suppress
inflammation in response to vitamin D [82]. In short, vitamin D was assumed to modulate
adaptive immunity against COVID-19 in several ways. For example, it can suppress the
maturation of dendritic cells and weaken the antigenic presentation, and then increase
cytokine production induced by CD4+ T cells and promote the efficiency of Treg lympho-
cytes. Recent clinical study revealed that severe immunosuppression but not a prominent
cytokine storm characterizes COVID-19 infections [68]. Vitamin D can also suppress the
secretion of Th1 and Th17 cytokines and related tissue destruction (Figure 3), these effects
are hypothesized to occur even during COVID-19, suggesting that appropriate vitamin
D supplementation may attenuate immunosuppression and enhance anti-inflammatory
effects against COVID-19.

3.3. Vitamin D Modulates ACE2 and the RAS

Vitamin D deficiency is a known pandemic and global public health problem which
varies with age, ethnicity, and latitude. Environmental factors, including the lack or reduc-
tion of sunlight (UV-B), life with air pollution, and smoking, are responsible for vitamin
D deficiency. The presence of comorbid diseases, such as septicemia, diabetes mellitus,
chronic respiratory diseases, and cancer, is closely linked to vitamin D deficiency [89]. In
this COVID-19 pandemic, a similarity in prevalent areas and the nature of SARS-CoV-2
infection and vitamin D deficiency was observed [9], which might explain the importance
of vitamin D supplementation in COVID-19 [90]. Adequate vitamin D supplementation
is also required to reduce RAS activity and increase ACE2 concentrations in acute lung
injury. Specifically, sufficient vitamin D supplementation induces the ACE2/Ang 1–7 and
suppresses the renin axis and the ACE/Ang II/AT1R axis [91].

It is well known that lower levels of 25 hydroxyvitamin D (25[OH]D) are strongly and
independently associated with an increased risk of developing high blood pressure [92]. In
line with this finding, both animal and human studies suggest that vitamin D deficiency
may increase RAS activity within the kidneys both systemically and locally [93]. A study
reported that individuals with vitamin D insufficiency and deficiency (15–29.9 ng and
<15 ng/mL, respectively) had higher circulating Ang II concentrations than did those whose
25(OH)D concentrations were sufficient (≥30 ng/mL) [94]. The patients deficient in vitamin
D also had a significantly reduced renal plasma flow response to Ang II infusion [95].

The COVID-19 prognosis of older adults, smokers, and individuals with obesity or
other comorbidities such as hypertension and diabetes mellitus is poor [96]. RAS-acting
agents that increase ACE2 levels serve as substrates for SARS-CoV-2 infection [97]. Cir-
culating ACE2 is regarded as a biomarker of hypertension and heart failure [98] as well
as diabetes [99]. SARS-CoV-2 infection downregulates ACE2 activity and accumulates
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toxic Ang II and metabolites, which subsequently develop into ARDS or fulminant my-
ocarditis [97]. Vitamin D sufficiency can lower RAS activity through several pathways,
including transcriptional suppression of renin, ACE, and Ang II expression [100] and
increased ACE2 concentration in lipoprotein (LPS)-induced acute lung injury(ALI) [91]. In
other words, vitamin D mitigates LPS-induced ALI by inducing the ACE2/Ang 1–7 axis
and by suppressing both renin and the ACE/Ang II/AT1R axis [91]. Vitamin D treatment
also increases soluble ACE2 (sACE2) [101] which retains the enzyme activity of ACE2 and
can bind to the S-protein of SARS-CoV. So sACE2 may block S protein and prevent cells
from being infected. In vivo studies on diabetic rats supplemented with active vitamin
D reported that calcitriol decreased the ACE concentration and ACE/ACE2 ratio and
increased ACE2 concentration [102]. Expression of ACE2 is reduced in patients with DM
possibly due to glycosylation [31,103]; this could explain the increased predisposition to
severe pulmonary lesions and ARDS with COVID-19. As a result, we can speculate on the
beneficial effect of the vitamin-D supplement on diabetic patients with COVID-19.

Figure 3. Vitamin D-related adaptive immune responses to COVID-19. Dendritic cells expressing 1α-hydroxylase and the
vitamin D receptor (VDR) can utilize circulating 25-hydroxyvitamin D [25(OH)D] for intracrine responses through localized
conversion to active vitamin D [1,25(OH)2D]. Intracrine synthesis of 1,25(OH)2D inhibits the maturation of dendritic cells,
thereby modulating CD4+ T cell function. CD4+ T cell responses to 25(OH)D may also be mediated in a paracrine manner,
with 1,25(OH)2D acting on VDR-expressing CD4+ T cells. VDR-expressing CD4+ T cells are also potential targets for
systemic 1,25(OH)2D (endocrine effect). Vitamin D acts on dendritic cells to stimulate effector CD4+ cells to differentiate
into one of the four types of CD4+ cells. Activated T cells also express VDR. Under normal circumstances, vitamin D
increases T helper (Th) 2 (Th2) cytokines (e.g., IL-10) and the efficiency of regulatory T (Treg) lymphocytes. Vitamin D
inhibits the development of Th1 cells, which are associated with the cellular immune response. In addition, vitamin D
promotes the association of Th2 cells with humorally mediated immunity. Thus, vitamin D promotes the shift from Th1 to
Th2 cells. Vitamin D also inhibits the development of Th17 cells, which play roles in tissue damage and inflammation. The
fourth group of CD4+ T cells, Tregs, suppress the function of vitamin D. Circulating and local active vitamin D acts through
intracrine, paracrine, and endocrine effects to regulate adaptive immunity in SARS-CoV infection. First, it suppresses the
maturation of dendritic cells and weakens the antigenic presentation. Second, it increases cytokine production by CD4+ T
cells and promotes the efficiency of Treg lymphocytes. Finally, it suppresses Th1 and Th17 cytokine secretion, as well as
related tissue destruction [82].
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Vitamin D increases the expression and bioavailability of ACE2, a mechanism that
may be responsible for the trapping and inactivation of viruses. This suggests the potential
benefits of adequate vitamin D supplementation, which requires further exploration. In
sum, vitamin D may be able to combat COVID-19 and the related induction of MAS and
ARDS by targeting ACE2 downregulation and the unbalanced RAS (Figure 4).

Figure 4. Effects of vitamin D on angiotensin-converting enzyme 2 (ACE2) and the renin–angiotensin–aldosterone system
(RAS) in response to the coronavirus disease 2019 (COVID-19). (A) Schematic of the RAS under normal circumstances,
with physiological steps of the generation of angiotensin (Ang) II and Ang 1–7 shown, as well as their activity on specific
receptors. (B) Interaction of the severe acute respiratory syndrome coronavirus 2 with the RAS. (C) Possible therapeutic
effects of vitamin D for COVID-19 and related acute respiratory distress syndrome or macrophage activation syndrome. The
ACE2 molecule, besides being a receptor of SARS-CoV-2, reduces the activity of the renin–angiotensin system by converting
Ang I and Ang II into Ang 1–9 and Ang 1–7 respectively [33]. Thus, the ACE2 protein has been shown to play an important
role in protecting against some disorders such as cardiovascular complications, chronic obstructive pulmonary disease
(COPD) and diabetes, among other COVID-19 comorbidities [34]. The ACE2/Ang 1–7 axis counterbalances the ACE/Ang
II-I axis by decreasing Ang II levels, the activation of angiotensin type 1 receptors (AT1Rs) and, thus, leads to decreased
pathophysiological effects on tissues, such as inflammation and fibrosis [35].
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4. Controversial Findings from Clinical Studies

In a recent study on 20 European countries, a close association was found between
lower levels of vitamin D and higher numbers of COVID-19 cases and mortality [2]. Vita-
min D insufficiency or deficiency is more common in patients with obesity and diabetes,
conditions that appear to lead to higher COVID-19 mortality rates [104]. However, recent
data from a UK Biobank study did not reveal a relationship between vitamin D levels and
the risk of SARS-CoV-2 infection. Moreover, vitamin D insufficiency or deficiency could not
explain the ethnic differences in SARS-CoV-2 infection rates [105]. Although it is unclear
whether vitamin D can help mitigate the risk of COVID-19 infection or its outcomes, it can
be concluded that vitamin D deficiency is not beneficial. A 2020 retrospective cohort study
conducted at an urban academic medical center indicated that vitamin D deficiency was
associated with increased COVID-19 incidence [5]. Although epidemiological data appear
to link vitamin D with COVID-19, conclusive evidence regarding the role of vitamin D in
preventing or mitigating the severe respiratory complications of COVID-19 is lacking [106].
Multiple observation studies [107] have shown that serum concentrations of 25 hydroxyvi-
tamin D (25(OH)D) are inversely correlated with the incidence or severity of COVID-19.
Evidence to date has generally met Hill’s causality criteria [108] in a biological system,
although experimental verification is not sufficient. Vitamin D deficiency constitutes only
one of numerous determinants of COVID-19 outcomes, but it can be corrected safely and
inexpensively [108,109]. Evidence for the contribution of vitamin D to reducing the risk
of COVID-19 includes the speculation that the outbreak is more serious in cooler regions
and during the winter months, when 25(OH)D levels are the lowest, as well as the fact that
case fatality rates from the disease are higher in patients who are potentially deficient in
vitamin D (e.g., older adults and those with comorbidities) [6]. The fact that people tend
to gather indoors in cooler regions and winter months versus outdoors in summer may
account for the higher COVID-19 incidence observed in winter. Thus, ensuring adequate
vitamin D intake (in line with national recommendations) probably be advisable.

Specifically, vitamin D supplements at therapeutic doses might not be dangerous to
COVID-19 patients; it might even mitigate the exacerbation or severity of the disease. Of
course, considering the emergency of the current situation, sufficient evidence to support
this claim has yet to be collected. The recommended intake for individuals at higher risk of
COVID-19 is 10,000 IU/day for 1 to 2 weeks and subsequently 5000 IU daily, with target
25(OH)D concentrations of over 40 to 60 ng/mL [6]. Well-conducted randomized controlled
trials of vitamin D supplementation in patients with COVID-19 remain an urgent need.

5. Conclusions

Vitamin D levels are closely associated with COVID-19 severity and mortality. Ade-
quate vitamin D supplementation may enhance the innate immune response against the
disease through the increased synthesis of antimicrobial peptides to kill the virus intracel-
lularly (e.g., intravesicularly). Regarding adaptive immunity, in addition to suppressing
cytokine storms, vitamin D enhances CD4+ T cells and promotes the production of virus-
specific antibodies by activating T cell-dependent B cells. Vitamin D induces ACE2/Ang
1–7/MasR axis activity and inhibits the renin and ACE/Ang II/AT1R axis, which increases
the concentration of ACE2, MasR, and Ang 1–7, and subsequently reduces RAS-related
tissue inflammation, destruction, and fibrosis. The increased shedding of soluble ACE2
may provide additional protective effects. Clinical evidence on vitamin D supplementation
in patients with COVID-19 remains inconclusive, perhaps due to varied study end-points,
variations in epidemiological characteristics (e.g., race and dietary habits) and differed
clinical settings. However, it is cost effectiveness to give vitamin D to boost immunity from
prevention in COVID-19 era. It is important to conduct more randomized studies among
different geographical populations to determine variations in requirements of vitamin D
supplementation during COVID-19 era.
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Abstract: Resveratrol (RSV) is a natural compound that displays several pharmacological properties,
including anti-cancer actions. However, its clinical application is limited because of its low solubility
and bioavailability. Here, the antiproliferative and anti-inflammatory activity of a series of phenylac-
etamide RSV derivatives has been evaluated in several cancer cell lines. These derivatives contain
a monosubstituted aromatic ring that could mimic the RSV phenolic nucleus and a longer flexible
chain that could confer a better stability and bioavailability than RSV. Using MTT assay, we demon-
strated that most derivatives exerted antiproliferative effects in almost all of the cancer cell lines
tested. Among them, derivative 2, that showed greater bioavailability than RSV, was the most active,
particularly against estrogen receptor positive (ER+) MCF7 and estrogen receptor negative (ER-)
MDA-MB231 breast cancer cell lines. Moreover, we demonstrated that these derivatives, particularly
derivative 2, were able to inhibit NO and ROS synthesis and PGE2 secretion in lipopolysaccharide
(LPS)-activated U937 human monocytic cells (derived from a histiocytoma). In order to define the
molecular mechanisms underlying the antiproliferative effects of derivative 2, we found that it
determined cell cycle arrest at the G1 phase, modified the expression of cell cycle regulatory proteins,
and ultimately triggered apoptotic cell death in both breast cancer cell lines. Taken together, these
results highlight the studied RSV derivatives, particularly derivative 2, as promising tools for the
development of new and more bioavailable derivatives useful in the treatment of breast cancer.

Keywords: resveratrol; phenylacetamide RSV derivatives; breast cancer cell lines; antiproliferative
activity; anti-inflammatory activity; cell cycle arrest; cell death

1. Introduction

Many foods and their bioactive components, including polyphenols, are beneficial
for various diseases. Several in vitro and in vivo studies have indicated that a diet based
on the consumption of cereals, legumes, vegetables, and fruits containing high levels of
polyphenols prevents many diseases, including cancer [1,2]. Among them, a promising can-
didate is resveratrol (3,5,4′-trihydroxystilbene) (RSV), a naturally occurring non-flavonoid
polyphenol [3]. RSV is the major phytoalexin produced by plants in response to stress,
injury, infection, or UV radiation and is mainly present in peanuts, grapes, red wine, and
some berries [4]. Although some of these plants and their extracts have been used for
therapeutic purposes by ancient cultures, RSV itself was first described in 1939, when
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it was isolated from Veratrum grandiflorum [5]. Chemically, RSV is a stilbene compound
and consists of two aromatic rings hydroxyl substituted with a C=C bond between them.
It exists as cis and trans isomeric forms, with trans to cis isomerization facilitated by UV
exposure, during the fermentation of skins, or under high pH conditions [6]. The trans
form has greater stability and biological activity than the cis form, and is responsible for the
induction of cellular responses. The increased interest in the trans isoform is also closely
related to epidemiological studies showing an inverse relationship between moderate
wine consumption and cardiovascular disease (the so-called “French paradox”). Moreover
in vitro and in vivo studies have also demonstrated beneficial effects of RSV on human
health [7,8], even though the mechanisms have not yet been fully elucidated. RSV has been
reported to exhibit numerous activities, including antioxidant [9], anti-inflammatory [10],
cardioprotective [11], neuroprotective [12] and anticancer properties [13,14] and so on, by
acting through several molecular mechanisms [7]. RSV is able to protect against oxidative
stress mainly by: (i) reducing reactive oxygen species (ROS) generation; (ii) directly scav-
enging free radicals; (iii) improving endogenous antioxidant enzymes (e.g., superoxide
dismutase (SOD), catalase (CAT), and glutathione reductase (GSH)); (iv) promoting an-
tioxidant molecules and the expression of related genes involved in mitochondrial energy
biogenesis, mainly through AMPK/SIRT1/Nrf2, ERK/p38 MAPK, and PTEN/Akt signal-
ing pathways; and (v) inducing autophagy via the mTOR-dependent or TFEB-dependent
pathway [7]. Furthermore, RSV exerts anti-inflammatory effects through the inhibition
of cyclooxygenase-1 (COX-1), cyclooxygenase-2 (COX-2), and 5-lipoxygenase catalytic
activity, and consequent suppression of prostaglandins, thromboxanes, and leukotriene
formation [15]. RSV was found to reduce LPS-induced nitric oxide (NO) and tumor necrosis
factor alpha (TNF-α) production in primary microglia [16], prevent LPS-induced microglial
BV-2 cell activation [17], and inhibit prostaglandin E2 (PGE2) and free radical production
by rat primary microglia [18], modulating inflammatory responses. Since inflammation is
a critical component of tumor progression and plays a key role in the tumor microenviron-
ment [19], RSV represents a promising candidate for cancer prevention and/or treatment.
There is a large body of in vitro studies that have demonstrated the proapoptotic and an-
tiproliferative actions of RSV in several tumors [13], including lymphoblastic leukemia [20],
colon [21], pancreatic [22], melanoma [23], gastric [24], cervical [25], ovarian [26], endome-
trial [27], liver [28], prostate [29] and breast [30] cancers, which confirmed its antitumor
properties. These cancer chemopreventive effects are also corroborated by preclinical
in vivo studies and clinical trials [31–33].

Although several studies have confirmed the beneficial effects of RSV on health, its
therapeutic application is limited due to its short biological half-life and rapid metabolism
and elimination, which limit its systemic bioavailability [34,35]. Indeed, in enterocytes,
RSV undergoes phase II of drug metabolism, producing polar metabolites, which are easily
excreted from the body. Specifically, it is conjugated with sulfate and glucoronate, and
after these reactions, RSV metabolites can: (a) be transported across the apical membrane
and reach the intestinal lumen, where they can be processed by the intestinal microbiota
generating dihydroresveratrol (DHR), lunularin (L), and 3,4′-dihydroxy-trans-stilbene;
(b) pass through the basolateral membrane and enter the bloodstream through which, by
binding to blood proteins, they reach other tissues, such as the liver, kidneys and other
peripheral tissues [36].

In the last decade, in order to overcome the limitations of low water solubility, ab-
sorption, transport across the membranes, and poor bioavailability of RSV, new synthetic
derivatives and bio-isosteric analogues have been prepared [14,37–41]. Some of these
possess a stronger pharmacological potency and a better pharmacokinetic profile than RSV
itself [38,39]. It has been reported that methoxylation increases the molecule’s lipophilicity,
thus promoting cell permeability with a greater metabolic stability and bioavailability [37].
The beneficial properties of other RSV derivatives have also attracted increased interest
in recent years [37]. RSV glycosylation, alkylation, halogenation, hydroxylation, methy-
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lation, and prenylation could lead to the development of new derivatives with enhanced
bioavailability and pharmacological activity [37].

In this work, the inhibitory effects on cancer cell growth of a series of synthetic RSV
phenylacetamide analogues, synthetized by some of us [42], have been evaluated. These
derivatives possess a monosubstituted aromatic ring that can mimic the RSV phenolic
nucleus and a longer flexible chain that can confer better stability and bioavailability than
RSV (Figure 1). We demonstrated that most derivatives exerted antiproliferative effects in
almost all of the cancer cell lines used, and inhibited LPS-induced ROS and NO production
and PGE2 secretion. We found that derivative 2 displayed a higher bioavailability compared
to RSV and was the most active in exerting anti-inflammatory and anti-proliferative effects;
this derivative was able to induce cell cycle arrest and apoptosis of estrogen receptor
positive (ER+) MCF7 and estrogen receptor negative (ER-) MDA-MB231 breast cancer cells.

Figure 1. Molecular structure of RSV and the tested RSV derivatives (1–6).

2. Results

2.1. Phenylacetamide RSV Derivatives Display Antiproliferative Effects on Several Cancer
Cell Lines

The antiproliferative effects of phenylacetamide RSV derivatives were evaluated in
several cancer cell lines, testing a wide range of concentrations from 2.5 to 40 μM (Figure 2).
We observed that derivative 1 causes a significant reduction only in MDA-MB231 and U937
cell viability, starting from the lowest dose of 5 μM (Figure 2A); starting from the same dose,
derivatives 2 (Figure 2B) and 6 (Figure 2F) exhibited inhibitory effects in the MCF7 cell line.
Moreover, derivative 2 displayed significant cytotoxic action in MDA-MB231 (starting from
the 10 μM dose), in U937 (starting from the 2.5 μM dose), and in H295R cells (only at the
highest dose of 40 μM) (Figure 2B). The same higher dose (40 μM) of derivative 3 reduced
MDA-MB231, H295R, and U937 cell viability (Figure 2C). The 10 μM dose of derivatives
3 (Figure 2C), 4 (Figure 2D), and 5 (Figure 2E), and the 20 and 40 μM doses of derivative
4, inhibited the MCF7 and MDA-MB231 and U937 cell viability, respectively. At the latter
higher concentrations, derivatives 5 (Figure 2E) and 6 (Figure 2F) exerted inhibitory effects
on MDA-MB231 (derivative 5) and R2C and U937 (derivative 6) cells. Interestingly, only
derivatives 2 (Figure 2B) and 1 (Figure 2A) did not exhibit significant cytotoxic effects in
the normal mouse fibroblast immortalized 3T3L1 cell line, whereas all other derivatives
tested, even at different percentages, showed inhibitory effects. Moreover, we wanted to
compare the effects of the same concentration ranges of derivative 2 with those of RSV on
the proliferative behavior of tumor cells. The results reported in Supplementary Figure S1
show that RSV exhibited less inhibitory activity than derivative 2, particularly in breast
cancer cells. Moreover, derivative 2 did not show an antiproliferative effect on 3T3L1 cells,
as RSV does (Figure S1).
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Figure 2. Effects of phenylacetamide RSV derivatives on cancer cell viability. MCF7, MDA-MB231,
H295R, R2C, U937, and 3T3L1 cells were treated with vehicle DMSO (0) or the following pheny-
lacetamide RSV derivatives: 1 (A), 2 (B), 3 (C), 4 (D), 5 (E), or 6 (F) at the indicated concentrations
(2.5, 5, 10, 20, and 40 μM). Cell viability was assessed by MTT assay after 72 h exposure. Results are
expressed as mean ± SE of three separate experiments (* p < 0.05 with respect to control (0)).
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2.2. Phenylacetamide RSV Derivatives Decrease LPS-Induced NO and ROS Production

It has been reported that inflammation is associated with tumorigenesis. Immune
cells and inflammatory cells infiltrate solid tumors, influencing most tumorigenesis
stages [19,43]. It is known that LPS induces an inflammatory state characterized by the
release of pro-inflammatory mediators such as ROS and NO, two well-characterized
chemokines that play a key role in inflammation [44,45]. RSV and its phenylacetamide
derivatives were evaluated for their ability to affect NO and ROS levels in LPS-activated
U937 cells (Figure 3B,C and Figure S2). Since no effects on cell viability were shown for RSV
and all derivatives at doses lower than 0.1 μM in U937 cells (Figure 3A and Figure S2A),
we chose this dose as the optimal concentration to evaluate the anti-inflammatory activity
of the phenylacetamide RSV derivatives, and we used RSV as a reference compound.
U937 cells were differentiated into macrophages with PMA and pre-incubated for 1 h
with DMSO or phenylacetamide RSV derivatives at 0.1 μM. Then, macrophages were
induced with 400 ng/mL LPS. Following 24 h incubation at 37 ◦C, NO and ROS levels were
detected. LPS induced a marked increase in NO (Figure 3B and Figure S2B) and ROS pro-
duction (Figure 3C and Figure S2C) in PMA-treated U937 cells. The majority of the tested
derivatives inhibited LPS-induced NO and ROS synthesis to various degrees. Derivative
6 was the most active in reducing ROS levels (by about 40%) (Figure 3C). Derivatives 1

(Figure 3C) and 2 (Figure 3C and Figure S2C) were also able to lower ROS production
in LPS-activated macrophages. All tested phenylacetamide RSV derivatives significantly
decreased NO levels. However, the best results were obtained with derivatives 2, 4, and
5, which abolished the LPS-induced increase (Figure 3B). In accordance with previous
findings [46], RSV was not able to significantly reduce NO at the tested concentration
(Figure S2B). Moreover, derivative 2 was more effective than RSV in lowering ROS in this
LPS-activated macrophage cell line (Figure S2C).

2.3. Phenylacetamide RSV Derivatives Reduce LPS-Triggered PGE2 Secretion

Taking into consideration the putative anti-inflammatory proprieties of the phenylac-
etamide RSV derivatives, we wondered whether they were able to reduce the secretion of
PGE2, a potent inflammatory mediator derived from arachidonic acid by the activity of
cyclooxygenase-2. To this end, U937/PMA cells treated with 0.1 μM of RSV or derivatives
1–6 were activated with LPS for 48 h and PGE2 levels were measured in cell culture me-
dia. All phenylacetamide RSV derivatives, except derivative 1, lowered PGE2 secretion
(Figure 3D). The most active derivative was 2, which reduced PGE2 levels by about 30%
when compared to the LPS-treated cells (Figure 3D). Notably, derivative 2 was more active
than RSV in diminishing PGE2 secretion following the LPS activation of macrophages
(Figure S2D).

2.4. Derivative 2 Determines Cell Cycle Arrest at G1 Phase in Both Human MCF7 and
MDA-MB231 Breast Cancer Cell Lines

In order to better investigate the molecular mechanism underlying the antiproliferative
effects of derivative 2 in ER+ MCF7 and ER- MDA-MB231 breast cancer cells, we performed
cell cycle analysis using flow cytometry (Figure 4). Cell cycle changes produced by this
RSV derivative were measured and the DNA histograms are reported in Figure 4. We
observed a significant increase in the G1 cell population after 24 h for the 20 and 40 μM
doses, accompanied by a variable decrease in the S and G2 phase cells, compared to the
control, in derivative 2-treated cells. These results confirmed a cell cycle arrest in the
G1 phase in both MCF7 (Figure 4A) and MDA-MB231 (Figure 4C) cells. To explore the
molecular alterations that might underpin cell cycle arrest, changes in the expression of
specific cell cycle regulatory proteins were determined by Western blot analysis. Our results
showed that treatment with derivative 2 caused a dose-dependent decrease in cyclin D1
(CCND1) and cyclin-dependent kinase 4 (CDK4) protein expression in MCF7 (Figure 4B)
and MDA-MB231 (Figure 4D) cells. These results confirmed that exposure to this derivative
invokes a signaling cascade that culminates in cell cycle arrest.
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Figure 3. Effects of low doses of phenylacetamide RSV derivatives on U937 cell viability, NO and
ROS levels, and PGE2 production. (A) U937 cells were treated with vehicle DMSO (0) or the pheny-
lacetamide RSV derivatives (1–6) at the indicated concentrations (0.01, 0.1, or 1 μM). Cell viability
was assessed by MTT assay after 72 h exposure. Results are expressed as mean ± SE of three separate
experiments (* p < 0.05 with respect to control (0)). (B–D) In PMA-treated U937 cells, unstimulated
(C) or activated with LPS alone (LPS), or in the presence of 0.1 μM of the phenylacetamide RSV
derivatives (1–6), NO (B), ROS (C) and PGE2 (D) levels were quantified. Means ± SE of four inde-
pendent experiments are shown. In (B–D), different letters indicate significant differences between
treatments at p < 0.05 (Tukey’s post hoc test).
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Figure 4. Effects of derivative 2 on the MCF7 and MDA-MB231 cell cycle distribution. (A,C) MCF7 (A) and MDA-MB231
(C) cells were synchronized in serum-free media for 12 h and then exposed to vehicle (0) or derivative 2 for 24 h at different
concentrations (20 and 40 μM). The distribution of MCF7 and MDA-MB231 in the cell cycle was determined by flow
cytometry using propidium iodide stained nuclei. (B,D) Western blot analysis of CCND1 and CDK4 was performed on
equal amounts of total proteins extracted from MCF7 (B) and MDA-MB231 (D) cells treated with derivative 2 (20 and
40 μM) for 24 h. Blots are representative of three independent experiments with similar results. GAPDH was used as a
loading control.
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2.5. Derivative 2 Induces Gross Morphological Changes and Apoptosis in Both Human MCF7 and
MDA-MB231 Breast Cancer Cell Lines

To further characterize whether the growth inhibitory activity of derivative 2 on
MCF7 and MDA-MB231 cells was related to the induction of cell death, we examined
its effects on cell morphology and apoptosis. We found that derivative 2 determines a
marked decrease in cell number and gross morphological changes in MCF7 (Figure 5A)
and MDA-MB231 cells (Figure 5D); these are dying cells, in which the 20 and 40 μM doses
clearly determine an aberrant morphology as compared with the untreated cells (vehicle
only) and the presence of many round floating cells.

The ability of derivative 2 to trigger apoptosis in human MCF7 and MDA-MB231
breast cancer cell lines was confirmed by the evaluation of DNA fragmentation. TUNEL
staining demonstrated the presence of increased positive cells following derivative 2

treatment (Figure 5B,E). In addition, DAPI staining evidenced that the untreated breast
cancer cells had round nuclei with regular contours, while nuclei from cells treated with
derivative 2 appeared shrunken and irregularly shaped or degraded with condensed
DNA. Apoptosis regulation requires the involvement of proteins that belong to the bcl-2
family; this proteins family includes both proapoptotic and antiapoptotic members, such
as bax and bcl2, respectively [47]. Using Western blot analysis, we found that the presence
of derivative 2 increased bax expression and decreased bcl-2 in both MCF7 (Figure 5C)
and MDA-MB231 (Figure 5F) cells. Particularly, in MDA-MB231 cells, this derivative
determined p21 bax cleavage to the p18 form, which may serve to increase the intrinsic
cytotoxic properties of bax and enhance its cell death function in the mitochondria [48].
We also detected the cleavage of parp1, which is considered one of the most important
biochemical features of cells undergoing apoptosis [49]. Treatment with derivative 2

(20–40 μM) induced parp1 cleavage in both cell lines (Figure 5C,F). These results confirmed
that in the studied human breast cancer cell lines, derivative 2 determines the induction of
the apoptotic mechanism.

2.6. In Vitro Bioavailability of Derivative 2

The in vitro bioavailability of derivative 2 was investigated using simulated gastroin-
testinal digestion according to the dialysis tubing procedure. The obtained results were
expressed as bioavailability percentage, calculated as the percentage of the tested com-
pound recovered in the bioaccessible fraction after in vitro gastric and intestinal digestions
compared to the initial undigested sample (Equation (1)):

Bioavailability (%) = (bioaccessible content)/(total undigested content) × 100 (1)

After the first 2 h of simulated gastric digestion, derivative 2 bioavailability was
equal to 23.1 ± 1.1%, while 36.3 ± 0.6% was recovered from the bioaccessible fraction
after a further 4 h of simulated intestinal digestion (Table 1). Therefore, the cumulative
bioavailability of the tested derivative after the two sequential digestion steps was around
59%. The obtained results showed an increased in vitro bioavailability of derivative 2

compared to RSV, characterized by a bioavailability of 13.4 ± 0.7% and 23.3 ± 0.6% after
gastric and intestinal digestions, respectively, reaching a cumulative bioavailability of
around 36% (Table 1).

Table 1. Bioaccessibility (%) of derivative 2 and RSV.

Sample
Bioaccessibility (%)

after Gastric Digestion
Bioaccessibility (%)

after Intestinal Digestion
Cumulative Bioaccessibility (%)

Derivative 2 23.1 ± 1.1 36.3 ± 0.6 ~59

RSV 13.4 ± 0.7 23.3 ± 0.6 ~36

172



Int. J. Mol. Sci. 2021, 22, 5255

 

Figure 5. Effects of derivative 2 on MCF7 and MDA-MB231 cell morphology and apoptosis. MCF7
(A) and MDA-MB231 (D) cells were untreated (0) or treated with derivative 2 (20 and 40 μM) for
24 h; after treatment, cells were examined with a phase-contrast microscope (×10 objective). Images
are from a representative experiment. Scale bar: 100 μm. (B,E) MCF7 (B) and MDA-MB231 (E) cells
were untreated (0) or treated with derivative 2 (10 μM) for 72 h; after treatment, cells were fixed with
paraformaldehyde and processed for TUNEL staining. Nuclei counterstaining was performed using
DAPI. Fluorescent signals were observed under a fluorescent microscope (×20 objective). Images
are from a representative experiment. Scale bar: 50μm. (C,F) MCF7 (C) and MDA-MB231 (F) cells
were untreated (0) or treated with derivative 2 (20 and 40 μM) for 24 h. Western blot analyses of bax,
bcl-2, and parp1 were performed on equal amounts of total proteins. Blots are representative of three
independent experiments with similar results. GAPDH was used as a loading control.

3. Discussion

Amongst the phytochemicals present in food that exhibit considerable prospects in
the treatment and management of human diseases, RSV, a stilbene-type aromatic phy-
toalexin, is one of the most widely studied [7]. In the last two decades, further studies have
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aimed to elucidate the mechanisms underlying RSV activity in reducing cancer initiation,
promotion, and progression, as well as the occurrence of inflammation in various cancer
models [7,13,14]. By interfering with diverse signal transduction pathways, RSV has been
shown to control cell growth and division, apoptosis, metastasis, and angiogenesis [13]. To
date, experimental in vitro and in vivo data and several clinical trials have demonstrated
the potential role of RSV as a preventive or therapeutic agent for a wide range of can-
cers [13,20–33]. This is due to its ability to modulate different targets and act on different
pathways that are usually altered in cancer, together with a low toxicity [50]. Moreover,
the combined treatment of RSV with diverse chemotherapeutics revealed enhanced anti-
neoplastic effects [51]. Even though human clinical trials have produced positive results,
some critical concerns, partly due to the dosing protocols and low bioavailability, have
arisen [8,34,35]. To overcome these limitations, numerous efforts focused on the formu-
lation of delivery systems and the development of more bioavailable derivatives have
been made [37]. From this point of view, we designed and synthesized a series of pheny-
lacetamide RSV analogues that are characterized by a monosubstituted aromatic ring,
mimicking the RSV phenolic nucleus, and a longer flexible chain that could confer higher
stability and bioavailability. Using a panel of cancer cell lines, we evaluated the anticancer
activity of these RSV analogues and found that almost all possessed anticancer activity.
Particularly, derivative 2 was the most effective in reducing cancer cell viability, together
with a lack of cytotoxicity against the murine fibroblast 3T3L1 cell line, which was used as
a normal cell model. Moreover, it displayed enhanced inhibitory activity against estrogen
receptor positive (ER+) MCF7 and estrogen receptor negative (ER-) MDA-MB231 breast
cancer cell growth and had a higher bioavailability of 23% compared to RSV.

Next, we wondered whether derivative 2 could also act as modulator of inflammatory
responses in U937 cells differentiated into macrophages. Indeed, it is noteworthy that
inflammation is usually associated with the induction or the exacerbation of about a quarter
of cancer cases, very quickly resulting in a chronic situation that leads to higher destruction
and lower healing of the affected tissue(s) [43]. Once again, RSV has been shown to
modulate pro-inflammatory proteins or their signal transduction pathways, as well as
other pathways producing precursors of inflammation [7,10,11]. Our outcomes clearly
indicate that derivative 2, when used at a concentration that is not toxic for the adopted
cell model (viz. 0.1 μM), is able to reduce NO synthesis and PGE2 levels (released in the
culture medium) in U937/PMA cells exposed to LPS, by about 40% and 30%, respectively.
The other analogues shared a similar anti-inflammatory activity, with a certain inter-series
variability, but to a lesser extent. The anti-inflammatory activity synergizes with another
property of derivative 2, its ability to significantly decrease ROS levels in the same cellular
context previously adopted, even though the best antioxidant performance was obtained
with the use of derivative 6. Taken together, these data proved that the lead derivative 2

possesses the ability to decrease cancer cell viability and diminish, contemporaneously,
two important mediators of inflammation and ROS production. Next, we performed flow
cytometry and Western blot analysis to further study the mechanisms involved in the
observed anticancer activity of derivative 2. Cell cycle analysis performed on the two
breast cancer cell lines revealed a block at the G1 phase after exposure at the indicated
doses of derivative 2. These results have been also confirmed by Western blot analysis.
A dose-dependent decrease in the CCND1 and CDK4 protein expression, in both MCF7
and MDA-MB231 cells, has been detected. DNA damage most likely occurs as a result of
derivative 2 treatment; indeed, the role of the G1 checkpoint in limiting new cancer cell
formation, with damaged DNA, is irrefutable nowadays, because alterations or mutations
in several proteins involved in the next phase transition have been linked to specific
tumors [52]. If the cells arrive in the G1 phase with damaged DNA, in one way or another,
they sense this damage and send signals that cause alterations in the cyclins and CDKs
that “put the brake on”, producing a block in G1 phase until the DNA damage is repaired.
G1-phase arrest of cell cycle progression gives cells the ability to repair damage or die
from apoptosis [52,53]. Therefore, we studied the mechanism by which breast cancer cells,
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blocked at the G1 phase, died following derivative 2 treatment. The morphological cell
changes observed are, undoubtedly, a signal of cell death [54]; indeed, derivative 2 is
able to induce apoptotic mechanisms, with DNA damage, as determined by the means of
TUNEL and parp1 cleavage assays. Moreover, we observed the increased expression of the
pro-apoptotic protein bax, accompanied by a decrease in bcl2 levels. These proteins are the
major members of the bcl-2 family that play a key role in tumor progression and inhibition
of the intrinsic apoptotic pathway [47]. Therefore, the balance between pro- and anti-
apoptotic members of this family determines the cellular fate; in this case, the increased
bax/bcl2 ratio confirmed the apoptosis of breast cancer cell lines that was previously
observed. It should be highlighted that the downregulation and upregulation of bcl2 and
bax expression, respectively, triggered by derivative 2 are important markers that have
already been clinically associated with better survival in patients affected by some types of
tumors [55–57]. Thus, closing the circle, the latter data strengthen our previous cell cycle
results, indicating that, following derivative 2 exposure, breast cancer cells are blocked at
the G1 phase of the cell cycle, due to their inability to repair DNA damage, and are directed
toward cell death by the apoptotic mechanism. In conclusion, the revealed features of
this lead derivative make it a valuable molecule that is able to modulate several biological
aspects of cancer cell growth, shedding light on the research into new and more active
RSV derivatives.

4. Materials and Methods

4.1. Cell Cultures and Treatments

MCF7 and MDA-MB231 breast cancer cells, H295R adrenocortical cancer cells, R2C rat
Leydig tumor cells, and 3T3L1 mouse embryonic fibroblast cells were purchased from the
American Type Culture Collection (ATCC) (Manassas, VA, USA). MCF7 cells (ER positive
breast cancer cells) were maintained as previously described [58,59]. MDA-MB231 cells (ER,
PR, and HER2 triple negative breast cancer cells) were maintained in Dulbecco’s Modified
Eagle Medium/F12 (DMEM/F12) medium supplemented with 10% fetal bovine serum
(FBS), 1% L-glutamine (L-Glu), and 1% penicillin/streptomycin (P/S) (Sigma-Aldrich,
Milano, Italy) (complete medium). H295R adrenocortical cancer cells were cultured in
DMEM/F12 medium supplemented with 1% Insulin-Transferrin-Selenium (ITS) Liquid
Media Supplement, 10% FBS), 1% L-Glu, and 1% P/S (complete medium). R2C rat Leydig
tumor cells were maintained as previously described [60]. The 3T3L1 mouse embryonic
fibroblast cell line, obtained from ATCC, was cultured in DMEM with phenol red sup-
plemented with 10% FBS, 1% L-Glu, and 1% P/S (Sigma-Aldrich) (complete medium).
The human pro-monocytic cells derived from a histiocytoma (U937 cells) were purchased
from the Interlab Cell Line Collection (ICLC) (IRCCS AOU San Martino IST) and grown
in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal
bovine serum, 2 mM L-Glu, 100 U/mL penicillin, and 100 μg/mL streptomycin. All cells
were maintained at 37 ◦C in a humidified atmosphere of 95% air and 5% CO2 and were
screened periodically for Mycoplasma contamination. U937 cells were differentiated to
macrophages by adding 10 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich)
for 16 h. Where indicated, U937/PMA cells were stimulated for 24 or 48 h with 400 ng/mL
of lipopolysaccharides from Salmonella enterica serotype typhimurium (LPS, Sigma-Aldrich)
after one hour of treatment with the phenylacetamide RSV derivatives 1–6. All cell lines
were treated in complete medium at the times and concentrations indicated with phenylac-
etamide RSV derivatives (1–6) or RSV.

4.2. Cell Viability Assay

Cell viability was determined as previously described [61] by colorimetric 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which measures mi-
tochondrial activity in viable cells. Specifically, the cells (2.5 × 104) were plated in a 48-well
plate and, after 48 h, were treated with phenylacetamide RSV derivatives (1–6) at increas-
ing concentrations (2.5, 5, 10, 20, and 40 μM) for 72 h. Control groups were treated with

175



Int. J. Mol. Sci. 2021, 22, 5255

Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich) equal to the highest percentage of (<0.1%)
solvent used in the experimental conditions for the MTT assay. After treatment, fresh MTT,
resuspended in phosphate buffered saline (PBS), was added to each well (final concen-
tration 0.5 mg/ml) and the plate was incubated at 37 ◦C for 3 h in a humidified 5% CO2
incubator. After incubation, media were removed, and formazan crystals were dissolved
in 200 μL of DMSO (Sigma-Aldrich) for 10 min with gentle agitation. Each experiment
was performed with six replicates three times; the optical density was measured at 570 nm
with a spectrophotometer (Synergy H1 plate reader, BioTek Instruments, Inc., Winooski,
VT, USA).

4.3. Flow Cytometric Analysis of DNA Content

MCF7 and MDA-MB231 breast cancer cells (5 × 105/well) were seeded in six multi-
well plates for 24 h. Sub-confluent monolayers were depleted of serum for 12 h and
treated for an additional 24 h with derivative 2 (20 and 40 μM). The cells were harvested
by trypsinization and resuspended with 0.5 mL of DNA staining solution (0.1 mg/mL
propidium iodide (PI), 0.1% sodium citrate, and 0.1% Triton X-100, 0.02 mg/mL RNase;
Sigma). The DNA content was measured using a CytoFLEX flow cytometer (Beckman
Coulter SRL, Milano, Italy). Nuclei (10,000 events) were analyzed from each sample. The
percentage of cells in the G1, S and G2/M phases of the cell cycle were determined by
analysis with CytExpert software (Beckman Coulter SRL, Milano, Italy).

4.4. Western Blot Analysis

Total proteins were subjected to Western blot analysis [60]. Blots were incubated
overnight at 4 ◦C with antibodies against cyclin D1 (CCND1), cyclin-dependent kinase 4
(CDK4), bax, bcl2, and parp1 (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary an-
tibodies (Amersham Pharmacia Biotech, Piscataway, NJ, USA) and immunoreactive bands
were visualized with the ECL Western blotting detection system (Amersham Pharmacia
Biotech). To ensure equal loading of proteins, membranes were stripped and incubated
overnight with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (Santa
Cruz Biotechnology).

4.5. Phase Contrast Microscopy for Morphological Evaluation

MCF7 and MDA-MB231 cells were seeded in six-well plates at a density of 5 × 105

cells/well for 24 h and then left untreated (0) or treated with derivative 2 (20 and 40 μM)
for 24 h. Subsequent to treatment, culture plates were observed using an inverted phase
contrast microscope (Olympus CKX53 inverted microscope, Waltham, MA, United States)
and images were captured (×10 objective).

4.6. Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labelling (TUNEL) Assay

Apoptosis was detected using the TUNEL assay, according to the guidelines of the
manufacturer (CFTM488A TUNEL Assay Apoptosis Detection Kit, Biotium, Hayward,
CA, USA). The cells were grown on glass coverslips and then treated with derivative 2.
After paraformaldehyde fixation, the TUNEL reaction mixture containing the terminal de-
oxynucleotidyl transferase (TdT) enzyme was added, as reported by Iacopetta et al. [62,63].
Samples were washed, incubated with DAPI (Sigma; 0.2 μg/mL) for nuclei counterstaining,
and then observed and imaged under a fluorescence microscope (Leica DM6000, Leica
Microsystems GmbH, Wetzlar, Germany; magnification ×20, λex/em maxima of 490/515
nm for CFTM488A or 350/460 nm for DAPI). Images are representative of three indepen-
dent experiments.

4.7. ROS and NO Detection

For reactive oxygen species and nitric oxide analysis, U937 cells were differentiated
in macrophages with PMA and then activated by LPS in the presence (or absence) of
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0.1 μM of the phenylacetamide RSV derivatives. After 24 h, ROS and NO levels were
measured using 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA, Thermo
Fisher Scientific, San Jose, CA, USA) and 4-amino-5-methylamino-2′,7′-difluorofluorescein
diacetate (DAF-FM Diacetate, Thermo Fisher Scientific), respectively [64]. The fluorescence
was analyzed on a microplate reader (Glomax, Promega, Madison, WI, USA).

4.8. PGE2 Quantification

U937/PMA cells were treated with phenylacetamide RSV derivatives (0.1 μM) for one
hour, and then stimulated with 400 ng/mL LPS. After 48 h, the cell culture media were collected
to measure PGE2 levels using the DetectX® Prostaglandin E2 High Sensitivity Immunoassay
Kit (Arbor Assays, Ann Arbor, MI, USA) according to the manufacturer’s instructions.

4.9. In Vitro Bioavailability Studies

In vitro bioavailability studies were carried out following the dialysis tubing proce-
dure, which consisted of two sequential digestion steps involving pepsin and pancreatin,
respectively [65]. Simulated gastric digestion was performed by preparing a digestion
mixture consisting of 100 μL of a derivative 2 solution (10 mM in DMSO), 1.0 mL of HCl
(0.85 N), and 3 mL of a sodium cholate solution (2% w/v in distilled water). Then, the
mixture was placed into a dialysis bag (Spectrum Laboratories Inc., MWCO: 12,000–14,000
Dalton, GA, USA) and dialyzed against 10 mL of a 0.85 N HCl solution (pH 1.0) at 37 ◦C.
After 2 h, a 2 mL aliquot was withdrawn and analyzed to evaluate the amount of derivative
2 in the bioaccessible fraction. For sequential intestinal digestion, 11 mg of amylase, 11 mg
of esterase, and 1.3 mL of a 0.8 M NaHCO3 solution containing 22.60 mg porcine pancre-
atin/mL were introduced into the dialysis bag, which was then dialyzed against 10 mL
of buffer solution at pH 7.0 for a further 4 h at 37 ◦C. Then, 2 mL of the external solution
was withdrawn and analyzed to assess derivative 2 concentration. UV/Vis spectroscopy
(UV/Visible Spectrophotometer Evolution 201, Thermo Fisher Scientific) was used to deter-
mine the concentration of derivative 2 in the samples obtained after simulated gastric and
intestinal digestions. The in vitro bioavailability studies were carried out using RSV as a
reference derivative. Experiments were performed in triplicate.

4.10. Statistical Analysis

All experiments were performed at least three times. Data are expressed as mean
values ± standard error (SE). The statistical significance between control (basal, 0) and
treated samples was analyzed using GraphPad Prism 5.0 software (GraphPad Software,
Inc., San Diego, CA, USA). Control and treated groups were compared using the analysis
of variance (ANOVA) with Bonferroni, Dunn’s, or Tukey’s post hoc tests. Differences were
considered as significant when p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22105255/s1, Figure S1: Comparative effects of derivative 2 and RSV on cancer cell
viability. MCF7, MDA-MB231, H295R, R2C, U937, and 3T3L1 cells were treated in complete medium
with vehicle DMSO (0), derivative 2 (A), or RSV (B) at the indicated concentrations (2.5, 5, 10, 20,
and 40 μM). Cell viability was assessed by MTT assay after 72 h exposure. Results are expressed
as mean ± SE of three separate experiments (* p < 0.05 with respect to control (0)), Figure S2:
Comparative effects of low doses of derivative 2 and RSV on U937 cell viability, NO and ROS levels,
and PGE2 release. (A) U937 cells were treated in complete medium with vehicle DMSO (0) or
derivative 2 and RSV at the indicated concentrations (0.01, 0.1, and 1 μM). Cell viability was assessed
by MTT assay after 72 h exposure. Results are expressed as mean ± SE of three separate experiments
(* p < 0.05 with respect to control (0)). (B–D) In U937/PMA cells, unstimulated (C) or activated with
LPS alone (LPS) or in presence of 0.1 μM derivative 2 (2) or RSV, NO (B) ROS (C), and PGE2 (D)
levels were quantified. Means ± SE of three independent experiments are shown. Different letters
indicate significant differences between treatments at p < 0.05 (Tukey’s post hoc test).
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Abstract: Prenylated flavonoids are an important class of naturally occurring flavonoids with im-
portant biological activity, but their low abundance in nature limits their application in medicines.
Here, we showed the hemisynthesis and the determination of various biological activities of seven
prenylated flavonoids, named 7–13, with an emphasis on antimicrobial ones. Compounds 9, 11, and
12 showed inhibitory activity against human pathogenic fungi. Compounds 11, 12 (flavanones) and
13 (isoflavone) were the most active against clinical isolated Staphylococcus aureus MRSA, showing
that structural requirements as prenylation at position C-6 or C-8 and OH at positions C-5, 7, and
4′ are key to the antibacterial activity. The combination of 11 or 12 with commercial antibiotics
synergistically enhanced the antibacterial activity of vancomycin, ciprofloxacin, and methicillin in a
factor of 10 to 100 times against drug-resistant bacteria. Compound 11 combined with ciprofloxacin
was able to decrease the levels of ROS generated by ciprofloxacin. According to docking results of S
enantiomer of 11 with ATP-binding cassette transporter showed the most favorable binding energy;
however, more studies are needed to support this result.

Keywords: prenylated flavonoids; synthesis; antibacterial; MRSA; synergism; antifungal

1. Introduction

Prenylated flavonoids are a subclass of natural flavonoids characterized by the pres-
ence of a prenylated side chain (i.e., prenyl, geranyl and lavandulyl) attached to the
flavonoid skeleton. Since prenylated flavonoids are generally more bioactive than their
non-prenylated precursors, they are of interest as lead compounds for producing new
drugs [1–3]. However, since prenylated flavonoids often exist at trace levels in their nat-
ural sources that make further biological studies difficult, it may be useful to synthesize
prenylated flavonoids in appreciable quantities and at low costs to allow future biological
studies [4]. Compounds of this type exhibit significant effects in the insect–plant interac-
tion [5] as well as antifungal [6], antimicrobial [7], antiviral [8,9], anti-inflammatory [10],
and anticancer [11] activities and anti-lipid properties, both in vitro and in vivo [12]. The C-
prenylation of flavonoids seems to be crucial to the biological activities of these compounds,
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which may lead to enhanced cell membrane targeting and thus increased intracellular
activity [13]. From a chemistry point of view, the C-prenylation is complicated, ineffi-
cient, and time-consuming, so other methods must be explored; i.e., biocatalysis may be
the solution to these problems [14,15]. The prenylation of the flavonoid core increases
lipophilicity and membrane permeability, which is one of the proposed reasons for the
enhanced biological activities of prenylated flavonoids [16]. Efficient chemistry methods
to obtain 8-prenylnaringenin with reasonable yields (20–33%) have been reported via
Claisen and Claisen–Cope rearrangement [17] in many steps. A good approximation to
obtain these kinds of compounds may be the direct prenylation of commercially available
flavonoids with 3-methyl-2-buten-1-ol using ZnCl2 as Lewis acid by coupling via an aro-
matic electrophilic substitution reaction (ArES), whose conditions have been used to obtain
prenylated phenols in our laboratory [18].

To determine the structural requirements of the prenylated flavonoids to exert any
remarkable biological activity, it is necessary to obtain numerous and varied series of these
compounds and to test them against several types of biological tests. These results will
provide enough data to obtain a reliable structure–activity relationship [17].

Multi-drug-resistant organisms are one of the major causes for the alarming level of
infectious diseases worldwide [19]. The discovery of new drugs with potent antimicrobial
activity, particularly against the resistant strains, is therefore highly desirable. Since
many of the currently available drugs have undesirable side effects, are ineffective against
new or reemerging fungi, or develop a rapid resistance [20], there is an urgent need for
the next generation of new antimicrobial agents that overcome these disadvantages. In
this sense, prenylated flavonoids have been demonstrated to have potent antimicrobial
activity [21]. Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus are the three
human pathogens of greatest concern, associated with hospital- and community-acquired
infections, according to the latest global estimates of antibiotic resistance worldwide [22].

Synergism between natural compounds and traditional antibiotics is a promising
strategy that could solve the problem of antibiotic resistance that some bacterial strains
have been able to develop [23].

As endogenous free radicals and human 5-lipoxygenase (5-hLOX) have been shown
to have major roles in the pathogenesis of various health problems including inflammatory
disorders [24,25], the compounds obtained here were tested as 5-hLOX inhibitors and
DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavengers. Since inflammation is related
to bacterial-mediated infections, a dual anti-inflammatory, antibacterial agent with an
improved safety profile is a goal for improved therapeutic benefits and better patient
compliance [26].

In this work, we have synthesized seven prenylated flavonoids and studied their
antimicrobial, anti-inflammatory, and antioxidant activities to evaluate the relevance of
adding prenyl groups on the structure of non-prenylated flavonoids and to propose the
use of naturally occurring organic compounds as possible therapeutic agents.

2. Results and Discussion

2.1. Synthesis

The synthesis of prenylated phenols was carried out in one step via the EAS mech-
anism as shown in Scheme 1, using a prenylation methodology applied to hydroxylated
acetophenones and benzaldehydes by us [18], with some modifications. The one-step
reaction of different flavonoids (1–5) with 3-methyl-2-buten-1-ol (6) in the presence of
ZnCl2 in ethyl acetate produced prenylated flavonoids (7–13) in moderate yields (23–36%)
and side products, mainly. Only 5′-prenyl fisetin (10) is new. When the flavonoids chrysin
(1) and naringenin (4) were alkylated, we isolated two C-alkylated compounds at positions
8 and 6 of the A-ring. Complex mixtures were found with quercetin (2) and fisetin (3), prob-
ably because their electron-donating substituents are more susceptible to oxidation [27].
Electron-rich aromatic rings can induce polyalkylations and decompositions, reducing
the yield.
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Conditions and reagents: (a) 3-methyl-2-buten-1-ol (6), ZnCl2/AcOEt, 40 °C–reflux, 4 h  7 -13 (23–36%). 

Scheme 1. Representative synthesis of prenylated flavonoids in one step.

Structure Determination

The place of C-alkylation was determined by 2D 1H- 13C HMBC NMR spectra. The
main J3 and J2 interactions between the methylene proton CH2 of the prenyl chain and
aromatic peaks are schematically shown in Figure 1. Only the interaction between the
methylene protons with the quaternary 8a carbon in the structure occurs when the C-
prenylation is produced in C-8. Correlations J3 and J2 between the methylene protons
CH2 and quaternary 8a or 4a carbon are impossible when the prenylation is bounded at
Position 6. For the rest of the molecules, the same reasoning was used to determine the
place of C-alkylation.

The presence of the carbonyl and hydroxyl groups was confirmed by observing the
typical signals in IR spectra. Stretching absorption values between 3550 and 3200 cm−1 as
a broad signal indicated the presence of phenol groups and stretching absorption values
between 1750 and 1680 cm−1 as one of the strongest singlet IR absorptions confirmed the
presence of carbonyl groups.

The hydrogen bond to carbons was determined by J1 interactions in the 2D 1H-13C
HSQC NMR spectra. 2D NMR spectra (HSQC and HMBC) for all prenylated compounds
were included in Supplementary Materials.

183



Int. J. Mol. Sci. 2021, 22, 5472

 
Figure 1. 2D 1H-13C HMBC spectrum obtained for compounds 7 and 8. Here, the projections of the full spectrum 1H NMR
and projections between 100 and 158 ppm for 13C NMR spectrum are represented. Only the main correlations between
aromatic peaks and prenyl chain are shown.

2.2. In Vitro Antibacterial Effects on Human Pathogen Bacteria

From the results of bacterial growth inhibitory activity on sensitive and resistant
S. aureus (Table 1), we can observe that not all prenylated flavonoids showed a good
antibacterial effect, being prenylated flavanones 7 to 10, weak to moderate inhibitors. In
Table 2, compounds 11 and 12, corresponding to prenylated naringenin, together with
compound 13 (prenylated genistein), showed strong activity both on the sensitive strain
and on the resistant strains, with MIC values ranging from 5 to 50 μg/mL. Compound 11

is the one that shows the best antibacterial action, especially on the resistant strain MRSA
97-7 with an MIC lower than that of the commercial agents tested.

Table 1. In vitro antibacterial assay. The expressed values are the percent inhibition of bacterial
growth achieved by prenylated flavonoids at a concentration of 50 μg/mL.

Compound MRSA 97-7 MRSA 622-4 ATCC 6538

7 21% 0% 6%
8 5% 0% 26%
9 61% 3% 52%
10 13% 18% 17%
11 95% 93% 100%
12 98% 98% 99%
13 91% 96% 99%

Table 2. Effect of prenyl substituent in the flavonoids on the antibacterial activity expressed as
minimum inhibitory concentration (MIC) (μg/mL).

Compound MRSA 97-7 MRSA 622-4 ATCC6538

4 >50 >50 >50
11 5 25 10
12 15 25 15
13 10 50 10

Vancomycin 25 5 3.5
Ciprofloxacin 100 10 2.5

Methicillin 50 50 10

The results show that the saturation of the double bond at the C2–C3 position appears
to be important for the antibacterial activity of flavonoids (compounds 11 and 12). This
coincides with those reported in the literature, where prenylated flavanones show better
activity than flavones [28,29]. The position of the hydroxyl substituents, as well as that of
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the prenyl group, appears to be important in the inhibitory activity of bacterial growth,
observing that derivatives with OH at positions C-5, 7, and 4′ show better inhibitory
activity, as well as the presence of prenyl groups in the C6 and C8 positions of Ring A, as
previously reported [30–32]. Araya–Coultier et al. (2018) showed that the position of the
prenyl group affects the antimicrobial activity of flavonoids, when comparing the effect
of lupiwighteone (5,7,4′-trihydroxy-8-prenylisoflavone) and wighteone (5,7,4′-trihydroxy-
6-prenylisoflavone), on the Gram-positive strain L. monocytogenes. Lupiwighteone, chain
prenylated at C-8, showed no inhibition, whereas wighteone, chain prenylated at position
C-6, had high antibacterial activity [33].

When comparing compound 4 with compounds 11 and 12, where the base structure is
maintained and only one prenyl substituent has been added in different positions, we can
observe that the introduction of a prenyl group has an important effect on the inhibitory
activity, reducing by up to at least one order of magnitude the MIC in MRSA 97-7 (Table 2).
It has been reported that prenylated flavonoids are more hydrophobic than common
flavonoids, facilitating this characteristic the ability to penetrate the cell membrane, thus
improving their action at the active site [29].

Mun et al. (2014) proposed that prenylated flavonoids act through interaction with
the bacterial membrane, binding directly with peptidoglycan, observing morphological
changes when MRSA strains were treated with the prenylated flavonoid sophora-flavanone
B [34].

Tables 3 and 4 show that a synergistic effect is produced between compounds 11, 12,
and 13 when acting in conjunction with commercial antibiotics, showing that the molecules
11 and 12 reduce the MIC of ciprofloxacin over MRSA 97-7 by 10 times (FICI values 0.6
and 0.16, respectively) and 11, 12, and 13 reduce 100 times its MIC over MRSA 622-4 with
FICI values from 0.1 to 0.2 (results shown in Table 4). They also acted synergistically with
Vancomycin (FICI values from 0.15 to 0.43), decreasing its MIC 10 times against MRSA
97-7. Compound 11 also acted synergistically with Methicillin with an FICI value of 0.01,
decreasing its MIC 100 times against MRSA 97-7.

Table 3. Synergistic effects of prenylated flavonoids with commercial antibiotics on isolated MRSA 97-7.

Agents
MIC Alone

(μg/mL)
MIC Combined

(μg/mL)
FICI Outcome

Fold Reduction in Commercial
Antibiotic MIC

11
Vancomycin

5
25

0.5
2.5 0.2 Synergy 10

12
Vancomycin

15
25

5
2.5 0.43 Synergy 10

13
Vancomycin

10
25

0.5
2.5 0.15 Synergy 10

11
Ciprofloxacin

5
100

2.5
10 0.6 Partial Synergy 10

12
Ciprofloxacin

15
100

1
10 0.16 Synergy 10

11
Methicillin

5
50

0.02
0.5 0.01 Synergy 100

This potentiating effect of the antimicrobial agent action exerted by prenylated molecules
is not observed when combining them with each other, as observed in Table 5, where, when
combining compounds 11 and 12, an FICI value between 1.1 and 2 was achieved, given an
account of an indifferent effect. This difference in the behavior of prenylated molecules,
when compared to the action they exert when combined with antimicrobial agents, may be
due to the fact that prenylated flavonoids act by a different mechanism than the commercial
antibiotics evaluated, e.g., through the inhibition of pumps of expulsion such as ABC
transporters, thus being able to enhance the action of the commercial antibiotic, as proposed
by Wagner et al. (2009), who pointed out that the synergistic effect of phytodrugs in
conjunction with antimicrobial agents can contribute to effects on the permeability of
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the cell wall of bacteria, the inhibition of the efflux pump, and the inhibition of bacterial
enzymes, and that all these mechanisms would help the antimicrobial agent to reach its
site of action [35].

Table 4. Synergistic effects of prenylated flavonoids with commercial antibiotics on isolated MRSA 622-4.

Agents
MIC Alone

(μg/mL)
MIC Combined

(μg/mL)
FICI Outcome

Fold Reduction in Commercial
Antibiotic MIC

11
Ciprofloxacin

25
10

2.5
0.1 0.1 Synergy 100

12
Ciprofloxacin

25
10

5
0.1 0.2 Synergy 100

13
Ciprofloxacin

50
10

5
0.1 0.1 Synergy 100

Table 5. Synergistic effects between prenylated flavonoids on an isolated MRSA strain.

Strain Agents MIC Alone MIC Combined FICI Outcome

MRSA 97-7 11
12

5
15

5
15 2 Indifferent

MRSA 622-4 11
12

25
25

2.5
25 1.1 Indifferent

To corroborate the synergistic action of compound 11 with vancomycin, a time kill
assay experiment was carried out, the result of which is shown in Figure 2. We can see that
compound 11 alone manages to slightly lower the bacterial growth curve, decreasing by less
than 2 log the CFU/mL, showing a moderate bacteriostatic action. Vancomycin achieved
a greater effect, lowering CFU/mL by more than 3 log10, but this effect is enhanced by
acting in conjunction with compound 11, lowering CFU/mL by more than 5 log10, thus
verifying the synergistic effect that compound 11 would exert on ciprofloxacin on MRSA
97-7. It has been described in the literature that prenylated flavonoids isolated from Morus
alba L. show a broad spectrum of synergistic action towards Staphylococcus aureus, acting in
conjunction with antibacterial agents such as aminoglycosides, β-lactams, glycopeptides,
and fluoroquinolones [28].

Figure 2. Time kill assay vancomycin with compound 11 on MRSA 97-7.
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The results of the bacterial ROS level are shown in Figure 3. We can see that there
is a significant decrease in ROS levels inside the bacteria as compounds 11, 12, and 13

are present, showing a protective effect by reducing ROS, with an effect as important as
that shown by the agent Trolox, a known ROS species trapper. It has been described in
the literature that polyhydroxylated flavonoids can act as antioxidant agents, trapping
ROS [36], and this antioxidant property can be related to the ROS-reducing effect observed
in this assay.

Figure 3. Effect of prenylated compounds in intrabacterial ROS levels in Staphylococcus aureus
ATCC6538. Control: DMSO. Trolox: ROS scavenger control. 1,4-NQ (1,4-Naphtoquinone): ROS
generator control. Ciprofloxacin (0.05 μg/mL): commercial antibiotic control. 11–13: prenylated
compounds in evaluation (1/2 MIC concentration). Statistical analysis: Mann–Whitney U test (*)
p < 0.05, between each treatment with the negative control.

It has been previously reported that ciprofloxacin generates oxidative stress in S. aureus,
generating an increase in ROS levels within the bacteria [37]. This result was corroborated in
this study, where the levels of ROS generated in the bacteria in the presence of ciprofloxacin
were statistically higher than those of the control. As a way to explain the synergistic action
observed in the previous experiments, the effect on intrabacterial ROS levels was evaluated
by combining ciprofloxacin with compound 11. As we can see in Figure 4, this combination
markedly decreases the levels of ROS when compared to those generated by ciprofloxacin
alone. From these results, it can be deduced that the prenylated compounds may be acting
as trappers for the ROS generated by ciprofloxacin.

Figure 4. Effect of prenylated Compound 11 on intrabacterial ROS levels produced by ciprofloxacin in
Staphylococcus aureus ATCC6538. Control: DMSO. Ciprofloxacin (0.05 μg/mL): commercial antibiotic
control. Cipro + 11 (ciprofloxacin 0.05 μg/mL + 11 (1/2 MIC concentration). Statistical Analysis:
Mann–Whitney U test (*) p < 0.05.
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Docking of 11 (S and R Enantiomers) and 8 with ATP-Binding Cassette (Multi-Drug ABC
Transporter Sav1866 from S. aureus in Complex with AMP-PNP)

We used a fast and predictive tool as the molecular docking, which allowed us to
obtain by the genetic algorithm the most suitable location of ligand on macromolecule
without using molecular dynamic simulations. Thus, we carried out the analysis according
to the most favorable binding energy, by grouping the results in a cluster. To analyze
the good result of 11 and their correlation with the antibacterial activity, we used the in
silico tool with a known and essential pharmacological target linked to this property. For
the above, the ABC transporter was selected, which is crucial for balancing nutrients in
bacteria and humans. This transporter is also responsible for several processes, such as
drug-resistant bacteria [38]. Based on these reasons, we used docking tools to observe which
interactions were relevant, especially with the most promising molecule 11, although it is
worth taking into account that the biological tests were carried out with a racemic mixture.
In this study, we decided to study both enantiomers in order to be able to discriminate
them and determine whether the binding was stereoselective. The results showed a priority
for the S enantiomer (−5.06 Kcal/mol ± 0.012) versus the R enantiomer (−3.37 Kcal/mol
± 0.016) (a difference of approximately 2 Kcal/mol between them) both binding in the
similar place of the transporter. These analyses of results effectively indicated a different
binding mode: The S enantiomer showed two hydrogen bonds with Glu320 and Asp321 of
the ABC transporter; on the other hand, the R enantiomer showed two hydrogen bonds
but with Glu353 and Gly378 (Figure 5), and in both molecules, the hydrophobic interaction
is important to the binding. We carried out a similar analysis by docking studies with
8 which has a bad antibacterial activity. The binding energy (-2.39 Kcal/mol) obtained
was worse than the 11 enantiomers and the molecule only showed one hydrogen bond
with Asp220 for stabilization in the binding area. Finally, we observed that the molecule is
located in the same area as the isomers as we observed in Figure 5.

Figure 5. Docking results: main interactions of the stereoisomers of 11 ((a) (R)-11 and (b) (S)-11) and 8 (c) with ATP
binding cassette.

2.3. In Vitro Antifungal Effects on Human Pathogenic fungi

In order to have a look into the potential usefulness of these compounds as candidates
for the development of new antifungal drugs, we investigated the antifungal properties of
compounds 1–5 and 7–13 against a panel of clinically important fungal species including
two yeasts (Candida albicans and Cryptococcus neoformans), three Aspergillus spp. (A. niger,
A. fumigatus, and A. flavus), and three dermatophytes (Trichophyton rubrum, T. mentagro-
phytes, and Microsporum gypseum) (voucher numbers are included in Table 6). The minimum
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inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of all com-
pounds were determined with the microbroth dilution methods M27-A3 and M38-A2 of the
Clinical and Laboratory Standards Institute (CLSI) [39,40]. The evaluation of the minimum
fungicidal concentration (MFC) of the prenylated flavonoids showed whether the com-
pounds kill fungi in addition to inhibiting them. This characteristic is highly appreciated
in an antifungal drug since the recurrence of fungistatic drugs is mostly avoided because
long treatments are no longer necessary.

Table 6. Antifungal activity (MIC/MFC in μg/mL) of prenylated flavonoids 7–13 against pathogenic fungi from American
Type Culture Collection (ATCC) and Centro de Referencia en Micología Culture Collection (CCC). Amph: Amphotericin B;
Terb: Terbinafine.

Comp.
Candida
albicans

ATCC10231

Cryptococcus
neoformans
ATCC32264

Aspergillus
flavus

ATCC 9170

Aspergillus
fumigatus

ATCC26934

Aspergillus
niger

ATCC9029

Microsporum
gypseum
CCC115,

Trichophyton
rubrum
CCC113

Trichophyton
mentagro-

phytes
ATCC9972

1 >250 >250 >250 >250 >250 >250 >250 >250
2 >250 >250 >250 >250 >250 >250 >250 >250
3 >250 >250 >250 >250 >250 >250 >250 >250
4 >250 >250 >250 >250 >250 >250 >250 >250
5 >250 >250 >250 >250 >250 >250 >250 >250
7 >250 >250 >250 >250 >250 >250 >250 >250
8 >250 >250 >250 >250 >250 >250 >250 >250
9 62.5/62.5 62.5/62.5 >250 >250 >250 62.5/62.5 62.5/62.5 62.5/62.5
11 >250 125/125 >250 >250 >250 62.5/62.5 62.5/62.5 62.5/62.5
12 125/250 62.5/125 >250 >250 >250 31.25/31.25 15.6/31.25 15.6/31.25
10 >250 250/>250 >250 >250 >250 250/250 250/250 250/250
13 >250 >250 >250 >250 >250 >250 >250 >250

Amph 1.0/1.0 1.0/2.0 2.0/2.0 2.0/2.0 2.0/2.0 - - -
Terb - - - - - 0.008/0.015 0.004/0.008 0.004/0.015

Compounds with MICs of >250 μg/mL were considered inactive; those between 250
and 125 μg/mL were considered lowly active; those in the range 62.5–31.25 μg/mL were
considered moderately active; and MICs of <31.25 μg/mL were considered highly active.

The results showed (Table 6) that the non-prenylated structures (the flavone 1, the
flavonols 2 and 3, the flavanone 4, and the isoflavone 5) were all inactive.

When these flavonoids were prenylated, the following results were obtained: (i) The
prenylation of the flavone 1 or the isoflavone 5 did not improve the antifungal activity,
since 7, 8, and 13 were inactive (MIC ≥ 250 μg/mL). (ii) The prenylation of the flavonols 2

and 3 led to 9 (which showed activity against the yeasts C. albicans and C. neoformans and
dermatophytes at 62.5 μg/mL) and 10, which was inactive. Both compounds possessed
the prenyl substituent at position 5′ but differed in that 9 possesses a hydroxyl group
in position 5. This structural difference could play a role in the antifungal activity of
9. (iii) The prenylation of the flavanone 4 led to both 11 (MIC = 125 μg/mL against C.
neoformans and 62.5 μg/mL against dermatophytes) and the most active compound 12,
which displayed MIC = 125 μg/mL against C. albicans, MIC = 62.5 μg/mL against C.
neoformans, MIC = 15.6 μg/mL against the dermatophytes T. rubrum and T. mentagrophytes,
and 31.2 μg/mL against M. gypseum). Probably the prenyl substituent at position 8 of the
trihydroxyflavanone naringenin confers high activity to the whole flavanone molecule.

Considering that C. neoformans is the main cause of cryptococcal meningoencephalitis
among HIV patients, which many times has not responded to any antifungal and has led
to death [41], we decided to test compounds 9, 11, and 12 (which showed some activity
against the ATCC strain) against a panel of five clinical C. neoformans strains. The results
showed (Table 7) that the behavior of the three compounds against clinical isolates is similar
to that against the standard ATCC strain.

189



Int. J. Mol. Sci. 2021, 22, 5472

Table 7. MIC/MFC (in μg/mL) of selected prenylated compounds against clinical isolates of C. neo-
formans from Malbrán Institute (IM, Buenos Aires Argentina). Amph: Amphotericin B.

Compound
C. neoformans Clinical Isolates

IM983040 IM972724 IM042074 IM983036 IM00319

9 125/250 125/250 125/125 125/125 125/125
11 250/>250 250/>250 250/>250 250/>250 250/>250
12 125/125 125/125 62.5/62.5 62.5/125 125/125

Amph 0.25 0.25 0.12 0.25 0.5

In turn, since C. albicans is the fourth leading cause of nosocomial bloodstream infec-
tion (BSI) in intensive care units, causing fatal invasive candidiasis in a high percentage
of patients [42], we decided to test 9 and 12 against five clinical isolates of C. albicans, in
order to determine whether these two compounds have the potential to be further devel-
oped. The results showed (Table 8) that both compounds behave against C. albicans clinical
isolates similarly to how they behave against the standard ATCC strain.

Table 8. MIC/MFC (in μg/mL) of selected prenylated compounds against clinical isolates of C. albi-
cans from Centro de Referencia en Micología, (CCC, Rosario, Argentina): Amph: Amphotericin B.

Compound

C. albicans Clinical Strains

C. albicans
CCC 126

C. albicans
CCC 127

C. albicans
CCC 128

C. albicans
CCC 129

C. albicans
CCC 130

9 62.5/62.5 62.5/62.5 62.5/62.5 62.5/62.5 62.5/62.5
12 125/125 125/125 125/125 125/125 125/125

Amph 1.56 0.78 1.56 0.78 0.50

2.4. In Vitro Antibacterial Effects on Plant Pathogen bacteria

The results of the antibacterial activity against phytopathogenic bacteria showed that
all the prenylated compounds were able to inhibit the in vitro growth of the three bacteria
tested. Interestingly, most of the compounds significantly inhibited the growth of the three
bacterial species in high percentages, obtaining IC50 values of less than 3.9 μM for several
of them. Despite the above considerations, the 3, 4, and 5 molecules showed the highest
IC50 values in the series (Table 9). Statistical analysis revealed that the values obtained
from inhibition are significant (p < 0.05) compared to the negative control.

Table 9. IC50 and MIC values of compounds towards phytopathogenic bacteria.

Compound
IC50/MIC (μM)

P. syringae A. tumefaciens P. carotovorum

1 >31.3/>250 >250/>250 >250/>250
2 >62.5/>250 >250/>250 >250/>250
3 >250/>250 >250/>250 >250/>250
4 >250/>250 >250/>250 >250/>250
5 >250/>250 >250/>250 >250/>250
7 <3.9/>250 <3.9/>250 <3.9/>250
8 <3.9/>250 <3.9/>250 <3.9/>250
9 <3.9/>250 <3.9/>250 <3.9/>250
11 <3.9/>250 <3.9/>250 <3.9/>250
12 <3.9/>250 <3.9/>250 <7.8/>250
10 <15.6/>250 <3.9/>250 <3.9/>250
13 <3.9/125 <3.9/>250 <3.9/125

Antibacterial activities are shown as IC50 and MIC values in μM concentrations; IC50
values were calculated from the first kinetic assay. MIC: minimum inhibitory concentration.
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IC50 values for each compound indicated that the bacteria tested had different levels
of sensitivity to the compounds tested. The most sensitive bacteria were P. syringae, and the
most resistant were A. tumefaciens. This behavior could be due to the different mechanisms
of action of the compounds on each tested Gram-negative pathogen.

After the first kinetic test, the bactericidal capacity of each compound was evaluated
in a second growth kinetics test, using an inoculum of the first kinetic plate [43]. This
new culture was incubated for 7 h, and the absorbance was measured. It was observed
that the bacterial culture was able to recover its growth rate (with respect to the culture
without compound) by 50–85%. This means that the compounds were bacteriostatic but
not bactericide at the concentrations tested. Compound 13 showed selectivity against
P. syringae and P. carotovorum and to a lesser extent against A. tumefaciens (>250, MIC).

2.5. In Vitro 5-hLOX Enzyme Inhibition Assay

The results showed that, of all the evaluated molecules (Table 10), only two (com-
pounds 9 and 10) had a relevant inhibitory effect. The structural characteristic that dif-
ferentiates these compounds from the rest of the structures is the catechol group (1,2-
dihydroxybenzene) in Ring B. Many known inhibitors of 5-LOX possess the catechol group
that is a relevant characteristic for their inhibitory properties [44].

Table 10. Activity of prenylated phenols as 5-hLOX inhibitors.

Compound % Inhibition

7 4
8 1
9 51

10 38
11 20
12 12
13 17

2.6. DPPH Radical Scavenging Activity

The results obtained from antioxidant activity assays are shown in Table 11. All
compounds were compared with Trolox. All compounds possessing the catechol moiety
were active. It is known that the flavonoids quercetin (2) and fisetin (3) have better
antioxidant activity than Trolox [45]; however, their prenylated derivatives (9 and 10) show
an even greater degree of this activity. This behavior follows the same trend found in some
of our previous work [18].

Table 11. Screening results of DPPH radical scavenging activity of flavonoids and their preny-
lated derivatives.

Compound IC50 μM ± SD Compound IC50 μM ± SD

1 NA 7 NA
2 13.22 ± 0.49 8 NA
3 12.82 ± 0.48 9 9.49 ± 0.36
4 NA 10 10.32 ± 0.03
5 NA 11 NA

12 NA
Trolox 22.54 ± 0.61 13 NA

Antioxidant activity is shown as IC50 values in μM concentrations; NA = no activ-
ity. All compounds were analyzed in triplicate, and the results expressed as average ±
standard deviation.
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2.7. Cytotoxic Activity of 11 and 12

Anticancer activity for naringenin in diverse tumor cell lines has been previously re-
ported [46–48]. However, in vitro activities were commonly observed using high flavonoid
concentrations often exceeding 100 μM, which have limited physiological significance
and must be interpreted with caution. Given this anticancer activity and that prenylated
flavonoids have enhanced biological activities, we measured cytotoxic activity prenylated
naringenin at positions 6 and 8 (11 and 12) against MDA-MB-231 (the human breast adeno-
carcinoma cell line), B16-F10 (mouse melanoma cells), and MEF (primary mouse embryonic
fibroblasts). Our results in Table 12 show that the cytotoxic effect of both prenylated
naringenins were low for both cancer cell lines and did not show any selectivity com-
pared to the effect on non-cancerous cells (MEFs). When the cytotoxic effect of 11 and 12

against cell lines were compared with commonly used chemotherapeutic drugs, it could
be verified that both prenylated flavonoids showed from 100- to 250-fold lower activity
than Taxol and from 30- to 50-fold lower activity than etoposide. It is possible that the
anticancer activity described for naringenin in vivo could be related to antiangiogenic and
immunostimulating effects [49,50].

Table 12. Cytotoxic activities of 11 and 12 against cancer and non-cancer cells.

Compound
IC50 (μM) ± SD

MDA-MB-231 B16-F10 MEF

11 53.94 ± 9.66 49.14 ± 3.38 48.45 ± 3.44
12 59.02 ± 3.25 45.53 ± 3.82 54.66 ± 3.35

Taxol 0.21 ± 0.05 0.48 ± 0.08 0.40 ± 0.07
Etoposide 1.33 ± 0.28 1.74 ± 0.32 1.03 ± 0.17

SD: standard deviation; MDA-MB-231: human breast adenocarcinoma cell line; B16-F10: mouse melanoma cells;
MEF: primary mouse embryonic fibroblast.

On the other hand, compounds 11 and 12 exhibited the most effective antibacterial
activity, which had a synergistic effect with commercial antibiotics. A significant synergic
activity was observed using approximately 7 μM for 11 and 15 μM for 12 (Table 4), which
did not generate a cytotoxic effect in MEF cells. This clearly suggests that 11 and 12 could be
useful for in vivo treatment against pathogenic resistant bacteria, although further studies
are needed to confirm this possibility.

3. Materials and Methods

3.1. Chemistry
3.1.1. General Data

All chemical reagents obtained were purchased from Merck (Darmstadt, Germany),
Sigma–Aldrich (St. Louis, MO, USA), or Alfa Aesar (Kandel, Germany), were of the highest
commercially available purity, and were used without previous purification. Melting
points (mp: ◦C) were measured on a melting point apparatus Stuart-Scientific SMP3 and
are uncorrected. IR spectra were recorded as a KBr disk in a Thermo Scientific Nicolet
6700 FT-IR spectrometer (Massachusetts, USA), and frequencies are reported in cm−1.
High-resolution mass spectra were recorded on an ExactiveTM Plus Orbitrap spectrometer
(Thermo Scientific, Bremen, Germany) by infusion, applying a voltage of 5 or 8 kV in the
positive ionization mode and 4 or 7 kV in the negative ionization mode. The spectra were
recorded using full-scan mode, covering a mass range from m/z 214 to 470. The resolution
was set to 140,000, and the maximum loading time for the ion cyclotron resonance (ICR) cell
was set to 200 ms. 1H-, 13C-(DEPT 135), 2D HSQC, and 2D HMBC spectra were recorded
in DMSO-d6 solutions and referenced to the residual peaks of DMSO at δ 2.50 ppm for 1H
and δ 39.5 ppm for 13C, respectively, on a Bruker Avance 400 Digital NMR spectrometer,
operating at 400.1 MHz for 1H and 100.6 MHz for 13C. Chemical shifts are reported in δ

ppm and coupling constants (J) are given in Hz. Silica gel (Merck 200–400 mesh) was used
for C.C. and silica gel plates HF-254 for TLC. TLC spots were detected by both under a UV
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lamp and heating after drenching in 10% H2SO4 in H2O. Antioxidant determinations were
performed in a Thermo Scientific Multiskan GO 96-well plate photometer.

3.1.2. General Experimental Procedure for the Prenylation of Flavonoids

A solution of flavonoid (1 mol equiv) and dry ZnCl2 (4 mol equiv) was placed in a
round bottom flask and dissolved in ethyl acetate (100 mL). Under vigorous stirring, a
solution of 3-methyl-2-buten-1-ol (6) (4 mol equiv) in ethyl acetate (10 mL) was added
dropwise for 1 h at 40 ◦C. The reaction mixture was then allowed to warm up to reflux
temperature and the stirring continued. After 4 h, water at pH 1 (100 mL) was added
to the reaction mixture to decompose the ZnCl2. The organic layer was then separated,
and a new extraction with ethyl acetate was made. The organic solutions obtained after
extractions were mixed and dried over anhydrous sodium sulphate and filtered, and the
solvent was evaporated under reduced pressure. The mixture was then subjected to silica
gel flash column chromatography (ethyl acetate/hexane or dichloromethane/methanol or
acetone/hexane mixtures were used as mobile phases) to obtain pure products.

All structures were confirmed by IR and NMR spectra as discussed below.

3.1.3. Physical Data of Prenylated Flavonoids

2-phenyl-8-(3-methyl-2-buten-1-yl)-5,7-dihydroxy-4H-chromen-4-one (7) and 2-phenyl-
6-(3-methyl-2-buten-1-yl)-5,7-dihydroxy-4H-chromen-4-one (8) were obtained from chrysin
(1) (3.9 mmol), 3-methyl-2-buten-1-ol (6) (15.7 mmol), and ZnCl2 (15.7 mmol), as described
above. The crude mixture was purified using ethyl acetate-hexane in a gradient system
(0 → 70% of ethyl acetate) as the mobile phase to afford 7 as a yellow powder (329 mg,
26%); mp: 222 ◦C; HRMS m/z, observed: 321.1131; C20H17O4 [M–H]− requires: 321.1127.
IR (KBr): νmax cm−1: 3431, 2960, 2927, 2858, 1731, 1647, 1615, 1579, 1507, 1384, 1363, 1275.
1H-NMR (DMSO-d6) δ ppm: 12.75 (s, 1H, ArOH-5); 10.6–11.0 (br. s, 1H, ArOH-7); 8.03 (d,
2H, J = 6.8 Hz, 2′,6′-ArH); 7.59–7.57 (m, 3H, 3′,4′,5′-ArH); 6.95 (s, 1H, ArH-3); 6.30 (s, 1H,
ArH-6); 5.18 (br. t., 1H, CH = C(CH3)2); 3.44 (d, 2H, J = 6.7 Hz, CH2CH = C(CH3)2); 1.74
(s, 3H, -CH2CH = CCH3CH3); 1.61 (s, 3H, -CH2CH = CCH3CH3). 13C-NMR (DMSO-d6)
δ ppm: 17.8 (-CH = CCH3CH3); 21.3 (-CH2CH = CCH3CH3); 25.4 (CH2CH = CCH3CH3);
98.5 (ArC-6); 103.9 (ArC-4a); 105.0 (ArC-3); 106.3 (ArC-8); 122.4 (CH = C(CH3)2); 126.3
(ArC-2′,6′); 129.2 (ArC-3′,5′); 131.1 (CH = C(CH3)2); 132.0 (ArC-4′); 154.6 (ArC-8a); 159.1
(ArC-5); 161.9 (ArC-7); 163.1 (ArC-2); 182.2 (4-C = O).

Compound 8 was obtained as a yellow powder (291 mg, 23%) mp: 221–222 ◦C (lit. [51]
213–214 ◦C). HRMS m/z, observed: 321.1130; C20H17O4 [M–H]− requires: 321.1127. IR
(KBr): νmax cm−1: 3400, 2969, 2918, 2651, 1639, 1580, 1553, 1483, 1449; 1H-NMR (DMSO-
d6) δ ppm: 13.08 (s, 1H, ArOH-5); 8.05 (d, 2H, J = 7.1 Hz, 2′,6′-ArH); 7.60–7.56 (m, 3H,
3′,4′,5′-ArH); 6.95 (s, 1H, ArH-3); 6.57 (s, 1H, ArH-8); 5.17 (br. t, 1H, CH = C(CH3)2); 3.22
(d, 2H, J = 6.8 Hz, -CH2CH = C(CH3)2); 1.72 (s, 3H, -CH2CH = CCH3CH3); 1.61 (s, 3H,
-CH2CH = CCH3CH3). 13C-NMR (DMSO-d6) δ ppm: 17.7 (-CH = CCH3CH3); 21.0 (-CH2CH
= CCH3CH3); 25.5 (CH2CH = CCH3CH3); 93.4 (ArC-8); 103.7 (ArC-4a); 105.0 (ArC-3); 111.2
(ArC-6); 122.1 (CH = C(CH3)2); 126.4 (ArC-2′,6′); 129.1 (ArC-3′,5′); 130.7 (CH = C(CH3)2);
130.8 (ArC-1′); 131.9 (ArC-4′); 155.2 (ArC-8a); 158.3 (ArC-5); 162.2 (ArC-7); 162.9 (ArC-2);
181.9 (4-C = O).

5,7-dihydroxy-6-(3-methyl-2-buten-1-yl)-2-(4-hydroxyphenyl)chroman-4-one (11) and
5,7-dihydroxy-8-(3-methyl-2-buten-1-yl)-2-(4-hydroxyphenyl)chroman-4-one (12) were ob-
tained as racemic mixtures because these were synthesized from (±) naringenin (4) (3.7
mmol) commercially available, 3-methyl-2-buten-1-ol (6) (7.3 mmol), and ZnCl2 (7.3 mmol)
as described above. The crude mixture was purified using ethyl acetate-hexane in a gradi-
ent system (0 → 70% of ethyl acetate) as the mobile phase to afford 11 as a yellow powder
(378 mg, 30%); mp: 206–207 ◦C (lit. [52] 212–214 ◦C); HRMS m/z, observed: 341.1384;
C20H21O6 [M + H]+ requires: 341.1389. IR (KBr): νmax cm−1: 3420, 2960, 2926, 2857, 1728,
1633, 1586, 1519, 1457, 1384, 1296. 1H-NMR (DMSO-d6) δ ppm: 12.40 (s, 1H, Ar-OH-5); 10.74
(br. s, 1H, ArOH-7); 9.55 (br. s, 1H, ArOH-4′) 7.29 (d, 2H, J = 8.4 Hz, ArH-2′,6′-); 6.78 (d, J =
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8.4 Hz, 2H, ArH-3′,5′); 5.94 (s, 1H, ArH-8); 5.39 (dd, 1H, J1 = 12.5 Hz, J2 = 2.6 Hz, CH-2);
5.11 (br. t, 1H, CH = C(CH3)2); 3.22 (dd, 1H, J1 = 17.1Hz, J2 = 12.7 Hz, CHH-3); 3.10 (d,
2H, J = 7.0 Hz, CH2CH = C(CH3)2); 2.66 (dd, 1H, J1 = 14.3 Hz, J2 = 2.9 Hz, CHH-3); 1.68 (s,
3H, CH2CH = CCH3CH3); 1.60 (s, 3H, CH2CH = CCH3CH3). 13C-NMR (DMSO-d6) δ ppm:
17.6 (-CH = CCH3CH3); 20.6 (-CH2CH = CCH3CH3); 25.4 (-CH2CH = CCH3CH3); 42.0
(CH2-3); 78.3 (ArC-2); 94.3 (ArC-8); 101.5 (ArC-4a); 107.5 (ArC-6); 115.1 (ArC-3′,5′); 122.6
(CH = C(CH3)2); 128.3 (ArC-2′,6′); 128.98 (ArC-1′); 130.2 (CH = C(CH3)2); 157.7 (ArC-4′);
160.5 (ArC-7,8a); 164.3 (ArC-5); 196.4 (4-C = O).

Compound 12 was obtained as a yellow powder (453 mg, 36%) mp: 193 ◦C (lit. [53]
183–184 ◦C, ±-8-prenylnaringenin); HRMS m/z, observed: 339.1236; C20H19O5 [M–H]−
requires: 339.1232. IR (KBr): νmax cm−1: 3169, 2966, 2912, 1635, 1519, 1439, 1383, 1347.
1H-NMR (DMSO-d6) δ ppm: 12.09 (s, 1H, Ar-OH-5); 10.75 (s, 1H, ArOH-7); 9.56 (s, 1H,
ArOH-4′) 7.30 (d, 2H, J = 8.4 Hz, ArH-2′,6′); 6.78 (d, J = 8.4 Hz, 2H, ArH-3′,5′); 5.95 (s, 1H,
ArH-6); 5.40 (dd, 1H, J1 = 12.4 Hz, J2 = 2.7 Hz, CH-2); 5.07 (br. t, 1H, CH = C(CH3)2); 3.19
(dd, 1H, J1 = 17.1 Hz, J2 = 12.6 Hz, CHH-3); 3.06 (d, 2H, J = 7.1 Hz, CH2CH = C(CH3)2); 2.70
(dd, 1H, J1 = 17.2 Hz, J2 = 2.7 Hz, CHH-3); 1.57 (s, 3H, CH2CH = CCH3CH3); 1.52 (s, 3H,
CH2CH = CCH3CH3). 13C-NMR (DMSO-d6) δ ppm: 17.6 (-CH = CCH3CH3); 21.2 (-CH2CH
= CCH3CH3); 25.5 (-CH2CH = CCH3CH3); 41.9 (CH2-3); 78.2 (ArC-2); 95.3 (ArC-6); 101.7
(ArC-4a); 106.9 (ArC-8); 115.1 (ArC-3′,5′); 122.6 (CH = C(CH3)2); 128.0 (ArC-2′,6′); 129.2
(ArC-1′); 130.1 (CH = C(CH3)2); 157.5 (ArC-4′); 159.7 (ArC-8a); 161.1 (ArC-5); 164.3 (ArC-7);
196.6 (4-C = O).

2-(3,4-dihydroxy-5-(3′-methyl-2′-buten-1′-yl)phenyl)-3,5,7-trihydroxy-4H-chromen-4-
one (9; Uralenol) was obtained from quercetin (2) (3.3 mmol), 3-methyl-2-buten-1-ol (6)
(13.2 mmol), and ZnCl2 (13.2 mmol) as described above. The crude mixture was purified
using ethyl acetate-hexane in a gradient system (0 → 80% of ethyl acetate) as the mobile
phase to afford the title compound as a pale green powder (417 mg, 34%); mp: 205–206
◦C (lit. [54] 176–178 ◦C); HRMS m/z, observed: 369.0974; C20H17O7 [M–H]− requires:
369.0972. IR (KBr): νmax cm−1: 3599, 3390, 2969, 2914, 1655, 1635, 1601, 1566, 1518, 1462,
1363, 1313, 1283, 1247, 1167. 1H-NMR (DMSO-d6) δ ppm: 12.52 (s, 1H, ArOH-5); 10.75 (br.
s, 1H, ArOH-7); 9.31 (s, 1H, ArOH-3′); 9.03 (s, 1H, ArOH-4′); 8.93 (s, 1H, ArOH-3); 6.83 (s,
1H, ArH-2′); 6.66 (s, 1H, ArH-6′); 6.29 (d, 1H, J = 1.6 Hz, ArH-8); 6.18 (d, 1H, J = 1.5 Hz,
ArH-6); 5.10 (br. t, 1H, CH = C(CH3)2); 3.12 (d, 2H, J = 7.0 Hz, CH2CH = C(CH3)2); 1.56
(s, 3H, CH2CH = CCH3CH3); 1.47 (s, 3H, CH2CH = CCH3CH3). 13C-NMR (DMSO-d6) δ
ppm: 17.5 (CH = CCH3CH3); 25.4 (CH2CH = CCH3CH3); 31.1 (CH2CH = CCH3CH3); 93.3
(ArC-8); 98.2 (ArC-6); 103.5 (ArC-4a); 116.5 (ArC-6′); 117.1 (ArC-2′); 120.3 (ArC-5′); 123.5
(CH = C(CH3)2); 131.0 (CH = C(CH3)2); 132.2 (ArC-3′); 136.3 (ArC-2); 142.9 (ArC-1′); 147.1
(ArC-4′); 150.0 (ArC-3); 156.7 (ArC-8a); 160.9 (ArC-5); 163.8 (ArC-7); 176.2 (4-C = O).

2-(3,4-dihydroxy-5-(3′-methyl-2′-buten-1′-yl)phenyl)-3,7-dihydroxy-4H-chromen-4-one
(10) was obtained from fisetin (3) (1.75 mmol), 3-methyl-2-buten-1-ol (6) (7 mmol), and
ZnCl2 (7 mmol) as described above. The crude mixture was purified using ethyl acetate-
hexane in a gradient system (0 → 80% of ethyl acetate) as the mobile phase to afford the title
compound as a dark green powder (155 mg, 25%); mp: 229–230 ◦C; HRMS m/z, observed:
355.1176; C18H19O6 [M + H]+ requires: 355.1182. IR (KBr): νmax cm−1: 3350, 2971, 2926,
2855, 1698, 1612, 1596, 1508, 1458, 1417, 1272. 1H-NMR (DMSO- d6) δ ppm: 10.68 (br. s, 1H,
ArOH-7); 9.25 (s, 1H, ArOH-3′); 9.01 (s, 1H, ArOH-4′); 8.62 (s, 1H, ArOH-3); 7.93 (d, 1H, J =
8.6 Hz, ArH-5); 6.89 (d, 1H, J = 8.2 Hz, ArH-6); 6.83 (s, 1H, ArH-2′); 6.78 (s, 1H, ArH-8); 6.66
(s, 1H, ArH-6′); 5.11 (br. t, 1H, CH = C(CH3)2); 3.12 (d, 2H, J = 6.8 Hz, CH2CH = C(CH3)2);
1.54 (s, 3H, CH2CH = CCH3CH3); 1.44 (s, 3H, CH2CH = CCH3CH3). 13C-NMR (DMSO-
d6) δ ppm: 17.5 (CH = CCH3CH3); 25.4 (CH2CH = CCH3CH3); 31.2 (CH2CH = CCH3CH3);
101.8 (ArC-8);114,6 (ArC-6); 114.8 (ArC-4a); 116.4 (ArC-6′); 117.1 (ArC-2′); 120.9 (ArC-5′);
123.6 (CH = C(CH3)2); 126.5 (ArC-5); 130.8 (CH = C(CH3)2); 132.0 (ArC-3′); 137.8 (ArC-1′);
142.8 (ArC-2); 146.8 (ArC-4′); 148.1 (ArC-3); 156.7 (ArC-8a); 162.1 (ArC-7); 172.1 (4-C = O).

3-(4-hydroxyphenyl)-8-(3-methyl-2-buten-1-yl)-5,7-dihydroxy-4H-chromen-4-one (13;
lupiwighteone) was obtained from genistein (5) (1.9 mmol), 3-methyl-2-buten-1-ol (6)
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(7.4 mmol), and ZnCl2 (7.4 mmol) as described above. The crude mixture was purified
using ethyl acetate-hexane in a gradient system (0 → 80% of ethyl acetate) as the mobile
phase to afford the title compound as a white powder (231 mg, 36 %); mp: 140 ◦C (lit. [55]
133–135 ◦C); HRMS m/z, observed: 339.1228; C20H19O5 [M + H]+ requires: 339.1232. IR
(KBr): νmax cm−1: 3350, 3174, 2921, 1705, 1651, 1613, 1570, 1513, 1428, 1364, 1301, 1257,
1198. 1H-NMR (DMSO-d6): δ ppm: 12.98 (s, 1H, ArOH-5); 9.58 (br. s, 1H, ArOH-4′); 8.38 (s,
1H, ArH-2); 7.37 (d, 2H, J = 8.6 Hz, ArH-2′,6′); 6.80 (d, 2H, J = 8.6 Hz, ArH-3′,5′); 6.30 (s, 1H,
ArH-6); 5.14 (br. t, 1H, CH = C(CH3)2); 3,34 (overload with H2O, CH2CH = C(CH3)2); 1.74
(s, 3H, -CH2CH = CCH3CH3); 1.62 (s, 3H, -CH2CH = CCH3CH3). 13C-NMR (DMSO- d6) δ
ppm: 17.7 (-CH = CCH3CH3); 21.0 (-CH2CH = CCH3CH3); 25.4 (CH2CH = CCH3CH3); 98.5
(ArC-6); 104.4 (ArC-4a); 105.8 (ArC-8); 115.0 (ArC-3′,5′); 121.3 (ArC-1′); 121.9 (ArC-3); 122.1
(CH = C(CH3)2); 130.1 (ArC-2′,6′); 131.0 (CH = C(CH3)2); 154.0 (ArC-2); 154.8 (ArC-8a);
157.3 (ArC-4′); 159.5 (ArC-5); 161.7 (ArC-7); 180.5 (4-C = O).

3.2. Biological Assays
3.2.1. In Vitro Antibacterial Activity Assays: Human Pathogens
Minimum Inhibitory Concentration Assay

Two clinical isolates of methicillin-resistant S. aureus (622-4 and 97-7) and one clinical
isolate of E. coli 33.1 were kindly donated by Dr. Marcela Wilkens from Universidad de
Santiago de Chile. S. aureus (NCTC8325-4) and E. coli (ATCC25922) were used as the control
strains. The antimicrobial activities of the isolated compounds against E. coli (ATCC25922),
multi-resistant E. coli (33.1), S. aureus (NCTC8325-4), and methicillin-resistant S. aureus
(MRSA) 97-7 strains were assessed using the Clinical and Laboratory Standards Institute
(CLSI) microdilution method [56]. Briefly, stock solutions (5 mg/mL) of compounds in
DMSO were two-fold diluted in Mueller–Hinton broth (MHB). The final concentration
of DMSO was ≤2.5% and does not affect the microbial growth. The obtained solution
was added to MHB and serially two-fold diluted in a 96-well microplate. A sample of
100 mL of inoculum 1.5 × 106 colony-forming units (CFU) ml−1 in MHB was added and
then incubated at 37 ◦C for 18 h. The assay was repeated three times. Wells containing
MHB, 100 mL of inoculum, and DMSO served as negative controls. The MIC was defined
as the lowest concentration of compounds resulting in the complete inhibition of visible
growth [57].

Checkerboard Dilution Test

The assessments of synergy of prenylated flavonoids 11 and 12 combined with methi-
cillin were investigated with the checkerboard method [57]. Briefly, the uppermost row (A)
of a 96-well microtiter plate contained substance X in a concentration of about four times
the expected MIC of the microorganism examined. Each following row (B–H) contained
half the concentration of the previous one. The same procedure was carried out along the
columns (1–12) with substance Y, but not necessarily with the same starting concentration.
Therefore, each well contained a unique combination of the two substances (X and Y).
Lastly, 100 μL of Mueller–Hinton broth containing about 105 (CFU/mL) were added to the
wells and incubated at 37 ◦C for 24 h. The concentrations of the first wells without visible
growth along the stepwise boundary between inhibition and growth were used to calculate
the FICI values. The fractional inhibitory concentration index (FICI) was calculated as
follows: FICI = fractional inhibitory concentration of A (FICA) + (FICB) = (MIC of drug
A in combination/MIC of drug A alone) + (MIC of drug B in combination/MIC of drug
B alone). FIC index was interpreted as follows: synergy, <0.5; partial synergy, 0.5–0.75;
additive effect, 0.76–1.0; indifference, >1.0–4.0; antagonism, >4.0 [58].

Time Kill Assay

Time kill curves were conducted with a final concentration of antimicrobial agent at
four times the MIC [59]. Flasks containing 50 mL of MHB with the appropriate antimicrobial
agent were inoculated with 50 mL of the test organism in a logarithmic growth phase
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adjusted to the appropriate density. Aliquots were removed, diluted, and plated at the 0, 2,
4, 6, and 24 h time points. The plates were incubated for 24 h, and the viable counts were
determined. Bactericidal activity was defined as a reduction of 99.9% (≥3 log10) of the
total count of CFU/mL in the original inoculum [56]. Bacteriostatic activity was defined as
the maintenance of or a reduction of less than 99.9% (3 log10) of the total count of CFU/mL
in the original inoculum.

Determination of Reactive Oxygen Species (ROS) Intrabacterial Levels

The production of ROS by S. aureus ATCC 6538 after treatment with the prenylated
compounds was evaluated using the peroxynitrite indicator 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA) (Sigma–Aldrich), which can detect a broad range of ROS includ-
ing nitric oxide and hydrogen peroxide. The adjusted bacterial culture (0.5 McFarland
exponential phase bacteria culture) was treated with a concentration of each compound
of 2 μM, using ciprofloxacin as an antibiotic control, Trolox as a ROS scavenger control,
1,4-naphtoquinone as a ROS generation control, and the presence of DCFH-DA at a final
concentration of 5 mM in 0.85% saline and incubated at 37 ◦C aerobically at 200 rpm for
24 h. Untreated bacterial culture was served as the negative control. The fluorescence
emission of DCFH-DA was measured at 525 nm using a Tecan microtiter plate reader
with an excitation wavelength of 485 nm. The background fluorescence of 0.85% saline
and autofluorescence of the bacterial cells incubated without the probe was measured to
calculate the net fluorescence emitted from the assay itself. The experiment was conducted
in triplicate [60].

3.2.2. In Vitro Antifungal Activity Assays against Human Pathogens
Microorganisms and Media

For the antifungal evaluation, standardized strains from the American Type Culture
Collection (ATCC, Manassas, VA, USA), Centro de Referencia en Micología (CCC), Facultad
de Ciencias Bioquímicas y Farmacéuticas, Suipacha 531-(2000)-Rosario, Argentina and
Malbrán Institute (IM), Av. Velez Sársfield 563, Buenos Aires, Argentina were used. The
voucher specimens of standardized strains are as follows: C. albicans ATCC 10231, C. neo-
formans ATCC 32264, A. flavus ATCC 9170, A. fumigatus ATTC 26934, A. niger ATCC 9029,
T. rubrum CCC 110, T. mentagrophytes ATCC 9972, and M. gypseum CCC 115. Clinical isolates
of C. neoformans (n = 5) were provided by IM. They included five strains whose voucher
specimens are presented in Table 7. Clinical isolates of C. albicans (n = 5) were provided by
CCC; their voucher specimens are presented in Table 8.

Strains were grown on Sabouraud-chloramphenicol agar slants for 48 h at 30 ◦C,
maintained on slopes of Sabouraud-dextrose agar (SDA, Oxoid) and sub-cultured every
15 days to prevent pleomorphic transformations. Inocula were obtained in accordance
with reported procedures [39,40] and adjusted to 1–5 × 103 cells with colony-forming
units (CFUs)/mL.

Antifungal Susceptibility Testing

The minimum inhibitory concentration (MIC) of each compound was determined by
using broth microdilution techniques according to the guidelines of the CLSI for yeasts
(M27-A3) [39] and for filamentous fungi (including dermatophytes) M38-A2 [40]. MIC
values were determined in RPMI-1640 (Sigma–Aldrich) and buffered to pH 7.0 with MOPS.
Microtiter trays were incubated at 35 ◦C for yeasts and Aspergillus spp. and at 28–30 ◦C for
dermatophyte strains in a moist, dark chamber. MICs were visually recorded at 48 h for
yeasts, and at a time according to the control fungus growth, for the rest of the fungi. For
the assay, stock solutions of pure compounds were two-fold diluted with RPMI-1640 from
250 to 0.98 μg/mL (final volume = 100 μL) and a final DMSO concentration of ≤1%. A
volume of 100 μL of inoculum suspension was added to each well with the exception of the
sterility control, where sterile water was added to the well instead. Terbinafine (Novartis
Co, Basel, Switzerland) and amphotericin B (Sigma–Aldrich) were used as positive controls.
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Endpoints were defined as the lowest concentration of drug resulting in the total inhibition
of visual growth compared to the growth in the control wells containing no antifungal drug.

The MFC of each compound against an isolate was determined as follows: After
determining the MIC, an aliquot of 5 μL was withdrawn from each clear well of the
microtiter tray and plated onto a 150 mm RPMI-1640 agar plate buffered with MOPS
(Remel Inc., Lenexa, KS, USA). Inoculated plates were incubated at 30 ◦C, and the MFC was
recorded after 48 h. The MFC was defined as the lowest concentration of each compound
that resulted in the total inhibition of visible growth.

3.2.3. In Vitro Antibacterial Activity against Plant Pathogens

Broth microdilution methods were used to evaluate the effects of the compounds on
the growth of P. carotovorum (NCPPB 312), A. tumefaciens (strain C58C1), and P. syringae
(NCPPB 281). Bacteria were grown in sterile tubes with 10 mL of Mueller–Hinton (MH)
medium and incubated at 27 ◦C for 12 h with shaking to produce an initial culture. The
antimicrobial activity was evaluated by observing the growth response of both microor-
ganisms in samples with different concentrations of the compounds [61–63]. All assays
were performed on sterile 96-well microplates with a final volume of 200 μL contain-
ing Mueller–Hinton broth (MH) inoculated with 1 μL of bacterial suspension (105–106

UFC/mL, initial culture) in the presence of different concentrations of test compounds
(3.9, 7.8, 15.6, 31.3, 62.5, 125, and 250 μM). MH was used as the negative control [C(−)],
and MH with streptomycin [64] was used as the positive control [C(+)]. The plates were
incubated for 7 h at 27 ◦C. Bacterial growth was monitored by measuring the optical density
at 595 nm every hour with a microplate reader. All tests were performed in 10 repetitions
for each microorganism evaluated. Bacterial growth was shown as the arithmetic mean
expressed in terms of the negative control (100% growth). The lowest concentration of
the compound preventing the appearance of turbidity was considered to be the minimal
inhibitory concentration (MIC).

The first experiment (first kinetic assay) in which the compound was exposed to the
bacterial cultures in MH was carried out over a period of 6 h. Subsequently, to determine
the minimal bactericidal concentration (MBC), a second experiment (second kinetic assay)
was conducted; this experiment involved taking inoculum from the first kinetic assay and
adding it to MH in a new 96-well microplate containing culture medium, which was then
cultured for 7 h. The aim of this second culture (second kinetic assay) was to determine
whether the compounds have bactericidal or bacteriostatic properties [65].

3.2.4. Statistics

The Mann–Whitney U test (*) with p < 0.05 was performed to identify significant
differences among the treatment and control groups and between the two treatments.

3.3. In Vitro 5-LOX Enzyme Inhibition Assay

The commercially available enzyme by Cayman Chemicals Inc., Ann Arbor, MI, USA,
was diluted (1:500) in the assay buffer (HEPES 50 mM, EDTA 2 mM, ATP 10 μM, and
CaCl2 10 μM at pH 7.5) and mixed with 10 μM H2DCFDA dye in the reaction mixture
and incubated for 15 min in the assay plate. Subsequently, 280 μL of buffer was added,
and 10 μL of inhibitor with a final concentration of 10 μM was placed per well in the
reaction mixture and incubated for 30 min. The reaction was started by the addition
of a suitable concentration of arachidonic acid (0.5 μM). The fluorescence was read in
a multimode detector Synergy™ HT Multi-Mode Microplate Reader (Biotek) at 480 nm
excitation/520 nm emission after 1 h of incubation at room temperature. The inhibition per-
centage was obtained for analysis of oxidation of H2DCFDA dye to the highly fluorescent
2′,7′-dichloro-fluorescein (DCF) product.
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3.4. Docking of 11 (S and R Enantiomers) and with ABC Transporter

The prenylated flavonoids structures were built with the Molecular Operating Envi-
ronment software [66]. ChelpG charges were obtained at the B3LYP/6-31G** level theory,
employing the Gaussian 09 package [67]. Docking was done with the crystal structure of the
ABC transporter (PDB code: 2ONJ, 3.40 Å resolution) using the AutoDock4 package [68]
and a Lamarckian algorithm, assuming total flexibility of the inhibitors. The grid maps
were made up first to 126 × 126 × 126 points and later to 60 × 60 × 60, with a grid-point
spacing of 0.375 Å on the grid map. The AutoTors option was used to define the ligand
torsions, and the docking results were then analyzed by a ranked cluster analysis, resulting
in conformations with the highest overall binding energy (the most negative Gibbs free
energy binding value, –ΔG).

3.5. General Procedure to Determine the DPPH Radical Scavenging Activity

The radical scavenging activity of the prenylated compounds and starting materials
towards the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical was measured as described [18],
adapted to a screen to 96-well plates. Briefly, stock solutions of each compound were
prepared in methanol at a 1-mM concentration (10 mL). Dilutions (1–200 μM) were prepared
from the stock solutions. Methanol (90 μL), dilutions (150 μL), and DPPH (60 μL, Sigma–
Aldrich) in methanol (0.5 mM), resulting in a final concentration of 0.1 mM of DPPH were
added in a 96-well plate. Methanol was used as the blank sample. The mixtures were left
for 30 min at room temperature, and the absorbances were then measured at 517 nm. Trolox
was used as the standard antioxidant. The radical scavenging activity was calculated as
follows: % Inhibition = [(blank absorbance − sample absorbance)/blank absorbance] × 100.
The mean of three IC50 (concentration causing 50% inhibition) values for each compound
was determined graphically.

3.6. In Vitro Anticancer Activity of 11 and 12

The cell lines used in this work included MDA-MB-231 human breast adenocarcinoma
cells, B16-F10 mouse metastatic melanoma cells, and MEF primary mouse embryonic fibrob-
lasts. Cells were maintained in a DMEM high glucose medium (Mediatech, Manassas, VA,
USA) supplemented with 10% (MDA-MB-231 and B16-F10) or 15% (MEF) heat-inactivated
fetal bovine serum (HyClone Laboratories), 100 IU/mL penicillin, and 100 μg/mL strepto-
mycin and maintained at 37 ◦C in a 5% CO2 humidified atmosphere. Cell viability was
measured using CyQuant®Direct Cell Proliferation Assay Kit (Life Technologies) following
the manufacturer’s instruction. Briefly, 5.000 cells/well were seeded onto a flat-bottomed
96-well plate in a 200 μL final volume. Six hours after seeding, the culture medium was
replaced with the medium containing the tested compounds at concentrations ranging from
0 to 100 μM dissolved in DMSO (a 0.1% final concentration) for 72 h. The concentrations
used to calculate the IC50 values were 100, 30, 10, 3, 1, 0.3, 0.1, 0.01, and 0 μM. Untreated
cells (medium containing 0.1% DMSO) were used as controls. At the end of the incubation,
100 μL of culture medium was removed from each experimental well and replaced by 2×
detection reagent. Cells were incubated for 1 h, and fluorescence emission was measured
at 535 nm with excitation at 480 nm in a microplate reader (Infinite 200 PRO, Tecan). At
least four independent experiments were performed for each concentration. The results
from each experiment were transformed to a percentage of controls, and the IC50 values
were graphically obtained from the dose–response curves. The IC50 value was obtained
adjusting the dose–response curve to sigmoidal curves (variable slope), generated using
GraphPad Prisma 6.0 software [69].

4. Conclusions

Our results demonstrated that the 6-prenylated-(±)-naringenin (11), 8-prenylated-(±)-
naringenin (12) and the 8-prenylated genistein (13) are active molecules against Staphy-
lococcus aureus-resistant bacteria with a strong synergistically effect in combination with
commercial antibiotics vancomycin, ciprofloxacin, and methicillin, enhancing their effects
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in a factor of 10–100 times against drug-resistant bacteria. Compound 12 is the most active
against the dermatophytes T. rubrum, T. mentagrophytes, and M. gypseum fungus. Prenylation
substitution was shown to be fundamental for these biological activities, specifically at
positions 6 and 8 of the (±)-naringenin (11 and 12, respectively); however, others structural
requirements are important as well, such as hydroxylation at positions 5, 7 of ring A, and
4′ of ring B. According to the docking results of 11 with ATP-binding cassette transporter,
the S isomer showed better interaction energy than the R isomer. It is relevant to continue
this study with enantiomerically pure isomers of prenylated flavanones 11 and 12.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/ijms22115472/s1.

Author Contributions: Synthesis of prenylated compounds and antioxidant assay, M.O.; phy-
topathogenic bacteria assays, M.C. and A.V.; human-resistant bacteria studies, Y.V.-M. and M.C.-S.M.;
human pathogenic fungi studies, E.B. and S.Z.; 5-hLOX and docking studies, C.M.; cytotoxic studies,
M.M. and S.M.; writing—original draft preparation, M.O. and Y.V.-M. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by CONICYT, grant number 1130924, by the Dirección General
de Investigación, Innovación y Emprendimiento (DGIIE) of the Universidad Técnica Federico Santa
María, and by DICYT-VRIDEI of the Universidad de Santiago de Chile, grant numbers 021901VM
and 021641MC. E.B. acknowledges CONICET.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: M.O. acknowledges Luis Espinoza for lab facilities (NMR, IR, and other equip-
ment).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Oh, I.; Yang, W.-Y.; Chung, S.-C.; Kim, T.-Y.; Oh, K.-B.; Shin, J. In vitro sortase A inhibitory and antimicrobial activity of flavonoids
isolated from the roots of Sophora flavescens. Arch. Pharm. Res. 2011, 34, 217–222. [CrossRef] [PubMed]

2. Yazaki, K.; Sasaki, K.; Tsurumaru, Y. Prenylation of aromatic compounds, a key diversification of plant secondary metabolites.
Phytochemistry 2009, 70, 1739–1745. [CrossRef]

3. Kushwaha, P.P.; Prajapati, S.K.; Pothabathula, S.V.; Singh, A.K.; Shuaib, M.; Joshi, K.; Kumar, S. Prenylated flavonoids as a
promising drug discovery candidate. In Phytochemicals as Lead Compounds for New Drug Discovery; Elsevier: Amsterdam, The
Netherlands, 2020; pp. 347–355. ISBN 9780128178911.

4. Kumano, T.; Richard, S.B.; Noel, J.P.; Nishiyama, M.; Kuzuyama, T. Chemoenzymatic syntheses of prenylated aromatic small
molecules using Streptomyces prenyltransferases with relaxed substrate specificities. Bioorg. Med. Chem. 2008, 16, 8117–8126.
[CrossRef] [PubMed]

5. Simmonds, M.S.J. Importance of flavonoids in insect–plant interactions: Feeding and oviposition. Phytochemistry 2001, 56, 245–252.
[CrossRef]

6. Quiroga, E.N.; Sampietro, D.A.; Sgariglia, M.A.; Soberón, J.R.; Vattuone, M.A. Antimycotic activity of 5′-prenylisoflavanones of
the plant Geoffroea decorticans, against Aspergillus species. Int. J. Food Microbiol. 2009, 132, 42–46. [CrossRef]

7. Edziri, H.; Mastouri, M.; Mahjoub, M.A.; Mighri, Z.; Mahjoub, A.; Verschaeve, L. Antibacterial, Antifungal and Cytotoxic
Activities of Two Flavonoids from Retama raetam Flowers. Molecules 2012, 17, 7284–7293. [CrossRef]

8. Du, J.; He, Z.-D.; Jiang, R.-W.; Ye, W.-C.; Xu, H.-X.; But, P.P.-H. Antiviral flavonoids from the root bark of Morus alba L.
Phytochemistry 2003, 62, 1235–1238. [CrossRef]

9. Liu, M.; Hansen, P.; Wang, G.; Qiu, L.; Dong, J.; Yin, H.; Qian, Z.; Yang, M.; Miao, J. Pharmacological Profile of Xanthohumol, a
Prenylated Flavonoid from Hops (Humulus lupulus). Molecules 2015, 20, 754–779. [CrossRef]

10. Jin, J.H.; Kim, J.S.; Kang, S.S.; Son, K.H.; Chang, H.W.; Kim, H.P. Anti-inflammatory and anti-arthritic activity of total flavonoids
of the roots of Sophora flavescens. J. Ethnopharmacol. 2010, 127, 589–595. [CrossRef]
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Abstract: The objective of this study was to investigate molecular mechanisms underlying the abil-
ity of carnosic acid to attenuate an early increase in reactive oxygen species (ROS) levels during
MDI-induced adipocyte differentiation. The levels of superoxide anion and ROS were determined
using dihydroethidium (DHE) and 2′-7′-dichlorofluorescin diacetate (DCFH-DA), respectively. Both
superoxide anion and ROS levels peaked on the second day of differentiation. They were suppressed
by carnosic acid. Carnosic acid attenuates the translation of NADPH (nicotinamide adenine din-
ucleotide phosphate) oxidase 4 (Nox4), p47phox, and p22phox, and the phosphorylation of nuclear
factor-kappa B (NF-κB) and NF-κB inhibitor (IkBa). The translocation of NF-κB into the nucleus
was also decreased by carnosic acid. In addition, carnosic acid increased the translation of heme
oxygenase-1 (HO-1), γ–glutamylcysteine synthetase (γ-GCSc), and glutathione S-transferase (GST)
and both the translation and nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf2).
Taken together, these results indicate that carnosic acid could down-regulate ROS level in an early
stage of MPI-induced adipocyte differentiation by attenuating ROS generation through suppression
of NF-κB-mediated translation of Nox4 enzyme and increasing ROS neutralization through induction
of Nrf2-mediated translation of phase II antioxidant enzymes such as HO-1, γ-GCS, and GST, leading
to its anti-adipogenetic effect.

Keywords: carnosic acid; ROS generation; ROS neutralization; Nox4 enzyme translation; NF-κB
translocation; IkBα phosphorylation; HO-1 translation; Nrf2 translocation

1. Introduction

Obesity is a chronic disease directly caused by abnormal increases in both the size
and number of adipocytes. In white adipose tissues, several types of cells, including
pre-adipocytes, mature adipocytes, fibroblasts, pericytes, macrophages, neutrophils, lym-
phocytes, endothelial cells, and adipose stem cells, exist [1]. Pre-adipocyte originating
from adipose stem cells are known to be differentiated into adipocytes. This process is
called adipogenesis [2]. To control obesity, several strategies such as reducing energy/food
intake, increasing energy expenditure, inhibiting adipogenesis, inhibiting lipogenesis, and
increasing lipolysis and fat oxidation have been proposed [3]. Among them, decreasing adi-
pogenesis might be one of the better strategies for preventing obesity caused by enhanced
adipogenesis [4].

For studying adipogenesis, the murine 3T3-L1 cell line is often used as a reliable
in vitro model [5–7]. Adipogenesis of 3T3-L1 pre-adipocyte into adipocytes involves the
following steps: growth arrest, mitotic clonal expansion, early differentiation, and terminal
differentiation [8]. Adipogenesis is a process with tight redox regulation [8–10]. Different
levels of reactive oxygen species (ROS) are generated in the four steps of adipogenesis
of 3T3-L1 pre-adipocytes into adipocytes [8,11]. In particular, a transient increase in ROS
levels can facilitate adipogenesis by accelerating mitotic clonal expansion [12]. Based on
this evidence, the transient increase in ROS levels, which is non-toxic, can play a role
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as a transmitter in signaling pathways during differentiation of 3T3-L1 pre-adipocyte
into adipocyte [13,14]. Such an increase in ROS levels may occur at the initiation and
termination stages of adipogenesis [8].

Carnosic acid is a bioactive compound present in Rosmarinus officinalis L. [15]. It
has several biological functions including antioxidant [16,17], anti-inflammatory [18,19],
anti-bacterial [20], anti-cancer [21,22], and anti-osteoclastic activities [23,24]. In addition, it
possesses an anti-adipogenesis activity both in vitro and in vivo [25–27]. A recent study has
reported that carnosic acid can inhibit the adipogenesis of murine 3T3-L1 pre-adipocytes
into adipocytes by down-regulating the redox state and increasing the expression of
phase II antioxidant enzyme [28]. However, how carnosic acid attenuates ROS level in
the early stage of adipogenesis in aspects of ROS generation and neutralization has not
been elucidated.

Thus, the aim of this study was to investigate changes in ROS level during methyl-
isobuthylxanthine, dexamethasone, and insulin (MDI)-induced differentiation of 3T3-L1
pre-adipocytes into adipocytes and clarify the molecular mechanisms underlying the
down-regulation of the early increase in ROS levels by carnosic acid that led to its anti-
adipogenetic effect.

2. Results

2.1. Carnosic Acid Suppresses Early Increase in Superoxide Anion and ROS Levels during
Adipocyte Differentiation

During the differentiation of 3T3-L1 pre-adipocytes into adipocytes, ROS is known to
be involved in promoting both early differentiation and later maturation of adipocytes [9].
Therefore, levels of superoxide anion and ROS were monitored using their specific fluores-
cent probes of dihydroethidium (DHE) and 2′-7′-dichlorofluorescin diacetate (DCFH-DA),
respectively. As shown in Figure 1A,B, the intensity of DHE fluorescence was increased
at day two, and the intensity of DCF fluorescence was increased at days two and seven
during the differentiation. It has been reported that the anti-adipogenic effect of carnosic
acid is through ROS control [22]. To determine whether superoxide anion and ROS levels
in the early stage of adipocyte differentiation might be down-regulated by carnosic acid,
superoxide anion and ROS levels at day two of adipocyte differentiation were analyzed.
Carnosic acid at 10–20 μM attenuated the early increase in both superoxide anion and ROS
levels were significantly (p < 0.001) induced by an MDI hormone mixture (Figure 1C,D).
Notably, carnosic acid treatment at 20 μM reduced DCF fluorescence to 125.7%, which
was enhanced (163.0%) by the MDI hormone cocktail as compared to an undifferentiated
treatment. These observations suggested that the early increase in superoxide anion and
ROS levels at day two during the differentiation of 3T3-L1 pre-adipocytes to adipocytes
could be abrogated by carnosic acid. These results showed that the potent anti-adipogenetic
effect of carnosic acid on the differentiation of 3T3-L1 pre-adipocytes into adipocytes might
be attributable to the attenuation of ROS level induced by the MDI hormone cocktail during
the early stage of adipocyte differentiation.

2.2. Carnosic Acid Attenuates the Translation of Nox4, p47 phox, and p22phox and Nuclear
Transport of NF-κB by Inhibiting IκBα Phosphorylation

Nox4 is a multi-component protein that consists of Nox4, p47phox, and p22phox. It is
responsible for superoxide anion generation during MDI-induced differentiation of 3T3-L1
pre-adipocytes to adipocytes [10]. Therefore, the inhibitory effect of carnosic acid on the
translation of Nox4 components as Nox4, p47phox, and p22phox was analyzed. Results of
Western blotting analysis revealed that translations of Nox4, p47phox, and p22phox were all
significantly (p < 0.001) induced by the MDI hormone mixture and notably attenuated by
carnosic acid at 1 to 20 μM (Figure 2A–D).

204



Int. J. Mol. Sci. 2021, 22, 6096

  

  

Figure 1. Carnosic acid suppresses superoxide anion and ROS levels in MDI-induced differentiation
of 3T3-L1 pre-adipocytes into adipocytes. (A) Change of superoxide anion levels during adipogenesis.
(B) Change of ROS levels during adipogenesis. (C) Carnosic acid suppressed superoxide anion levels
after differentiation for two days. (D) Carnosic acid suppressed ROS levels after differentiation for
two days. Data are presented as averages of three independent experiments performed in triplicates
and expressed as percentages of the value of the control (means ± standard error mean, n = 3).
###: p < 0.001 vs. Undiff. Different corresponding letters indicate significant differences at p < 0.05
using Duncan’s test. (Undiff: undifferentiated, which was not treated with the MDI hormone mixture;
C: control, which was treated with the MDI hormone mixture).

To investigate the involvement of NF-κB/IκBα signal pathway in the translation of
Nox4 enzyme components, translation and phosphorylation NF-κB and IκBα with nuclear
translocation of NF-κB (p65) levels were analyzed by Western blotting after differentiation
for two days (Figure 3A). As shown in Figure 3B, p-NF-κB (p65) in whole cells and nuclei
were enhanced by the MDI hormone mixture but obviously attenuated by carnosic acid
at 1–20 μM. The suppressive effect of carnosic acid on p-NF-κB in the nucleus was dose-
dependent (Figure 3B). This attenuation of NF-κB in the nucleus by carnosic acid was also
visually observed by fluorescence imaging using a confocal microscope (Figure 3D). To
further make clear the underlying mechanism of transport of NF-κB into the nucleus, the
translation and phosphorylation of IκBα, an NF-κB inhibitor, were analyzed by Western
blotting. Results showed that IκBα translation was not changed by the MDI hormone
mixture or carnosic acid treatment (Figure 3A). However, IκBα phosphorylation was
significantly (p < 0.001) enhanced by the MDI hormone mixture and diminished by carnosic
acid treatment at 1–20 μM (Figure 3C). Taken together, these data suggest that carnosic
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acid could attenuate the translation of Nox4, p47phox, and p22phox, the phosphorylation
of NF-κB and IκBα, and the nuclear translocation of NF-κB in the early stage of MDI-
induced adipocyte differentiation. Accordingly, these results imply that carnosic acid could
interrupt the formation of the Nox4 enzyme complex by interfering with the translocation
of NF-κB into the nucleus through inhibition of the NF-κB/IκBα signal pathway.

 

 

 

Figure 2. Inhibitory effect of carnosic acid on the translation of Nox4 enzyme components in MDI-
induced differentiation of 3T3-L1 pre-adipocytes to adipocytes for two days. (A) Translation of
Nox4, p47phox, and p22phox as determined by Western blotting analysis after differentiation for two
days. (B) Graphic representation of densitometric analysis of Nox4 blot. (C) Graphic representation
of densitometric analysis of p47phox blot. (D) Graphic representation of densitometric analysis
of p22phox blot. Data are presented as averages of three independent experiments performed in
triplicates and expressed as percentages of the value of control (means ± standard error mean,
n = 3). ###: p < 0.001 vs. Undiff. Different corresponding letters indicate significant differences at
p < 0.05 using Duncan’s test. (Undiff: undifferentiated, which was not treated with the MDI hormone
mixture; C: control, which was treated with the MDI hormone mixture).
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Figure 3. Inhibitory effect of carnosic acid on translation and phosphorylation of NF-κB and IκBα, and translocation of
NF-κB into the nucleus during the differentiation of MDI-induced 3T3-L1 pre-adipocytes into adipocytes for two days.
(A) Translated and phosphorylated NF-κB and IκBα in whole cells by Western blotting analysis after differentiation for
two days. (B) Graphic representation of densitometric analysis of nuclear p-NF-κB blot. (C) Graphic representation of
densitometric analysis of p-IκBα blot. (D) Immunofluorescence staining of 3T3-L1 pre-adipocyte cells after treatment
with 1–20 μM carnosic acid using anti-p-NF-κB (p65) for staining. Data are presented as averages of three independent
experiments performed in triplicates and expressed as percentages of the value of the control (means ± standard error
mean, n = 3). ###: p < 0.001 vs. Undiff. Different corresponding letters indicate significant differences at p < 0.05 using
Duncan’s test. (Undiff: undifferentiated, which was not treated with the MDI hormone mixture; C: control, which was
treated with MDI hormone mixture; DAPI: 4′,6-diamidino-2-phenylindole).

2.3. Carnosic Acid Inhibits Adipocyte Differentiation by Attenuating Nox4-Mediated ROS
Generation via Interruption of NF-κB/IκBα Signal Pathway

To determine whether the NF-κB/IκBα signal pathway was involved in the down-
regulation of Nox4 enzyme expression by carnosic acid, Bay11-7082 (BAY), an inhibitor
of IκBα phosphorylation, was used. As shown in Figure 4A, both carnosic acid and BAY
diminished the translation of Nox4, p47phox, and p22phox. As expected, both carnosic acid
and BAY attenuated phosphorylation levels of NF-κB and IκBα that were notably enhanced
by the MDI hormone mixture (Figure 4B). Furthermore, both carnosic acid and BAY
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obviously suppressed the translation of CCAAT/enhancer-binding protein α (C/EBPα),
C/EBPβ, C/EBPγ, and adiponectin as adipogenesis biomarkers, which were induced
by the MDI hormone mixture compared to the undifferentiated treatment (Figure 4C).
Taken together, these findings indicate that the translation of Nox4 enzyme components,
including Nox4, p47phox, and p22phox, might be closely associated with the NF-κB/IκBα
signal pathway and that the down-regulation of ROS level by carnosic acid in the early
stage of adipogenesis might be attributable to the attenuation of Nox4 enzyme translation
through interruption of the NF-κB/IκBα signal pathway.

  

 
Figure 4. Effects of carnosic acid on the translation of Nox4 enzyme components, phosphorylation
of NF-κB and IκBα, and translation of adipogenesis biomarkers in MDI-induced differentiation of
3T3-L1 pre-adipocytes to adipocytes for two days. (A) Translation levels of Nox4, p47phox, and
p22phox by Western blotting analysis after differentiation for two days. (B) Translation and phospho-
rylation levels of NF-κB and IκBα by Western blotting analysis after differentiation for two days.
(C) Translation levels of C/EBPα, C/EBPβ, C/EBPγ, and adiponectin by Western blotting analysis
after differentiation for two days. Data are presented as representative images of three independent
experiments performed in triplicates). (Undiff; undifferentiated, which was not treated with MDI
hormone mixture; C: control, which was treated with MDI hormone mixture; BAY: Bay11-7082).

2.4. Carnosic Acid induces Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2)-Mediated
Translation of Phase II Antioxidant Enzymes

To investigate how carnosic acid down-regulated ROS level in term of ROS neutraliza-
tion in early stage of MDI-induced adipocyte differentiation, Nrf2-mediated translation
levels of phase II antioxidant enzyme as heme oxygenase-1 (HO-1), γ–glutamylcysteine
synthetase (γ-GCSc), and glutathione S-transferase (GST) were analyzed by Western blot-
ting. As shown in Figure 5A,B, HO-1 was significantly (p < 0.001) reduced by MDI hormone
mixture compared to that of an undifferentiated treatment. However, it was enhanced by
carnosic acid at 1–20 μM dose-dependently in comparison with the control. On the other
hand, protein levels of γ-GCSc and GST is known to be required for glutathione synthesis
were induced by the MDI hormone mixture and slightly increased by carnosic acid in
comparison with the control (Figure 5C,D). The translation of Nrf2, as a key transcription
factor of phase II antioxidant enzyme, was also examined by Western blotting. Results
showed that Nrf2 translation was significantly enhanced by MDI hormone mixture and
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dose-dependently induced by carnosic acid at 1–20 μM in comparison with the control
(Figure 6A,B). The translocation of Nrf2 into the nucleus was enhanced by carnosic acid
was also confirmed in fluorescence imaging using a confocal microscope (Figure 6C). Col-
lectively, these findings showed that Nrf2-mediated translation of phase II antioxidant
enzymes such as HO-1, γ-GCSc, and GST might be induced by carnosic acid, thus con-
tributing to the down-regulation of ROS level through neutralization in the early stage of
MDI-induced adipocyte differentiation.

 

  
Figure 5. Effects of carnosic acid on the translation of phase II antioxidant enzyme during MDI-
induced differentiation of 3T3-L1 pre-adipocytes to adipocytes for two days. (A) Translation of phase
II antioxidant enzyme by Western blotting analysis after differentiation for two days. (B) Graphic
representation of densitometric analysis of HO-1 blot. (C) Graphic representation of densitometric
analysis of phosphorylated γ-GCSc blot. (D) Graphic representation of densitometric analysis of GST
blot. Data are presented as averages of three independent experiments performed in triplicates and
expressed as percentages of the value of the control (means ± standard error mean, n = 3). ##: p < 0.01
and ###: p < 0.001 vs. Undiff. Different corresponding letters indicate significant differences using
Student’s t-test. (Undiff: undifferentiated, which was not treated with the MDI hormone mixture; C:
control, which was treated with the MDI hormone mixture).
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Figure 6. Effects of carnosic acid on translation and nuclear translocation of Nrf2 during MDI-induced differentiation of
3T3-L1 pre-adipocytes to adipocytes for two days. (A) Translation of Nrf2 by Western blotting analysis after differentiation
for two days. (B) Graphic representation of densitometric analysis of Nrf2 blot. (C) Immunofluorescence staining of 3T3-L1
pre-adipocyte cells subjected to 1–20 μM carnosic acid using anti-Nrf2. Data are presented as averages of three independent
experiments performed in triplicates and expressed as percentages of the value of the control (means ± standard error
mean, n = 3). ###: p < 0.001 vs. Undiff. Different corresponding letters indicate significant differences by Student’s t-test.
(Undiff: undifferentiated, which was not treated with the MDI hormone mixture; C: control, which was treated with the
MDI hormone mixture; DAPI: 4′,6-diamidino-2-phenylindole).

3. Discussion

In this study, changes in ROS levels during MDI-induced adipocyte differentiation
were monitored using fluorescent probes such as DHE and DCF-DA specific for detecting
superoxide anion and ROS, respectively. An early increase in both superoxide anion and
ROS levels was observed on the second day of adipocyte differentiation. In addition, a
second increase in ROS levels was found on the seventh day of adipocyte differentiation.
This is the first study that monitors ROS changes during MDI-induced adipocyte differenti-
ation. The results were in good agreement with previous reports showing a transient ROS
increase was induced by insulin in the stage of mitotic clonal expansion or the early stage
of the adipocyte differentiation process [8,13].
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Based on the above results and the potent anti-adipogenetic effect of carnosic acid,
it was hypothesized that carnosic acid could down-regulate the early increase in ROS
levels during MDI-induced adipocyte differentiation, thus attenuating the adipogenesis
process. As expected, carnosic acid potently abrogated both superoxide anion and ROS
levels on the second day of differentiation, although levels of both superoxide anion and
ROS were markedly augmented by the MDI hormone mixture. This is the first study
reporting that the anti-adipogenetic effect of carnosic acid is due to down-regulation
of the early increase in ROS level during MDI-induced adipocyte differentiation. An
anti-adipogenetic effect with down-regulation of ROS has also found for caffeic acid
phenethyl ester [29], α–lipoic acid [30], (–)-epigallocatechin-3-gallate [31], and natural
extracts of Granteloupia lanceolata (Okamura) Kawaguchi [32], buckwheat sprouts [33], and
unripe kiwi fruit (Actinidia deliciosa) [34], although their working mechanisms seem to
be different from that of carnosic acid. It is noteworthy that the potent inhibitory effect
of carnosic acid on MDI-induced adipogenesis of 3T3-L1 pre-adipocyte cells primarily
depends on the attenuation of the early increase in ROS levels. Accumulating evidence has
indicated that the redox state during MDI-induced differentiation of pre-adipocytes into
adipocytes is regulated by ROS generation through NADPH oxidase 4 (Nox4) and ROS
neutralization through antioxidant systems [8]. Therefore, two aspects of ROS generation
and neutralization in down-regulation of ROS level by carnosic acid were taken into
consideration in this study. Carnosic acid might attenuate ROS generation and/or induce
antioxidant systems to down-regulate ROS levels during the early stage of adipocyte
differentiation. During adipogenesis, ROS can be primarily generated as hydrogen peroxide
because superoxide anion is generated by Nox4, which is highly expressed and immediately
converted into hydrogen peroxide by endogenous superoxide dismutase [35]. It has also
been suggested that hydrogen peroxide is likely to play a vital role as a signal mediator for
cellular functions, including differentiation, because it can easily permeate cells and stay
for a longer time than superoxide anion [10,36].

To investigate how carnosic acid down-regulated ROS levels through suppression
of ROS generation in the early stage of adipocyte differentiation, suppressive effects of
carnosic acid on the translation of Nox4 enzyme components as Nox4, p47phox, and p22phox

were investigated. According to the results of Western blot analysis, carnosic acid obviously
attenuated the translation of Nox4, p47phox, and p22phox. This implied that carnosic acid
might inhibit the formation of active Nox4 enzyme in the early stage of differentiation
of 3T3-L1 pre-adipocytes into adipocytes, leading to the attenuation of the early increase
in ROS levels. To further understand the underlying mechanism of the inhibitory effect
of carnosic acid on Nox4 enzyme translation, the upper signaling pathway, including
transcription factors, needs to be investigated. Previous studies have suggested that the
translation of the Nox4 enzyme is closely related to redox-sensitive transcription factors
such as NF-κB, which is known to play a vital role as a master key in the expression of
various proteins as Nox4 during MDI-induced adipogenesis [13,37]. Therefore, the NF-
κB/IκBα signal pathway was examined in the present study. NF-κB exists in the cytosol as
a complex with IκBα, an inhibitory protein of NF-κB [38]. For the translation of concerned
genes including Nox4, p47phox, and p22phox, NF-κB has to be translocated into the nucleus
after IκBα is phosphorylated to be released from the NF-κB/IκBα complex. The reduction
in NF-κB translocation into the nucleus by carnosic acid was confirmed by Western blotting
and confocal microscopy. The plausible explanation for this observation was that carnosic
acid could inhibit IκBα phosphorylation, leading to the maintenance of NF-κB/IκBα
complex and the decrease in NF-κB due to degradation by the proteosome. The inhibition
of IκBα phosphorylation by carnosic acid was checked using BAY as an inhibitor of IκBα
phosphorylation. As shown in Figure 4, both carnosic acid and Bay treatment markedly
suppressed the translation of Nox4, p47phox, p22phox, adiponectin, and NF-κB as well as
the phosphorylation of IκBα and NF-κB, which were enhanced by MDI hormone mixture
as compared to the undifferentiated treatment. These results implied that carnosic acid
might interrupt IκBα phosphorylation to decrease NF-κB levels in the nucleus, which could
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cause attenuated translation of Nox4, p47phox, and p22phox. In this study, how carnosic
acid inhibited IκBα phosphorylation was not elucidated. However, recent studies have
proposed that catechol-type polyphenols could be oxidized into electrophilic quinones by
ROS transiently and temporarily increased in cell [39–41]. Therefore, carnosic acid carrying
catechol moiety might be oxidized by ROS produced during the early stage of adipocyte
differentiation into its quinone and interact with sensible sulfhydryl groups of cysteine
residues existing on the surface of IκBα and/or its kinase, leading to their conformational
changes, which might be associated with an interruption of IκBα phosphorylation.

With respect to ROS neutralization by carnosic acid in the early stage of adipocyte
differentiation, induction of the antioxidant system by carnosic acid was confirmed. HO-
1 is known to be one important antioxidant enzyme involved in down-regulating ROS
during the early stage of adipogenesis [42,43], and γ-GCS and GST are key enzymes in
glutathione synthesis [28], these three antioxidant enzymes were chosen in this study. HO-1
was markedly attenuated in an early stage of MDI-induced adipocyte differentiation while
ROS level was increased, consistent with earlier reports showing the import role of HO-1
in ROS neutralization during the early stage of adipogenesis [44,45]. However, HO-1 was
notably induced by carnosic acid, which was closely related to the strong suppressive
effect of carnosic acid on ROS level. On the other hand, γ-GCSc, and GST were notably
induced by the MDI hormone mixture and slightly increased by carnosic acid compared
to controls. These results imply that ROS levels in the early stage of adipogenesis might
depend on HO-1, and that could be down-regulated through induction of HO-1 translation
by carnosic acid. For further understanding of the induction of HO-1, γ-GCSc, and GST
translation by carnosic acid, Nrf2/keap1 signaling pathway was investigated by Western
blot and confocal microscopy. Both translation and nuclear translocation of Nrf2 were
slightly enhanced by the MDI hormone mixture, leading to substantial increases of γ-GCSc,
and GST translation, which might be necessary for the expression of some proteins needed
in the early stage of adipogenesis [28]. On the other hand, the translation and nuclear
translocation of Nrf2 were remarkably induced by carnosic acid, which might lead to the
translation of HO-1 rather than γ-GCSc or GST. Consequently, carnosic acid can down-
regulate ROS level during the early stage of adipocyte differentiation by neutralizing ROS
through Nrf2-mediated induction of phase II antioxidant enzymes such as HO-1, γ-GCSc,
and GST.

4. Materials and Methods

4.1. Chemical and Reagents

Carnosic acid was purchased from Cayman Chemical (Ann Arbor, MI, USA). Fe-
tal bovine serum (FBS) was obtained from Biowest (Riverside, MO, USA). Dulbecco‘s
modified Eagle‘s medium (DMEM), bovine calf serum (BCS), fetal bovine serum (FBS),
trypsin-EDTA, phosphate-buffered saline (PBS, pH 7.4), and Hank‘s balanced salt solu-
tion (HBSS) were purchased from Welgene Inc. (Gyeongsan, Korea). Dimethylsulfox-
ide (DMSO), antibiotic-antimycotic solution 100X, insulin, 3-isobutyl-1-methyl-xanthine
(IBMX), dexamethasone, isopropanol, formaldehyde, DCFH-DA, DHE, protease inhibitor,
phenylmethanesulfonyl fluoride (PMSF), Triton X-100, 1,4-dithiothreitol (DTT), skim milk,
and DPAI (4′,6-diamidino-2-phenylindole) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Antibodies of Nox4, p47phox, p22phox, NF-κB (p65), phospho-NF-κB (p65), IκBα,
phospho-IκBα, C/EBPα, C/EBPβ, C/EBPγ, HO-1, γ-GCSc, GST, and Nrf2 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-adiponectin was obtained
from Cell Signaling Technology (Beverly, MA, USA). 3T3-L1 cells were purchased from the
American Type Culture Collection (ATCC, Rockville, MD, USA).

4.2. Cell Culture and Differentiation

The differentiation of pre-adipocytes into adipocytes was performed by a published
procedure [46]. Briefly, 3T3-L1 pre-adipocyte cells were purchased from ATCC and grown
to confluence in six-well plates containing DMEM supplemented with 10% BCS and an-
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tibiotics (100 U/mL penicillin and 100 μg/mL streptomycin) under 5% CO2 humidified
atmosphere at 37 ◦C. After two days of culturing, cells reached confluence, and the medium
was replaced with a differentiation medium containing 10% FBS and MDI (0.5 mM 1-methy-
3-isobuthyllxanthine, 1 μM dexamethasone, and 5 μg/mL insulin) hormone mixture [47].
Two days later, the differentiation medium was replaced with DMEM medium supple-
mented with 10% FBS and 5 μg/mL insulin. After two days, the medium was changed to
DMEM supplemented with 10% FBS every two days until day 8 of differentiation. Carnosic
acid was added two days before cells reached confluence and kept for four days until the
second day.

4.3. Determination of Intracellular Superoxide Anion and ROS

Fluorescent probes, DCFH-DA (Ex/Em = 485 nm/535 nm) and DHE (Ex/Em =
518 nm/605 nm) that could specifically react with ROS and superoxide anion, respectively,
were used to check ROS and superoxide anion levels during the differentiation of 3T3-L1
cells into adipocyte for eight days and to investigate the suppressive effect of carnosic acid
on ROS and superoxide anion [48]. Briefly, 3T3-L1 cells were seeded into 96-well plates
(1 × 105 cells/well) containing DMEM plus 10% BCS and antibiotics and incubated until
cells reached confluence. After the confluence of cells was reached, the medium was
replaced with DMEM supplemented with 10% BCS and carnosic acid. Two days later,
the medium was then replaced with the differentiation medium. After 1 to 8 days of
incubation, the medium was removed, and wells were washed twice successively with PBS
and HBSS. A fluorescent probe was then added to the culture plates at a final concentration
of 50 μM. After incubating in the dark for 30 min at 37 ◦C, fluorescence intensities of DHE
and DCFH-DA were measured using a fluorometric plate reader (SpectraMax i3, Molecular
Devices, San Jose, CA, USA).

4.4. Western Blot Analysis

3T3-L1 cells were seeded into 60 mm cell culture dishes (1 × 105 cells/dish) containing
DMEM medium plus 10% BCS and antibiotics and incubated until cells reached confluence.
After the confluence of cells was reached, the medium was replaced with DMEM containing
10% BCS and carnosic acid. Two days later, the medium was replaced with a differentiation
medium. After incubation for another two days, cells were washed twice with PBS. 3T3-L1
cells were then lysed with ice-cold radio-immunoprecipitation assay (RIPA) buffer which
was composed of 50 mM Tris–HCl (pH 8.0), 1% NP-40, 0.5% sodium deoxycholate, 150 mM
NaCl, 1 mM PMSF, and a protease inhibitor cocktail [49]. The protein from lysed cells was
then subjected to sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membranes. Membranes were blocked with 5% skimmed
milk in Tris-buffered saline containing Tween 20 (TBST) for 1 h at room temperature and
then incubated with primary antibodies overnight at 4 ◦C. Proper horseradish peroxide-
conjugated secondary antibodies were then added and incubated with the membranes
for 1 h at room temperature. Proteins present in the membranes were visualized with
an EZ-Western Lumi pico detection kit (DoGEN, Seoul, Korea) and quantified using a
FUSION SOLO S (Vilber Lourmat, Collégien, France).

4.5. Nuclear Protein Extraction

Nuclear protein extraction was performed using a nuclear extraction kit (Abcam,
Cambridge, UK). The harvested cell suspension was centrifuged at 300× g for 5 min.
The supernatant was carefully removed and discarded. Afterward, 0.15 mL of a 1X pre-
extraction buffer was added to the cell pellet followed by vigorous vortexing for 10 s,
incubation on ice for 10 min, and centrifugation at 15,800× g for 1 min to remove cytosolic
proteins from the nuclear pellet. The supernatant which contained the cytosolic protein
was removed and transferred to a new tube (cytosol protein). Then, 0.06 mL of extraction
buffer containing DTT and protease inhibitor cocktail (PIC) was added to the nuclear pellet.
The extraction mixture was incubated on ice for 15 min. It was vortexed for 5 s every 3 min.
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The suspension was then centrifuged at 18,000× g for 10 min at 4 ◦C. The supernatant was
then transferred into a new microcentrifuge vial as a nuclear protein extract.

4.6. Confocal Microscopy

Microscopical observations of cells were performed by confocal imaging as described
previously [50]. Briefly, following adipocyte differentiation for 2 days, 3T3-L1 cells were
washed twice with PBS and fixed with 3.7% paraformaldehyde in PBS for 15 min at room
temperature. After cells were washed with PBS and incubated with PBS containing 0.2%
Triton X-100 at room temperature for 10 min, they were blocked with 3% skimmed milk
in PBS for 45 min at room temperature. The blocking solution was removed, and the
remaining cells were incubated with 1:250 solution of p-NF-κB primary antibody in 3%
skimmed milk overnight at 4 ◦C. Cells were then washed three times with PBS (5 min each
wash) and incubated with a 1:2500 solution of AlexaFlour 546 conjugated goat anti-rabbit
secondary antibody (Invitrogen, Carlsbad, CA, USA) in a dark condition for 45 min at
room temperature. Cells were washed three times with PBS (5 min each wash). A LSM5
live configuration Vario Two VRGB microscope (Zeiss, Jena, Germany) equipped with an
oil immersion lens was used for the imaging of cells. Fluorescence imaging was obtained
using 405 nm and 535 nm lasers for detecting nuclear staining of DAPI and anti-p-NF-κB
(p65), respectively.

4.7. Statistical Analysis

All data are presented as mean ± SEM. All statistical analyses were executed using
the statistical package SPSS 11 program (Statistical Package for Social Science 11, SPSS Inc.,
Chicago, IL, USA). The statistical significance for each group was verified with one-way
analysis of variance (ANOVA) followed by Duncan’s test at p < 0.05 or Student’s t-test
(#: p < 0.05; ##: p < 0.01; ###: p < 0.001).

5. Conclusions

During MDI-induced differentiation of 3T3-L1 pre-adipocytes into adipocytes, ROS
levels peaked on the second day and could be potently attenuated by carnosic acid treat-
ment. Carnosic acid could down-regulate ROS levels during the early stage of MPI-induced
adipocyte differentiation by attenuating ROS generation through suppression of NF-B
mediated translation of Nox4 enzyme and increasing ROS neutralization through induction
of Nrf2-mediated translation of phase II antioxidant enzymes such as HO-1, γ-GCSc, and
GST, leading to its anti-adipogenetic effect.
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Abbreviations

ROS Reactive oxygen species
DHE Dihyroethidium
DCFH-DA 2′-7′-dichlorofluorescin diacetate
Nox4 NADPH (nicotinamide adenine dinucleotide phosphate) oxidase 4
NF-κB Nuclear factor-kappa B
IκBα NF-κB inhibitor
Nrf2 Nuclear factor erythroid 2-related factor 2
DMEM Dulbecco‘s modified Eagle‘s medium
MDI Methyl-isobuthylxanthine, dexamethasone, and insulin
HBSS Hank‘s balanced salt solution
PMSF Phenylmethanesulfonyl fluoride
DMSO Dimethylsulfoxide
RIPA Radio-immunoprecipitation assay
BAY Bay11-7082
DPAI 4′,6-diamidine-2-phenylindole
HO-1 Heme oxygenase-1
γ-GCSc γ–Glutamylcysteine synthetase
GST Glutathione S-transferase
SPSS Statistical Package for Social Science
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Abstract: Pyranoanthocyanins are anthocyanin-derived pigments with higher stability to pH and
storage. However, their slow formation and scarcity in nature hinder their industrial application.
Pyranoanthocyanin formation can be accelerated by selecting anthocyanin substitutions, cofactor
concentrations, and temperature. Limited information is available on the impacts of the chemical
structure of the cofactor and anthocyanin; therefore, we evaluated their impacts on pyranoan-
thocyanin formation efficiency under conditions reported as favorable for the reaction. Different
cofactors were evaluated including pyruvic acid, acetone, and hydroxycinnamic acids (p-coumaric,
caffeic, ferulic, and sinapic acid) by incubating them with anthocyanins in a molar ratio of 1:30
(anthocyanin:cofactor), pH 3.1, and 45 ◦C. The impact of the anthocyanin aglycone was evaluated
by incubating delphinidin, cyanidin, petunidin, or malvidin derivatives with the most efficient
cofactor (caffeic acid) under identical conditions. Pigments were identified using UHPLC-PDA
and tandem mass spectrometry, and pyranoanthocyanin formation was monitored for up to 72 h.
Pyranoanthocyanin yields were the highest with caffeic acid (~17% at 72 h, p < 0.05). When compar-
ing anthocyanins, malvidin-3-O-glycosides yielded twice as many pyranoanthocyanins after 24 h
(~20%, p < 0.01) as cyanidin-3-O-glycosides. Petunidin- and delphinidin-3-O-glycosides yielded <2%
pyranoanthocyanins. This study demonstrated the importance of anthocyanin and cofactor selection
in pyranoanthocyanin production.

Keywords: hydroxyphenyl-pyranoanthocyanins; naturally derived pigments; accelerated formation;
10-catechyl-pyranoanthocyanins

1. Introduction

Anthocyanins (ACNs) are dietary flavonoids with bright colors that can range from red
to blue [1,2]. The use of ACN-rich extracts as food colorants has increased in recent years
due to potential behavioral concerns associated with the consumption of artificial dyes [3,4].
Also, interest in ACN consumption has grown due to their potential bioactive and health-
promoting properties [5]. However, from an industrial point of view, the application of
ACN-rich extracts as food colorants is restricted due to limited long-term stability and
color expression [1]. Additionally, common components in the food matrix such as ascorbic
acid can bleach ACNs, resulting in their degradation [6]. Several mechanisms have been
proposed for the stabilization of ACNs in foods such as copigmentation with phenolic
compounds [7], complexation with proteins [8], encapsulation within polysaccharides [9],
and chelation with metals [10].

Studies have shown that prolonged interaction of ACNs with hydroxycinnamic
acids [7], acetone [11], or pyruvic acid (PA) [12] can result in the formation of ACN-derived
pigments called pyranoanthocyanins (PACNs). This process occurs during winemaking as
a result of the interaction between ACNs and yeast metabolites [13,14]. These ACN-derived
pigments can express color across all pH values [11] and have better long-term storage
stability [6,11]. Moreover, PACNs showed enhanced resistance to bleaching by ascorbic
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acid [6] and sulfur dioxide [11,15]. These pigments are formed through the cycloaddition
reaction of a reactive cofactor on position C4 and the 5-OH group of the ACN molecule,
resulting in the formation of an additional pyran ring [16] and consequently, in the unavail-
ability of C4 to participate in degradation reactions [17]. Studies on the synthesis pathways
of different PACNs from ACN-rich extracts have shown that carboxy-PACNs can result
from the reaction with PA, hydroxyphenyl-PACNs from the reaction with hydroxycinnamic
acids, and methyl-PACNs from the reaction with acetone [11,18]. Due to this formation
process, ACNs with substitutions on position C5 cannot form PACNs, thus excluding many
pigment sources commonly used in the food industry from being PACN precursors. ACN
sources commonly used in the food industry capable of forming PACNs include black
carrot [7,19], elderberries [7], and some grape extracts [20].

Although more stable, PACNs are hard to find in nature with limited quantities
reported in onions [21] and strawberries [22]. Additionally, PACNs can be found in a
small number of foods such as wine [18], sumac [23], fruit wines [24], and fruit juices
after extended periods of time [19]. Most studies have focused on the occurrence and
identification of PACNs [18–20,25], their stability [6,11], and their unique color characteris-
tics [26]. However, little has been reported on the optimization of their formation. Previous
studies reported that PACN formation efficiency is increased with 1-6 di-glycosylated
ACNs [12], the removal of ACN aromatic acylating groups [27], solution pH ~3.0 [28], as
well as higher incubation temperatures [29] and molar cofactor ratios [28,29]. In addition,
studies comparing different cofactors showed greater PACN yields with caffeic acid (CA)
than with PA [27]. However, the impact on PACN formation efficiency of other cofactors,
such as acetone, and modifications dependent on cofactor type and ACN structure are
still underreported. This information is important if PACNs are to be used by the food
industry as it would help in the development of more stable, naturally derived colorants.
Therefore, the objective of this study was to determine the effect of the chemical structure of
the cofactor and ACN on PACN formation efficiency under accelerated conditions (pH 3.1,
ACN to cofactor molar ratio of 1:30, incubation at 45 ◦C).

2. Results

2.1. Evaluation of Pyranoanthocyanin Formation Efficiency Using Different Types of Cofactors

CA, acetone, and PA were tested as cofactors for the formation of PACNs from
cyanidin-glycosides obtained from saponified black carrot ACN extracts (sBC) with results
shown in Figure 1. The ACN extract was mainly composed of cyanidin-3-O-xylosyl-
glucosyl-galactoside (peak 1, C3XyGlGa, ~64% of total area at 475–520 nm) and cyanidin-3-
O-xylosyl-galactoside (peak 2, C3XyGa, ~34% of total area at 475–520 nm). The 475–520 nm
max plot chromatogram was used because it accounted for the λvis-max of all pigments
evaluated in this study. After incubation with CA, two new peaks were detected in the
PDA chromatogram. Their hypsochromic shift of λvis-max compared to the precursor ACNs,
later retention times, and MS spectra revealed that these new peaks corresponded to 10-
catechyl-PACNs derived from the ACNs previously identified in sBC. Consequently, peak
3 was ascribed to 10-catechyl-pyranocyanidin-3-O-xylosyl-glucosyl-galactoside and peak
4 to 10-catechyl-pyranocyanidin-3-O-xylosyl-galactoside. No new peaks were detected in
the cofactor-free control and samples with acetone and PA after 72 h of incubation.
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Figure 1. Comparing the PACN formation after 72 h of anthocyanin (saponified black carrot, sBC)
incubation with caffeic acid (CA), acetone, or pyruvic acid (PA). Chromatograms show the max plot
in the 475–520 nm range. Table shows the wavelength of maximum absorption in the visible range
(λvis-max), mass per charge ratio (m/z) of the main ion and its aglycone, and tentative identity (ID).

Yields of PACNs, calculated as percentages compared to the initial ACN content using
Equation (1), increased from 3.9 ± 0.2% at 24 h to 14.1 ± 0.5% and 17.2 ± 0.6% after 48 and
72 h of incubation with CA at 45 ◦C, respectively (Figure 2). Based on the peak areas
calculated at each time point using Equation (3), PACNs comprised 4.6 ± 0.2, 38.4 ± 3.5,
and 63.5 ± 4.2% of the total pigment at 24, 48, and 72 h, respectively. No PACNs were
detected in samples incubated with acetone or PA. The pigment remaining after 72 h of
incubation was the highest in the samples with CA (27.4 ± 2.6%). This content was higher
than the one observed in samples with PA (16.4 ± 1.8%), but not significantly so (p = 0.06).
Additionally, the pigment remaining in samples with CA was significantly higher than
the ones observed in cofactor-free control samples (9.1 ± 1.9%, p < 0.01) and samples with
acetone (12.1 ± 2.8%, p < 0.01).

Figure 2. Pyranoanthocyanin yield (%PACN) with caffeic acid (CA) and pigment remaining (%) after incubation with
different cofactors for 24, 48, and 72 h at 45 ◦C with cyanidin-glycosides (from saponified black carrot, sBC). Different
Greek letters show significant differences among time points at a 0.05 level. Different letters show statistically significant
differences among cofactors at the same time point at a 0.05 level. Results are expressed as means ± standard error (n = 3).
ACN: anthocyanin, PA: pyruvic acid.
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2.2. Evaluation of Pyranoanthocyanin Formation Efficiency Using Different Hydroxycinnamic Acids

After incubation for up to 72 h, CA was the only cofactor forming PACN under our
experimental conditions, strongly suggesting that the chemical structure of the cofactor can
impact PACN yields. Studies have shown different reactivity rates of hydroxycinnamic acids
with ACNs or PACNs resulting in the formation of new pigments [30,31]. In these studies,
it was hypothesized that the nucleophilic nature of the hydroxycinnamic acid impacted its
reactivity [31], with di- and trisubstituted ones more reactive than monosubstituted ones [30].
Therefore, we hypothesized that minor structural differences among hydroxycinnamic acids
(CA, p-coumaric acid (pCA), ferulic acid (FA), and sinapic acid (SA)) may also affect PACN
yields under accelerated conditions. Analysis with UHPLC-PDA coupled to a tandem mass
spectrometer with electrospray ionization (ESI-MS/MS) showed that the identities of peaks
1–4 (deriving from incubation with CA) in Figure 3 were consistent with the ones previously
reported in Figure 1. The incubation with the other hydroxycinnamic acids resulted in
the formation of new compounds denoted by peaks 5–10 with later retention times and
hypsochromic effects on λvis-max (Figure 3). These characteristics along with the [M]+ and
[M–X]+ values were consistent with hydroxyphenyl-PACNs derived from non-acylated ACNs
present in sBC. Peaks 5 and 6 were attributed to 10-phenyl-pyranocyanidin-3-O-xylosyl-
glucosyl-galactoside and 10-phenyl-pyranocyanidin-3-O-xylosyl-galactoside, respectively.
Similarly, peaks 7 and 8 were recognized as 10-guaiacyl derivatives and peaks 9 and 10 as
10-syringyl derivatives (Figure 3).

 
Figure 3. Comparing the pyranoanthocyanin formation after 72 h of anthocyanin (saponified black carrot, sBC) incubation
with caffeic acid (CA), p-coumaric acid (pCA), ferulic acid (FA), and sinapic acid (SA). Chromatograms show the max plot in
the 475–520 nm range. Table shows the wavelength of maximum absorption in the visible range (λvis-max), mass-per-charge
ratio (m/z) of the main ion and its aglycone, and tentative identity (ID). C3XyGlGa: cyanidin-3-O-xylosyl-glucosyl-
galactoside, C3XyGa: cyanidin-3-O-xylosyl-galactoside.

Yields calculated using Equation (1) and displayed in Figure 4 showed that after 24 h
of incubation, PACN yield with CA (12.5 ± 0.2%) was significantly greater than with FA
(8.3 ± 0.2%, p < 0.01). Moreover, FA had significantly higher yields than pCA (3.5 ± 0.3%,
p < 0.01) and SA (4.0 ± 0.2%, p < 0.01), with no significant differences among these last
two cofactors (p > 0.05). After 48 h of incubation, the same efficiency pattern was observed.
After 72 h of incubation, CA and FA were significantly more efficient than pCA (p = 0.0476
and p = 0.0246, respectively). Yields with SA were lower than with CA and FA, but not

221



Int. J. Mol. Sci. 2021, 22, 6708

significantly so (p > 0.05 for both CA and FA). When analyzing the percent of pigment
remaining, results in Figure 4 showed that after 24 h, incubation with FA (41.2 ± 2.6%)
or SA (35.8 ± 3.2%) resulted in a significantly lower pigment remaining (p = 0.0367 and
p = 0.3350, respectively) compared to the cofactor-free control (55.8 ± 1.4%). However,
these differences were not significant after 72 h of incubation (p > 0.05).

Figure 4. Pyranoanthocyanin yield (%PACN) with different hydroxycinnamic acids and pigment remaining (%) after
incubation for 24, 48, and 72 h at 45 ◦C with cyanidin-glycosides (from saponified black carrot, sBC). Different Greek letters
show significant differences among time points at a 0.05 level. Different letters show significant differences among cofactors
at the same time point at a 0.05 level. Asterisks (*) and (**) indicate significant differences against the cofactor-free control
(sBC) at a 0.05 and 0.01 level, respectively. Results are expressed as means ± standard error (n = 3). pCA: p-coumaric acid.
CA: caffeic acid, FA: ferulic acid, SA: sinapic acid, Eq: equation.

2.3. Evaluation of Pyranoanthocyanin Formation Efficiency Using Different Anthocyanins

Minor structural differences among hydroxycinnamic acids impacted PACN yields.
Therefore, we hypothesized that minor structural differences among ACNs could also
impact PACN yields. Berberis boliviana was chosen as the pigment source for this compar-
ison because it contains simple ACNs deriving from four different aglycones in similar
proportions [32]. Results confirmed the presence of delphinidin, cyanidin, petunidin,
and malvidin derivatives in the Berberis boliviana ACN extract used in this study. In
addition, results showed the presence of two glycosylation patterns consistent with glu-
coside, denoted by a neutral loss of 162 m/z, and rutinoside, denoted by a neutral loss
of 308 m/z (Figure 5). After fractionation using semi-preparative HPLC-PDA, four frac-
tions were obtained each with glucoside and rutinoside derivatives of different ACN
aglycones. Further UHPLC-PDA-ESI-MS/MS analyses were carried out to identify the
individual ACNs in each fraction, and their identities were compared against previous
literature. The pigments in the delphinidin-derivatives fraction (Dp) were delphinidin-
3-O-glucoside (Dp1, ~91%) and delphinidin-3-O-rutinoside (Dp2, ~7%), pigments in the
cyanidin-derivatives fraction (Cy) were cyanidin-3-O-glucoside (Cy1, ~65%) and cyanidin-
3-O-rutinoside (Cy2, ~27%) with a minor content of petunidin-3-O-glucoside (Pt1, ~8%),
pigments in the petunidin-derivatives fraction (Pt) were petunidin-3-O-glucoside (Pt1,
~73%) and petunidin-3-O-rutinoside (Pt2, ~27%), and pigments in the malvidin-derivatives
fraction (Mv) were malvidin-3-O-glucoside (Mv1, ~77%) and malvidin-3-O-rutinoside
(Mv2, ~22%).
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Figure 5. Anthocyanins from fractions with different aglycones and PACN formation after 24 h of 45 ◦C incubation with
caffeic acid (CA). Chromatograms show the max plot in the 475–520 nm range. Table shows the wavelength of maximum
absorption in the visible range (λvis-max), mass-per-charge ratio (m/z) of the main ion and its aglycone, and tentative
identity (ID).

After 24 h incubation with CA, fractions with cyanidin-, petunidin-, or malvidin-
derived ACNs developed peaks with later retention times and hypsochromic λvis-max.
UHPLC-PDA-ESI-MS/MS analyses showed that these new peaks were consistent with
10-catechyl derivatives of the ACNs present in each fraction. Indeed, peaks Cy3 and
Cy4 were named 10-catechyl-pyranocyanidin derivatives, peaks Pt3 and Pt4 10-catechyl-
pyranopetunidin derivatives, and peaks Mv3 and Mv4 10-catechyl-pyranomalvidin deriva-
tives (Figure 5). It is worth noting that incubation of delphinidin-derivatives with CA
yielded no PACNs under our experimental conditions.

The highest PACN yield (Figure 6) was observed for malvidin-derivatives followed
by cyanidin-derivatives (19.8 ± 1.2% and 9.2 ± 0.8%, respectively, after 24 h of incuba-
tion, p < 0.01). Furthermore, using malvidin-derivatives not only yielded more PACNs
but also resulted in a significantly higher percent of pigment remaining after incubation
(64.1 ± 5.2%, p < 0.01), followed by cyanidin-derivatives (16.0 ± 2.2%) and then petunidin-
derivatives (1.9 ± 0.1%).

When analyzing the relative content of PACNs with a rutinoside substitution as a per-
centage of total PACNs (Figure 5), this content was 36.1 ± 0.2% in the cyanidin-derivatives
fraction, 32.4 ± 1.1% in the petunidin-derivatives fraction, and 31.4 ± 0.4% in the malvidin-
derivatives fraction. These values were higher than the ACN-3-O-rutinoside proportion in
the original ACN extract analyzed in our preliminary analysis (data not shown).
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Figure 6. Pyranoanthocyanin yield (%PACN) and pigment remaining (%) after incubation of antho-
cyanin fractions with different aglycones with caffeic acid (CA) for 24 h at 45 ◦C. Different letters show
significant differences among different fractions at a 0.05 level. Results are expressed as mean ± stan-
dard error (n = 3). ACN: anthocyanin, Dp: delphinidin-derivatives fraction, Cy: cyanidin-derivatives
fraction, Pt: petunidin-derivatives fractions, Mv: malvidin-derivatives fraction, Eq: equation.

3. Discussion

Under accelerated formation conditions (pH 3.1, 1:30 ACN to cofactor molar ratio,
and 45 ◦C incubation temperature), PACNs were detected in as little as 24 h with yields
up to 19.8% using malvidin-derived ACNs and CA as the cofactor. These yields were at
least six times higher than those reported for malvidin-3-O-glucoside with CA after four
months using wine-like systems (pH 3.2, ~1:2 ACN to cofactor molar ratio, and incubation
at 15 ◦C) [31]. Additionally, the PACN yields obtained under our experimental conditions
were at least five times higher than those reported for malvidin-3-O-glucoside with CA or
FA and 20 times higher than those reported with pCA in synthetic grape mediums after
14 days (pH 3.5, ~1:0.8 ACN-to-cofactor molar ratio, and incubation at 30 ◦C) [33]. The
higher yields observed in our study could be attributed to the use of conditions previously
reported to accelerate PACN formation [27–29]. However, our results demonstrated that
other factors such as the cofactor chemical structure and the ACN type also played a key
role in PACN formation efficiency under accelerated formation conditions.

The PACN yields observed in this study using cyanidin-derived ACNs and CA were
comparable to previous reports evaluating yields under similar conditions. Straathof and
Giusti reported PACN yields of ~20% after 24 h of incubation at 65 ◦C using elderberry
ACNs with CA [29], which was higher than those obtained under our experimental con-
ditions when comparing different hydroxycinnamic acids as cofactors. This higher yield
could be attributed to higher incubation temperatures and molar cofactor ratio used (1:50)
as well as the different glycosylation patterns of elderberry ACNs. To evaluate potential
differences in PACN yields as a result of the use of different cofactors and ACN types,
45 ◦C instead of 65 ◦C was selected to reduce pigment degradation as reported by Straathof
and Giusti [29] at temperatures of 65 ◦C or above. In addition, our PACN yields after 72 h
of incubation were similar to the ones reported by Zhu and Giusti after seven days of
incubation at 25 ◦C [27]. In that study, incubation for seven additional weeks led to higher
PACN yields (~71–85%) that were not obtained under the accelerated conditions used in
our experiment.

To compare different cofactors, black carrot was selected as a pigment source because
its ACNs do not have glycosylations on position C5 [7], and this allowed for the cycloaddi-
tion reaction with a reactive adduct resulting in the formation of a pyran ring between the
C4 and 5-OH groups of the ACN molecule [16]. Moreover, the tri- and di-glycosylation pat-
terns at C3 of these ACNs allowed for better solubility of their derived PACNs, preventing
their precipitation as observed in our preliminary studies with ACNs from other sources.
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As sinapoyl acylating groups have been shown to decrease PACN formation efficiency [27],
alkaline hydrolysis was carried out to remove the aromatic acylating moiety.

Among the cofactors tested (CA, acetone, and PA), CA was the only one that pro-
duced PACNs under our experimental conditions. Cofactors with an aromatic ring, such
as hydroxycinnamic acids, can copigment with ACNs [7,34]. Through intermolecular
interactions, the aromatic cofactor is brought in closer proximity to the ACN, which can
stabilize the chromophore during the incubation period and increase the likelihood of
a reaction [27,28,35]. Copigments must contain a benzene ring for π-π interactions with
ACNs to take place [36]. Aliphatic cofactors such as PA and acetone are not expected to
copigment with ACNs, which could reduce their interaction with ACNs thus resulting
in a lower PACN yield compared to CA [27]. Previous studies have found PACN forma-
tion yields 3.5 to 4 times greater with CA as a cofactor than with PA [27,28]. While we
did not detect PACNs forming from PA even after 72 h, the longer incubation periods
of 42 and 56 days and greater molar ratios of PA (1:100 and 1:200) used in those studies
may have compensated for the less efficient cofactor–ACN interaction to facilitate PACN
formation [27,28].

CA was the most efficient cofactor even when compared to other hydroxycinnamic acids,
yielding the highest amount of PACNs after only 24 h of incubation (CA > FA > SA = pCA).
However, after 72 h, no statistical differences were observed in the PACN yield between
samples incubated with CA, FA, or SA, although yields with SA were lower and not
statistically different than yields with pCA. CA and FA are widely distributed in natural
sources. CA is abundant in plants such as aronia berries [37] and black carrots [38], and FA
is found in plant cell walls and can be released into a solution by alkaline hydrolysis [39].
Therefore, the saponification process we used to remove the acylating group in the ACN
molecule making it more predisposed for PACN formation [27] can, at the same time,
release one of the most efficient cofactors into a solution.

The efficiency pattern of hydroxycinnamic acids observed in our results is similar to
the one reported in wine-like model solutions [31,40], despite differences in cofactor molar
ratios, incubation temperatures, and PACN yields. Additionally, similar reactivity patterns
were observed for hydroxycinnamic acids during the formation of portisins [30]. It has
been hypothesized that bond formation between C4 of the ACN and the alpha carbon
of the hydroxycinnamic acid is affected by the nucleophilic nature of the cofactor [40].
The stronger nucleophilic nature of CA as a result of the two hydroxyl substitutions in
the phenolic ring [41] could explain its higher PACN formation efficiency. Additionally,
steric hindrance impacts PACN formation efficiency [12,26]; this hindrance may explain
the higher PACN yields with FA over SA as cofactors.

When evaluating the impact of the ACN aglycone on PACN formation using CA as
a cofactor, malvidin was the most efficient followed by cyanidin (malvidin > cyanidin >
petunidin). Malvidin-3-O-glucoside has been shown to have stronger copigmentation inter-
actions with CA than other ACN-3-O-glucosides [34]. As copigmentation with the cofactor
may facilitate PACN formation [27], the increased interactions may contribute to greater
PACN formation rates with malvidin-derived ACNs. This stronger copigmentation with
CA may also help to explain the significantly higher pigment remaining after incubation
for 24 h. Additionally, the higher content of ACNs remaining in the malvidin fraction
after 24 h incubation (~45% of initial pigment) may indicate that greater PACN yields may
be achieved with longer incubation times. Results also showed very small amounts of
PACNs in samples with petunidin-derived pigments (~1.9%) and no PACNs detected in
samples with delphinidin-derivatives. Furthermore, after incubation at 45 ◦C for 24 h,
there was little to no pigment remaining in these samples; this negates the possibility of
PACN formation with increased incubation times. Delphinidin’s and petunidin’s propen-
sity to degrade during prolonged heating [42,43] may explain the absence or reduced
formation of PACNs in these samples. The significantly higher yields of malvidin- and
cyanidin-derived PACNs may explain why most reports have especially identified these
derivatives [11,14,16,19,25,44,45].
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The ACN fractions used to compare the impact of the aglycone type contained two
glycosylation patterns (glucoside and rutinoside). Glycosylation patterns have been re-
ported to impact PACN yields with cyanidin-3-O-rutinoside yielding more PACN than
cyanidin-3-O-glucoside when incubated with PA at 25 ◦C [12]. This observation was consis-
tent with our results; indeed ACN-3-O-rutinosides seemed to form PACNs more efficiently
than their glucoside counterparts denoted by an increased content of rutinoside-derivatives
in the PACN fraction after incubation with CA (from ~27% to ~37% in the Cy fraction, from
~27% to ~33% in the Pt fraction, and from ~22% to ~32% in the Mv fraction). Despite hav-
ing similar glucoside to rutinoside proportions, PACN yields with CA were significantly
different between the Cy, Pt, and Mv fractions. This difference suggests that the impact
of the glycosylation may be secondary to the impact of the aglycone type on PACN yield,
possibly due to the aglycone influence on stability and copigmentation ability.

4. Materials and Methods

4.1. Plant Material, Chemical, and Reagents

Berberis boliviana freeze-dried berries were generously donated by Carla del Carpio
from Universidad Nacional de San Antonio Abad del Cusco (UNSAAC, Cusco, Peru). A
commercial black carrot color powder (Daucus carota) was provided by D.D. Williamson
(Louisville, KY, USA). CA, FA, SA, and PA were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Acetone, chloroform, acetonitrile, UHPLC-grade water, pCA, sodium benzoate,
and sodium hydroxide were obtained from Fisher Scientific (Pittsburgh, PA, USA). Potas-
sium sorbate was obtained from Spectrum (New Brunswick, NJ, USA). All other reagents
and solvents were of at least analytical or HPLC grade unless otherwise indicated.

4.2. Anthocyanin Preparation

ACN extraction was carried out following the methodology described by Rodriguez-
Saona and Wrolstad [46] with minor modifications. Black carrot color powders were
prepared for extraction by reconstituting them in water. Berberis boliviana berries were
deseeded manually, soaked in water, and frozen with liquid nitrogen before extraction.
Then, the frozen berries and reconstituted black carrot color powder were each blended
with 0.01% HCl acetone (v/v) using a Waring laboratory blender. The slurry was filtered
through an N◦ 4 Whatman filter paper, and the cake was re-extracted using 0.01% HCl
aqueous acetone (70% v/v) until a faint pink solution was obtained. The filtrate was then
partitioned using chloroform for a final acetone:chloroform proportion of 1:2 (v/v) in a
separatory funnel and stored overnight at 4 ◦C. The upper aqueous layer containing ACNs
and other phenolic compounds was collected, and residual solvents were evaporated using
a Büchi rotavapor at 45 ◦C (Büchi, Flawil, Switzerland).

4.3. Saponification of Black Carrot Anthocyanins

Alkaline hydrolysis of acylated ACNs from black carrot was carried out to remove
the acylation moiety in their structure following the methodology described by Giusti and
Wrolstad [47]. Briefly, solutions rich in black carrot ACNs were mixed with 10% KOH (w/v)
in a proportion of 1:10 and left to stand for 8 min in the dark at room temperature, after
which the pH was neutralized using 2N HCl. Neutralized, saponified extracts were sub-
jected to solid phase extraction (SPE) following the methodology described in Section 4.4.
The obtained semi-purified, sBC was later used for comparison of cofactor efficiency.

4.4. Pigment Semi-Purification

ACN semi-purification was performed using SPE following the methodology de-
scribed by Rodriguez-Saona and Wrolstad [46] with minor modifications. Briefly, crude
ACN extracts were diluted in acidified water prior to SPE using Waters Sep-pak C18 car-
tridges (Waters, Milford, MA, USA). Cartridges were activated with methanol and then
washed with 0.01% HCl (v/v) acidified water, after which the crude extract was applied
to the cartridge. Salts, sugars, and organic acids were removed using two volumes of
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acidified water followed by washing with three to four volumes of ethyl acetate to remove
less polar phenolics. Semi-purified pigments were eluted from the column using 0.01%
HCl (v/v) acidified methanol. The solvent was then evaporated using a rotavapor at 45 ◦C,
and pigments were resolubilized in acidified water and stored under refrigeration until
further use.

4.5. Fractionation of Different Anthocyanins

Fractions of different ACNs from semi-purified Berberis boliviana extract prepared
in Section 4.4 were obtained using semi-preparative HPLC-PDA (Shimadzu, Columbia,
MD, USA). Reverse phase chromatographic separation was achieved using a Synergi 4 μm
Max-RP 80 Å column of 250 × 21.2 mm dimensions (Phenomenex, Torrance, CA, USA) and
a binary solvent system composed of A: 4.5% formic acid in water (v/v) and B: acetonitrile
at a flow rate of 10 mL/min. Elution gradient started at 10–20% B from 0 to 20 min, 20–40%
B from 20 to 21 min, and 40% B from 21 to 24 min. Collected fractions were concentrated
using SPE to remove formic acid and acetonitrile, and residual methanol was evaporated
using a rotavapor at 45 ◦C. Isolated fractions were resolubilized with acidified water and
stored under refrigeration until further use.

4.6. Anthocyanin and Pyranoanthoycanin Identification

ACN and PACN tentative identification were carried out using a Nexera-i-LC-2040 3D
ultra-high performance liquid chromatograph (Shimadzu, Columbia, MD, USA) coupled
with an LCMS-8040 triple quadrupole mass spectrometer with an ESI interface (Shimadzu,
Columbia, MD, USA). Chromatographic separation was achieved using a Synergi 4 μm
Max RP-80 Å 250 × 4.6 mm column (Phenomenex, Torrance, CA, USA) and a binary
solvent system consisting of A: 4.5% formic acid and B: acetonitrile with a gradient of
5–45% B from 0 to 20 min and 45% B from 20 to 25 min. After chromatographic separation, a
volume of approximately 0.2 mL/min was diverted into the MS/MS for analyses. Tentative
identification of pigments was carried out based on their elution time, UV-Vis spectral
characteristics, and corresponding m/z using ESI-MS/MS. Mass spectrometry analyses
were conducted under positive ion mode with 1.5 L/min nebulizing gas flow, 15 L/min
drying gas, a desolvation gas temperature of 230 ◦C, and collision energy of -35 eV. Spectral
data were acquired using total ion scan mode from m/z 100 to 1000 and precursor ion
scan mode for the most common six anthocyanidins in nature (271, 287, 301, 303, 317, and
331 m/z). Identification of new colored compounds was carried out using precursor ion
scans with the expected PACN aglycone m/z listed in the tables in Figures 1, 3 and 5 for
each experimental section. Data analysis and interpretation were performed using Lab
Solutions Software Ver. 1 (Shimadzu, Columbia, MD, USA).

4.7. Monomeric Anthocyanin Quantitation

Monomeric ACNs were quantified using the pH differential method [48]. Briefly,
semi-purified ACN extracts or isolated ACN fractions were diluted in 0.025 M potas-
sium chloride buffer at pH 1 or 0.4 M sodium acetate buffer at pH 4.5. The difference
of absorbance at their respective λvis-max and 700 nm was measured using a SpectraMax
M2 plate reader (Molecular Devices, Sunnyvale, CA, USA). The monomeric ACN content
in sBC was expressed as cyanidin-3-O-glucoside equivalents while the content in each
ACN fraction from Berberis boliviana was expressed in equivalents of its most abundant
ACN (delphinidin-3-O-glucoside, cyanidin-3-O-glucoside, petunidin-3-O-glucoside, or
malvidin-3-O-glucoside) using the corresponding molecular weight and molar absorptivi-
ties reported in the literature [48,49].

4.8. Pyranoanthocyanin Formation—Comparing Different Types of Cofactors

PACN formation was carried out following the methodology described by Straathof
and Giusti [29] with minor modifications. Briefly, stock solutions of sBC and three different
types of cofactors (PA, acetone, and CA) were prepared using pH 3.1 acidified water
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containing 0.1% potassium sorbate (w/v) and 0.1% sodium benzoate (w/v). Stock solutions
of pigment and cofactor were mixed and diluted to a pigment concentration of 80 μM
and a cofactor concentration of 2.4 mM (1:30 pigment to cofactor molar ratio). The final
solution was adjusted to pH 3.1 ± 0.05 with 1 M NaOH and 2N HCl when needed. Samples
were placed into HPLC vials and stored in the dark in a Roto-Therm™ H2020 benchtop
incubator (Benchmark Scientific, Edison, NJ, USA) set at 45 ◦C. Every 24 h, the vial was
removed, run on the HPLC, and returned to the incubator for additional incubation, up to
72 h total.

4.9. Pyranoanthocyanin Formation—Comparing Different Hydroxycinnamic Acids

The effects of minor structural differences among different hydroxycinnamic acids
on PACN formation were evaluated following the methodology described in Section 4.8.
The sBC extract was used as the pigment source, and four different hydroxycinnamic acids
(CA, pCA, FA, and SA) were tested as cofactors at equivalent 1:30 ACN to cofactor molar
ratios and incubated at 45 ◦C in pH 3.1 solution in the dark.

4.10. Pyranoanthocyanin Formation—Comparing Different Aglycones

The effect of the aglycone structure on the formation efficiency of PACNs was evalu-
ated using ACN-rich fractions containing a different aglycone and the cofactor identified as
producing the highest PACN yield (in this case, CA) following the methodology described
in Section 4.8. Berberis boliviana was selected as the pigment source because it contains
four of the six most common ACNs found in nature in relatively similar proportions with
glycosylations (either glucose or rutinose) only on position C3 [32]. CA was used as a
cofactor at a 1:30 ACN to cofactor molar ratio, and samples were incubated at 45 ◦C in
pH 3.1 solution in the dark.

4.11. Monitoring Pyranoanthocyanin Formation and Anthocyanin Changes Over Time

Total pigment content and PACN formation were monitored during incubation using
HPLC-PDA (Shimadzu, Columbia, MD, USA) and calculated using the areas under the
curve (AUC) of the compounds of interest. The system consisted of two LC-20AD pumps,
a CBM-20A controller, a SIL-20AC refrigerated autosampler, an SPD-M20A PDA detector,
and a CTO-20A column oven. Chromatographic separation was achieved using the same
column, solvents, and gradient parameters as in Section 4.6.

PACN formation yield was calculated using Equation (1):

PACN f ormation yield (%) =
(AUC475−520 nm PACNs at tn)

(AUC475−520 nm ACNs at t0)
∗ 100 (1)

The percent of pigment remaining was calculated using Equation (2):

Percent o f Pigment Remaining =
(AUC475−520 nm ACNs + PACNs at tn)

(AUC475−520 nm ACNs at t0)
∗ 100 (2)

The content of PACNs, as the percentage of total pigment at a given time point, was
calculated using Equation (3):

Percent o f PACN to total pigment (%) =
(AUC475−520 nm PACNs at tn)

(AUC475−520 nm ACNs + PACNs at tn)
∗ 100 (3)

4.12. Statistical Evaluation of Data

Data from each replication were collected from duplicate samples and experiments
were conducted in triplicate. Data were expressed as mean ± standard error of means. Dif-
ferences among treatments were analyzed using a one-way analysis of variance (ANOVA)
with Bonferroni post-hoc tests. Analyses were conducted using GraphPad Prism (Graph-
Pad Software Inc., La Jolla, CA, USA). A p-value lower than 0.05 was considered significant.
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5. Conclusions

The chemical structure of the cofactor and ACN type impacted PACN yields with
significant differences detected after only 24 h of incubation. CA and FA were the most
efficient cofactors with similar PACN yields when using cyanidin-glycosides from sBC as
the ACN source (~19% and ~14%, respectively). Among the different types of aglycones
tested, malvidin-glycosides were the most efficient for PACN formation with CA (~20%
after 24 h). Overall, this research demonstrated that cyanidin- or malvidin-derived ACNs
in combination with CA or FA can produce high amounts of PACNs under accelerated
formation conditions. These results highlight the importance of the ACN source and
cofactor selection for the efficient production of PACNs. Given their scarcity in nature, this
efficient production could facilitate their use by the industry as naturally derived colorants
with increased stability.
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Abstract: Portal hypertension develops along with liver cirrhosis then induces the formation of
portal-systemic collaterals and lethal complications. Extrahepatic angiogenesis plays an important
role. Glycyrrhizin has been found to exhibit anti-angiogenic features, which leads to its extensive
use. However, the relevant effects of glycyrrhizin on liver cirrhosis and portal hypertension have
not been evaluated. This study thus aimed to investigate the impact of glycyrrhizin on portal
hypertension-related derangements in cirrhotic rats. Male Sprague-Dawley rats received bile duct
ligation (BDL) to induce cirrhosis or sham operation as control. The rats were subdivided to receive
glycyrrhizin (150 mg/kg/day, oral gavage) or vehicle beginning on the 15th day post operation,
when BDL-induced liver fibrosis developed. The effects of glycyrrhizin were determined on the 28th
day, the typical timing of BDL-induced cirrhosis. Glycyrrhizin significantly reduced portal pressure
(p = 0.004). The splanchnic inflow as measured by superior mesenteric arterial flow decreased
by 22% (p = 0.029). The portal-systemic collateral shunting degree reduced by 30% (p = 0.024).
The mesenteric angiogenesis and phospho-VEGFR2 protein expression were also downregulated
(p = 0.038 and 0.031, respectively). Glycyrrhizin did not significantly influence the liver biochemistry
data. Although glycyrrhizin tended to reverse liver fibrosis, statistical significance was not reached
(p = 0.069). Consistently, hepatic inflow from portal side, hepatic vascular resistance, and liver
fibrosis-related protein expressions were not affected. Glycyrrhizin treatment at the stage of hepatic
fibrosis still effectively attenuated portal hypertension and portosystemic collateral shunting. These
beneficial effects were attributed to, at least in part, the suppression of mesenteric angiogenesis by
VEGF signaling pathway downregulation.

Keywords: liver cirrhosis; portal hypertension; angiogenesis; portosystemic collateral shunting; gly-
cyrrhizin

1. Introduction

Portal hypertension, a phenomenon attributed to both systematic and portal hemo-
dynamic derangements, develops along with the progression of liver cirrhosis. These
hemodynamic changes include increased splanchnic blood flow, portal inflow, and en-
hanced hepatic vascular resistance, which lead to excess blood retention in the portal
system [1]. To drain the stagnant blood out from the portal system to systemic circulation,
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portal-systemic collateral vasculature gradually forms. Nevertheless, portal-systemic col-
lateral in itself poses threats such as gastroesophageal variceal hemorrhage and hepatic
encephalopathy. Traditionally, the excess portal inflow was mainly due to overt splanchnic
vasodilatation. Recently, evidence suggested that angiogenesis, the generation of new
blood vessels, participates in the formation of portal-systemic collaterals, aggravation of
splanchnic hyperemia, and increase of portal inflow [2]. During the process, the actions of
vascular endothelium growth factor (VEGF) and activation of its receptor, VEGF receptor
2 (VEGFR-2) are considered the major factors [3]. In brief, attenuation of angiogenesis is a
reasonable strategy to ameliorate portal hypertension and its complications.

Glycyrrhizin, the major bioactive compound of licorice roots extraction, has been
widely used as an herbal medicine for anti-tumor, anti-inflammation, and anti-virus therapy
in Asia [4]. A clinical trial further demonstrated that licorice exposure increased large
arterial stiffness and systemic vascular resistance [5]. Glycyrrhizin has also been proved
to have a hepatic protection effect. Glycyrrhizin and its metabolite, glycyrrhetinic acid,
ameliorated bile-induced hepatotoxicity in rats through inhibiting apoptosis and necrosis
of hepatocytes [6]. In rat models with hepatic injury, glycyrrhizin reduced plasma levels of
aspartate aminotransferase (AST) and alanine aminotransferase (ALT), indicators of liver
injury, as compared with those of the vehicle control group [7,8]. Moreover, a randomized
control trial showed that glycyrrhizin plus tenofovir significantly reduced serum AST and
ALT levels and decreased MELD score compared with tenofovir alone in patients with
chronic hepatitis B with severe acute exacerbation [9].

Interestingly, a recent study found that glycyrrhizin effectively suppresses angio-
genesis. Glycyrrhizin inhibited tumor growth and angiogenesis in vivo, and attenuated
migration, invasion, and tube formation of endothelial cells [10]. Another study showed
that glycyrrhizin suppressed angiogenesis activity of endothelial cells. Furthermore, it
inhibited tumor growth and neovascularization in mice [11]. Angiogenesis plays an impor-
tant role in portal hypertension. Furthermore, glycyrrhizin also induced hepatic vascular
relaxation in rats with CCL4-induced liver cirrhosis [12]. However, the effects of gly-
cyrrhizin on chronic liver cirrhosis and portal hypertension-related derangements have not
been surveyed.

We therefore hypothesized that glycyrrhizin may exert beneficial effects on portal
hypertension. Via a rat model with liver cirrhosis and portal hypertension, glycyrrhizin was
administered at the stage of liver fibrosis, which is more relevant to the clinical condition.

2. Results

2.1. Effects of Glycyrrhizin on Body Weight and Systemic Circulation

The rats received common bile duct ligation (BDL) to induce cirrhosis or sham opera-
tion as surgical control. The rats were then subdivided to receive glycyrrhizin or vehicle
treatment beginning on the 15th day post operation, when BDL-induced liver fibrosis
developed. Experiments were performed on the 28th day, when cirrhosis developed in the
BDL group (Figure 1).
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Figure 1. Experimental design. The rats received bile duct ligation (BDL) or sham operation.
Treatments were started on the 15th day after operations, when liver fibrosis developed in BDL
groups. After 2 weeks of treatments, experiments were performed on the 28th day after operations.

Table 1 depicts the results of BW and parameters of splanchnic and systemic circulation
of experimental groups. The cirrhotic rats had significantly lower BW compared with sham-
operated rats (p < 0.001). The MAP and SVR decreased while the CI increased significantly
in cirrhotic groups, reflecting the feature of hyperdynamic circulation in portal hypertension
(MAP: p = 0.012; SVR: p < 0.001; CI: p < 0.001). Glycyrrhizin treatment did not affect the
BW, MAP, HR, SVR, and CI in sham-operated groups and BDL groups (p > 0.05).

Table 1. Hemodynamic parameters in sham or BDL rats treated with vehicle or glycyrrhizin.

Sham
Vehicle

Sham
Glycyrrhizin

BDL
Vehicle

BDL
Glycyrrhizin

p Value *

n = 6 n = 6 n = 6 n = 6
BW (g) 452 ± 9 428 ± 15 375 ± 10 † 386 ± 17 0.605

MAP (mmHg) 141 ± 8 142 ± 7 114 ± 4 † 102 ± 4 0.075
HR (beats/min) 337 ± 19 304 ± 24 322 ± 13 302 ± 18 0.386

PP (mmHg) 9.5 ± 0.8 8.7 ± 0.4 16.8 ± 1.7 † 12.3 ± 1.0 * 0.004
Systemic circulation
CI (mL/min/100 g) 31.5 ± 1.4 33.2 ± 2.4 43.2 ± 1.4 † 40.8 ± 3.7 0.560

SVR
(mmHg/mL/min/100 g) 4.5 ± 0.3 4.3 ± 0.3 2.6 ± 0.1 † 2.6 ± 0.3 0.976

BDL: common bile duct ligation; BW: body weight; MAP: mean arterial pressure; HR: heart rate; PP: portal
pressure; CI: cardiac index; SVR: systemic vascular resistance. * Glycyrrhizin-treated groups compared with
paralleled vehicle groups; † p < 0.05, BDL-vehicle group compared with sham-vehicle group.

2.2. Effects of Glycyrrhizin on Portal Hypertension

Compared with sham-operated groups, cirrhotic rats had significantly higher PP
(p = 0.004). Glycyrrhizin treatment from the stage of liver fibrosis still significantly reduced
PP in cirrhotic rats. In sham-operated groups, glycyrrhizin did not affect PP (p = 0.356).

2.3. Effects of Glycyrrhizin on Extrahepatic Systems and Mesenteric Angiogenesis

Portal hypertension is driven by abnormal splanchnic inflow and hepatic outflow.
In cirrhotic (BDL)-vehicle rats, the SMA flow significantly increased compared with the
sham-vehicle group, representing the abnormally high splanchnic blood flow (Figure 2,
sham-vehicle vs. BDL-vehicle (mL/min/100 g): 5.48 ± 0.53 vs. 7.05 ± 0.42, p = 0.042).
Consistently, the SMA resistance decreased in cirrhotic rats (sham-vehicle vs. BDL-vehicle
(mmHg/mL/min/100 g): 26.0 ± 4.1 vs. 13.9 ± 0.8, p = 0.032). Glycyrrhizin significantly
reduced SMA flow in cirrhotic rats (BDL-vehicle vs. BDL-glycyrrhizin: (mL/min/100 g):
7.05 ± 0.42 vs. 5.51 ± 0.44, p = 0.029). Interestingly, the SMA resistance was not affected by
glycyrrhizin ((mmHg/mL/min/100 g): 13.9 ± 0.8 vs. 16.7 ± 1.3, p = 0.100).
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Figure 2. Effects of glycyrrhizin on splanchnic system. In rats with BDL-induced cirrhosis, the superior mesenteric artery
(SMA) flow significantly increased compared with the sham-vehicle group. Glycyrrhizin significantly attenuated SMA flow
in cirrhotic rats. The SMA resistance decreased in cirrhotic rats and was not affected by glycyrrhizin (n = 6, 6, 6, 6; BDL, bile
duct ligation). * p < 0.05.

Mesenteric angiogenesis plays an important role in increasing splanchnic blood inflow
and formation of portal-systemic collateral vascular system (Figure 3A). The mesenteric
vascular density was evaluated by CD31 immunofluorescent staining (Figure 3B). In
cirrhotic rats, the mesenteric vascular density was markedly higher than that of the sham-
operated rats (sham-vehicle vs. BDL-vehicle (%): 6.2 ± 0.7 vs. 12.8 ± 1.2, p = 0.002).
Glycyrrhizin treatment significantly reduced mesenteric vascular density (BDL-vehicle vs.
BDL-glycyrrhizin (%): 12.8 ± 1.2 vs. 8.6 ± 1.3, p = 0.038). The collateral vascular system
was evaluated by color microsphere method (Figure 3C). The results show that the shunting
degree was significantly decreased in the glycyrrhizin-treated group ((%): 68.1 ± 2.5 vs.
47.8 ± 6.8, p = 0.024). This suggests that glycyrrhizin attenuates splanchnic blood inflow
and portal-systemic collateral shunting though inhibition of splanchnic angiogenesis. This
also explains why the SMA flow decreased in the glycyrrhizin-treated group with unaltered
SMA resistance.

The angiogenic protein expressions of mesentery were assessed. A parallel series of
experiments were performed to compare the protein expressions between sham-vehicle and
BDL-vehicle groups (supplementary Figure S1). The results reveal that the phospho-eNOS,
COX1, COX2, phospho-VEGFR2, and VEGF protein expressions significantly increased in
the BDL group (sham-vehicle vs. BDL-vehicle, phospho-eNOS: 0.46 ± 0.15 vs. 1.00 ± 0.16,
p = 0.032; COX1: 0.54 ± 0.10 vs. 0.80 ± 0.06, p = 0.047; COX2: 0.28 ± 0.02 vs. 0.58 ± 0.06,
p = 0.001; phospho-VEGFR2: 0.49 ± 0.09 vs. 0.79 ± 0.04, p = 0.022; VEGF: 0.19 ± 0.03 vs.
0.78 ± 0.06, p < 0.001).

Figure 4 discloses the protein expression of BDL groups that received vehicle or
glycyrrhizin. The results show that phospho-VEGFR2 was significantly downregulated
by glycyrrhizin ((/β-actin): BDL-vehicle vs. BDL-glycyrrhizin: 0.95 ± 0.05 vs. 0.71 ± 0.08,
p = 0.031). On the other hand, VEGF, phospho-eNOS, iNOS, COX1, and COX2 expressions
were unaffected (VEGF: 0.56 ± 0.08 vs. 0.56 ± 0.04, p = 0.996; phospho-eNOS: 1.00 ± 0.04
v.s. 1.00 ± 0.01, p = 0.954; iNOS: 1.04 ± 0.13 v.s. 0.85 ± 0.07, p = 0.211; COX1: 0.74 ± 0.10
vs. 0.82 ± 0.06, p = 0.534; COX2: 0.70 ± 0.05 v.s. 0.68 ± 0.08, p = 0.882). The uncropped
membranes are shown in supplementary Figure S2.
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Figure 3. Effects of glycyrrhizin on mesenteric angiogenesis and portal-systemic collateral shunting. (A) Mesenteric
angiogenesis was evaluated by vascular density of mesenteric window. In cirrhotic rats, the mesenteric vascular density
was markedly higher than sham rats. Glycyrrhizin significantly reduced mesenteric vascular density (n = 5, 6, 6, 6). (B)
The shunting degree was evaluated by color microsphere method. The shunting degree was significantly decreased in
glycyrrhizin-treated group (n = 7, 7). Scale bar = 200 μm. * p < 0.05.

2.4. Effects of Glycyrrhizin on Hepatic System

The plasma liver injury markers ALT, AST, and total bilirubin were determined as well
and shown in Figure 5A. The ALT, AST, and total bilirubin levels significantly increased in
BDL groups (sham-vehicle vs. BDL-vehicle, ALT (IU/L): 50 ± 5 vs. 146 ± 20, p = 0.001; AST
(IU/L): 97 ± 5 vs. 714 ± 105, p < 0.001; total bilirubin (mg/dl): 0.04 ± 0.01 vs. 8.30 ± 0.54,
p < 0.001). However, glycyrrhizin did not influence ALT, AST, and total bilirubin levels in
cirrhotic rats (BDL-vehicle vs. BDL-glycyrrhizin: ALT (IU/L): 146 ± 20 vs. 197 ± 67, p = 0.479;
AST (IU/L): 714 ± 105 vs. 906 ± 372, p = 0.630; total bilirubin (mg/dl): 8.30 ± 0.54 vs. 7.37 ±
0.52, p = 0.244).

Figure 5B shows the hemodynamic parameters of the hepatic system. The HVR tended
to increase in cirrhotic rats compared with sham-operated control rats (sham-vehicle vs.
BDL-vehicle (mmHg/mL/min/100 g): 1.7 ± 0.1 vs. 2.4 ± 0.3, p = 0.065). There was
no significant difference between the BDL-control and BDL-glycyrrhizin group in HVR
((mmHg/mL/min/100 g): 2.4 ± 0.3 vs. 2.3 ± 0.3, p = 0.785).

The severity of liver fibrosis was evaluated by fibrosis area ratio of the whole liver
section, stained by Sirius red (Figure 6A). The area ratio was significantly increased in
BDL-control group compared with the sham-control group ((%) 4.8 ± 0.4 vs. 22.4 ± 1.3,
p < 0.001). Glycyrrhizin did not affect liver fibrosis (22.4 ± 1.3 vs. 24.2 ± 2.0, p = 0.476). To
further validate the result, the severity of fibrosis of the liver sections were classified blindly
by the Metavir scoring system by an independent investigator (Figure 6B). Consistently,
BDL rats had significantly more severe liver fibrosis compared with sham rats (p = 0.002).
Glycyrrhizin did not affect liver fibrosis in sham or BDL groups.
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Figure 4. The angiogenic protein expressions in the mesentery. Glycyrrhizin downregulated phospho-
VEGFR2 expression. VEGF, Phospho-eNOS, iNOS, COX1, and COX2 expressions were unaffected
(n = 6, 6; BC, BDL-control; BG, BDL-glycyrrhizin). * p < 0.05.
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Figure 5. Effects of glycyrrhizin on hepatic system. (A) The levels of plasma liver injury markers alanine transaminase (ALT),
aspartate transaminase (AST), and total bilirubin were determined. The levels of liver injury markers increased markedly in
BDL groups. However, glycyrrhizin did not affect ALT, AST, and total bilirubin levels in cirrhotic rats (n = 6, 6, 6, 6). (B) There
was a trend toward increased hepatic vascular resistance (HVR) in cirrhotic rats compared with sham-operated control rats. The
HVR of the BDL-vehicle and BDL-glycyrrhizin groups was not significantly different (n = 6, 6, 6, 6). * p < 0.05.

Intrahepatic angiogenesis was analyzed by comparing the vascular numbers in portal
or sinusoidal area. In sinusoidal area, liver sinusoidal endothelial cells were stained with
CD31 (Figure 7A). In the portal area, vessels were stained with α-SMA, a smooth muscle
cell marker (Figure 7B). The two evaluation methods showed the consistent findings that
there was significant intrahepatic angiogenesis in cirrhotic rats (sham-vehicle vs. BDL-vehicle,
sinusoidal area (counts/field): 323 ± 19 vs. 420 ± 24, p = 0.010; portal area (counts/field):
14 ± 2 vs. 46 ± 6, p = 0.001). Glycyrrhizin did not affect intrahepatic angiogenesis (BDL-vehicle
vs. BDL-glycyrrhizin, sinusoidal area (counts/field): 420 ± 24 vs. 360 ± 26, p = 0.121; portal
area (counts/field): 46 ± 6 vs. 45 ± 8, p = 0.922). Intrahepatic angiogenesis promotes liver
fibrosis and vice versa. This result further supports the non-significant effects of glycyrrhizin
on intrahepatic circulation and liver fibrosis in this experimental setting.
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Figure 6. Effects of glycyrrhizin on liver fibrosis. (A) The severity of liver fibrosis was evaluated by fibrosis area ratio. The
area ratio was significantly increased in BDL-vehicle group compared with sham-vehicle group. Glycyrrhizin treatment
tended to attenuate the fibrosis severity (n = 6, 6, 6, 6). (B) The severity of liver fibrosis was further classified blindly by
Metavir scoring system by an independent investigator. The results were compatible with the findings of the area ratio
analyses that BDL significantly increased the fibrosis severity. Glycyrrhizin did not affect liver fibrosis in sham or BDL
groups (n = 6, 6, 6, 6). Scale bar of upper panel = 1000 μm, scale bar of lower panel = 200 μm. * p < 0.05.

239



Int. J. Mol. Sci. 2021, 22, 7662

Figure 7. Effects of glycyrrhizin on intrahepatic angiogenesis. (A) Intrahepatic angiogenesis over sinusoidal area was
evaluated by CD31 staining targeting endothelial cells. (B) Intrahepatic angiogenesis over portal area was investigated by
α-SMA staining for vascular smooth muscle cells. The results were consistent. Intrahepatic vessels increased significantly in
BDL-vehicle group compared with sham-vehicle group. Glycyrrhizin did not significantly influence the vascular numbers
in the liver (n = 6, 6, 6, 6). Scale bar = 200 μm. * p < 0.05.

The protein expressions of fibrogenesis factors in the liver of sham-vehicle and BDL-
vehicle groups were investigated in another parallel series of experiments (supplementary
Figure S3). In cirrhotic rats, α–SMA, procollagen Iα1, TIMP1, and TGF-β expressions increased
and MMP13 decreased significantly (α–SMA: 0.21 ± 0.03 vs. 0.77 ± 0.10, p = 0.002; procollagen
Iα1: 0.25 ± 0.03 vs. 0.57 ± 0.10, p = 0.020; MMP13: 0.72 ± 0.07 vs. 0.26 ± 0.06, p = 0.001;
TIMP1: 0.34 ± 0.05 vs. 0.75 ± 0.10, p = 0.004; TGF-β: 0.34 ± 0.03 vs. 0.92 ± 0.05, p < 0.001).

The protein expressions were then determined in BDL-vehicle and BDL-glycyrrhizin
groups (Figure 8). The protein expressions of α–SMA, procollagen Iα1, MMP13, TIMP1,
and TGF-β in cirrhotic rats were not significantly influenced by glycyrrhizin (BDL-vehicle
vs. BDL-glycyrrhizin (/β-actin): α–SMA: 0.96 ± 0.03 vs. 0.93 ± 0.03, p = 0.614; procollagen
Iα1: 0.77 ± 0.09 vs. 0.80 ± 0.03, p = 0.747, MMP13: 1.08 ± 0.06 vs. 1.18 ± 0.06, p = 0.227;
TIMP1: 0.92 ± 0.05 vs. 0.88 ± 0.07, p = 0.645; TGF-β: 0.88 ± 0.03 vs. 0.85 ± 0.05, p = 0.588).
The results suggest that glycyrrhizin administration since the stage of liver fibrosis did not
ameliorate the severity of fibrosis. The uncropped membranes are listed in supplementary
Figure S4.
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Figure 8. The fibrogenic protein expressions in the liver. The protein expressions of α–SMA, procollagen Iα1, MMP13,
TIMP1, and TGF-β were not significantly different between BDL-vehicle (BV) and BDL-glycirrhizin (BG) groups (n = 6, 6).

3. Discussion

In this study, glycyrrhizin effectively attenuated portal hypertension and portal-systemic
collateral shunting degree. The actions and mechanism are shown in Figure 9. Glycyrrhizin
was given starting at the 15th day after BDL, when liver fibrosis had developed. As a result,
the findings could be more relevant to a clinical condition, implying that the administration of
glycyrrhizin at the stage of liver fibrosis is still effective in ameliorating portal hypertension.
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Figure 9. Effects of glycyrrhizin on portal hypertension-related derangements. Glycyrrhizin sup-
pressed mesenteric angiogenesis through VEGFR2 downregulation. The splanchnic blood inflow
and collateral shunting thus decreased. The hepatic system was unaffected by glycyrrhizin. The net
effect of glycyrrhizin is the amelioration of portal hypertension.

Portal hypertension develops along with the progression of liver cirrhosis. The colla-
gen fiber in the liver interferes with the hepatic outflow. On the other hand, the splanchnic
inflow increases pathologically. The abnormal blood flow becomes stagnant in the portal
system and results in portal hypertension. To cope with the problem, the portal-systemic
collateral vascular system develops to shunt the abnormal flow to the systemic circulation
with a relatively “lower pressure”. Unfortunately, severe and fatal complications such as
gastroesophageal variceal hemorrhage and hepatic encephalopathy ensue. Regarding the
previous reports on the influences of glycyrrhizin in liver fibrosis, several studies have
disclosed the anti-fibrotic effect of glycyrrhizin: Intraperitoneal injection of 3 mL of 0.2%
glycyrrhizin solution three times a week beginning the first day of carbon tetrachloride
administration markedly attenuated liver injury in a rat liver fibrosis model [13]. In another
study, rats received carbon tetrachloride for 8 weeks to induce liver fibrosis. Treatment
with glycyrrhizin beginning the first day of liver injury significantly ameliorated liver
fibrosis [14]. Furthermore, in a mice liver fibrosis model induced by concanavalin A, gly-
cyrrhizin treatment beginning the first day effectively ameliorated liver fibrosis [15]. In
this study, glycyrrhizin treatment beginning at the stage of liver fibrosis did not signif-
icantly attenuate liver cirrhosis. Although the liver fibrosis ratio tended to decrease in
the glycyrrhizin-treated group, further study showed that glycyrrhizin did not affect liver
injury-related enzyme levels and liver fibrosis-related protein expressions. The contrary
results may be ascribed to the timing to initiate treatment. Furthermore, the BDL-cirrhosis
model adopted in this study leads to a relatively more severe liver damage as compared
with that induced by carbon tetrachloride and concanavalin A [16]. Taken together, gly-
cyrrhizin exerts a neutral effect on liver fibrosis under the current experimental setting.
Indeed, there are several animal models of liver cirrhosis with various features. We chose
the BDL model because it is a reproducible and nontoxic model. Since BDL-induced
cholestatic liver injury may not be representative of all clinical conditions, other animal
models simulating various liver injuries may be worth investigating in the future.

Abnormal angiogenic activity in splanchnic circulation further deteriorates portal hy-
pertension. The portal blood flow is mainly supplied by the splanchnic system. During
cirrhosis progression, abnormal angiogenesis in the splanchnic system further aggravates
portal inflow [17]. Indeed, it has been demonstrated that inhibition of mesenteric angiogenesis
ameliorated portal hypertension [3]. Several studies support that glycyrrhizin decreased an-
giogenesis activity. Glycyrrhizin also suppressed tumor growth and angiogenesis in mice [11].
In a rat colon precancerous model, glycyrrhizin suppressed the growth of lesions by the
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inhibition of angiogenesis [18]. In this study, glycyrrhizin decreased mesenteric vascular
density, which suggests that glycyrrhizin effectively attenuated extrahepatic angiogenesis.

Activation of VEGFR2 is considered the main trigger of the most important pathway
of angiogenesis in liver cirrhosis [3]. Fernandez et al. demonstrated that pharmaceutical
blockade, either by antagonist or monoclonal antibody of the VEGF signaling molecules
or receptors, effectively impeded neovascularization of portal-systemic collaterals and
decreased portal blood inflow in rats with portal hypertension [17]. Our group has also
identified that caffeine, through perturbing the VEGF signaling, exhibits beneficial effects
toward hemodynamic derangements [19]. Taken together, the current and previous studies
support the idea that extrahepatic angiogenesis due to VEGF pathway upregulation plays
an important role in portal hypertension and manifests VEGF signaling antagonism as a
potent therapeutic strategy in portal hypertension.

Several studies revealed the anti-VEGF properties of glycyrrhizin. Oral gavage of
glycyrrhizin diminished VEGF in DMH-induced precancerous lesions in the colon of
rats [18]. Glycyrrhizin significantly suppressed advanced glycation end product-induced
VEGF production in rat retinal ganglion cell line [20]. Furthermore, glycyrrhizin attenuated
VEGF and its receptor expression in a mice model with mammary cancer [21]. In this
study, the protein expression of phospho-VEGFR2 in mesentery decreased significantly
after glycyrrhizin administration. This finding supports prior research showing that
glycyrrhizin inhibits angiogenesis via inhibition of the VEGF pathway.

The role of the spleen in portal hypertension should also be taken into consideration:
Splenomegaly and increased splenic blood flow are important features of cirrhotic patients
with portal hypertension. Increased splenic blood flow contributes to increased portal
venous blood inflow, splanchnic hyperemia and angiogenesis, and aggravation of portal-
systemic collateral vasculature [22]. A link of splenic blood flow in the pathogenesis of
portal hypertension has also been suggested: The portal hypotensive effect of terlipressin,
a drug used to control gastroesophageal variceal hemorrhage, is correlated with a decrease
in splenic blood flow [23]. Therefore, glycyrrhizin may reduce the splenic size and/or
splenic venous blood flow along with the reduction of portal pressure, which is something
worth investigating.

The portosystemic collateral system diverts abnormal blood flow from the portal
system. However, it results in severe complications such as esophageal variceal bleeding
and hepatic encephalopathy. In this study, glycyrrhizin markedly attenuated collateral
shunting. Since we have found that glycyrrhizin decreased splanchnic inflow but that the
hepatic outflow (portal side) was not influenced, the current findings support the idea that
the blood flow drained by the collateral system is reduced by glycyrrhizin, subsequently
reducing the degree of collateral shunting.

4. Materials and Methods

4.1. Animal Model: Common Bile Duct Ligation (BDL)

Male Sprague-Dawley rats weighing 240–270 g at the time of surgery were used for
experiments. The rats were allowed free access to food and water. Rats with secondary
biliary cirrhosis were induced with common bile duct ligation [24]. Under anesthesia
(Zoletil 50 mg/kg BW, intramuscularly), the common bile duct was doubly ligated with
3-0 silk. The first ligature was made below the junction of the hepatic ducts and the second
ligature above the entrance of the pancreatic duct, followed by section of the common bile
duct between the ligatures. The rats were allowed to recover. Liver cirrhosis developed
two weeks after BDL, and a high yield of secondary biliary cirrhosis could be observed
four weeks after BDL [25]. To avoid the coagulation defects, BDL rats received weekly
vitamin K injection (50 μg/kg intramuscularly) [26].

This study was approved by Taipei Veterans General Hospital Animal Committee
(IACUC 2017-081). All experimental procedures were performed at Taipei Veterans Gen-
eral Hospital Animal Laboratory and were conducted in accordance with the standard
procedures indicated in the principles of laboratory animal care (Guide for the Care and
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Use of Laboratory Animals, DHEW publication No. (NIH) 85-23, rev. 985, Office of Science
and Health Reports, DRR/NIH, Bethesda, MD, USA).

4.2. Experiment Design

Liver cirrhosis and portal hypertension were induced in male Sprague-Dawley rats
through BDL. Sham-operated rats were controls. Sham and BDL rats receive glycyrrhizin
(150 mg/kg/day, oral gavage) [27] or vehicle (distilled water) beginning at the 15th day
after operations, when BDL-induced liver fibrosis had developed [26]. The effects of
glycyrrhizin were evaluated on the 28th day.

4.3. Measurement of Systemic and Portal Hemodynamics

The right carotid artery was cannulated with a PE-50 catheter that was connected to a
pressure transducer. Continuous recordings of mean arterial pressure (MAP), heart rate
(HR), and PP were performed on a multi-channel recorder (MP45, Biopac Systems Inc.,
Goleta, CA, USA). The external zero reference was placed at the level of the mid-portion of
the rat. The abdomen was then opened with a mid-line incision, and the mesenteric vein
was cannulated with a PE-50 catheter connected to the transducer [28].

Superior mesenteric artery (SMA) was identified at its aortic origin and a 5 mm
segment was gently dissected free from surrounding tissues. Then a pulsed-Doppler flow
transducer (TS420, Transonic system Inc., Ithaca, NY, USA) was placed to measure the SMA
flow [29]. Hepatic inflow via the portal vein (portal part) was also measured by placing a
flow probe around the portal vein as proximal to the liver as possible.

Cardiac output (CO) was measured by thermodilution, as previously described [30].
Briefly, a thermistor was placed in the aortic arch just distal to the aortic valve, and the
thermal indicator (100 μL of normal saline) was injected into the right atrium through a PE-50
catheter. The aortic thermistor was connected to a cardiac output computer Cardiomax III
(Columbus Instruments International Co., Columbus, OH, USA). Five thermodilution curves
were obtained for each cardiac output measurement. The final value was obtained from the
arithmetic mean of the data. Cardiac index (CI, mL/min/100 g BW) was calculated as CO per
100 g BW. Systemic vascular resistance (SVR, mmHg/mL/min/100 g BW) was calculated
by dividing MAP by CI. SMA resistance (mmHg/mL/min/100 g BW) was calculated by
(MAP-PP)/SMA flow per 100 g BW. Hepatic vascular resistance (HVR, mmHg/mL/min/
100 g BW) was calculated by PP/hepatic inflow (portal part) per 100 g BW.

4.4. Immunofluorescent Study for the Mesenteric Vascular Density

Mesenteric angiogenesis was quantified by CD31-labelled microvascular networks
in rat mesenteric connective tissue windows according to the previous study [29]. From
each rat, at least four mesenteric windows (wedge-shaped regions of connective tissue
surrounded by the intestinal wall and the ileal blood vessel pairs) were dissected free,
washed in PBS, dried on gelatin slides, and fixed in 100% MeOH (−20 ◦C for 30 min).
Slides were then incubated overnight at 4 ◦C with the primary antibody mouse anti-rat
CD31-biotin (AbD Serotec, Oxford, UK). Then, a secondary antibody (CY2-conjugated
streptavidin; Jackson ImmunoResearch, West Grove, PA, USA) was applied for 1 h at room
temperature. At least four sets of data were obtained for each mesenteric window. Im-
munofluorescent images at magnification ×100 were assessed using an upright fluorescent
microscope (AX80, Olympus, Tokyo, Japan) and thresholded by ImageJ software (ImageJ,
Available online: https://imagej.nih.gov/ij/ (accessed on 6 June 2018). The vascular area
was measured with the histogram function.

4.5. Color Microsphere Method for Portosystemic Shunting Degree Analysis

Portosystemic shunting degree was determined using the technique described by
Chojkier and Groszmann [31], substituting color for radioactive microspheres; 30,000 of
15 μm yellow microspheres (Dye Track; Triton Technology, San Diego, CA, USA) were
slowly injected into the spleen. The rats were euthanized, and the livers and lungs were dis-
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sected and placed into new polypropylene centrifuge tubes. The number of microspheres
in each tissue was determined following the protocol provided by the manufacturer. In
brief, 3000 blue microspheres (Dye Track) were added to each tube as an internal control.
Tissue was digested overnight with 1 M KOH at 60 ◦C and thoroughly sonicated. After
centrifugation, the supernatant was removed, and the pellet was washed once with 10%
Triton X-100 and twice with acidified ethanol. At the end of the process, a minimum pellet
containing the microspheres was allowed to dry overnight. The color of the microspheres
was diluted with 200 μL of acidified Cellosolve acetate (Spectrum Chemicals, Gardens,
CA, USA). The absorbance of the solution was read at 448 nm wavelength (yellow) and
670 nm wavelength (blue) in a spectrophotometer (Shimadzu, Columbia, MD, USA), and
the number of microspheres was calculated by comparison with standards. Spillover
between wavelengths was corrected with the matrix inversion technique. Portosystemic
shunting was calculated as lung microspheres/(liver microspheres plus lung microspheres).
Assuming a worst-case scenario in which two-thirds of the microspheres remain trapped
in the spleen, this technique detects a minimum shunt of 3.5%. Studies using color mi-
crospheres have been shown to provide results similar to those using radioactive micro-
spheres [32].

4.6. Western Blot

Tissue was immediately frozen in liquid nitrogen and stored at −80 ◦C until required.
The protein extracts were made by pulverization in a grinder with liquid nitrogen, using
a ratio of 1 mL of lysis buffer (phosphate-buffered solution containing 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and 0.05% protease inhibitor
cocktail solution (Roche Diagnostics GmbH, Penzberg, Germany)) for each 100 mg powdered
sample. Protein concentration was determined for each sample by the Bradford method [33].
An aliquot of 20–40 μg protein from each sample that dissolved in sample buffer (63 mmol/L
of Tris-HCL, pH 6.8, containing 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, and 0.005%
bomphenol blue) and 10 μg positive control was separated on denaturing SDS-10% polyacry-
lamide gels by electrophoresis (Mini-PROTEAN® 3 Cell, Bio-Rad Laboratories, Hercules, CA,
USA). Prestained proteins markers (SDS-PAGE Standards, Bio-Rad Laboratories, Hercules,
CA, USA) were used for molecular weight determinations. Proteins were then transferred to
a polyvinylidene difluoride membrane (Immum-BlotTM PVDF Membrane, Bio-Rad Labora-
tories, Hercules, CA, USA) by a semi-dry electroblotting system (Trans-Blot® SD Semi-dry
Electrophoretic Transfer Cell, Bio-Rad Laboratories, Hercules, CA, USA) for 1.5 h at 4 ◦C. To
block non-specific binding, membranes were blocked for 30 min with 3% non-fat dry milk
in TBS-T, pH 7.4 (25 mmol/L Tris base-137 mmol/L NaCl-2.7 mmol/L KCL-1% Tween 20).
Blots were incubated with the primary antibody, diluted with 3% non-fat dry milk in TBS-T
for 90 min at room temperature, and washed. Then the blots were incubated for 90 min
with the secondary antibody and washed. The specific proteins were detected by enhanced
chemiluminescence (Immobilon Western Chemiluminescent HRP Substrate, Merk Millipore
Co., Billerica, MA, USA) and scanned with a computer-assisted video densitometer and
digitalized system (BioSpectrum® 600 Imaging System, Ultra-Violet Products Ltd., Upland,
CA, USA). The blots were scanned, photographed, then the signal intensity (integral volume)
of the appropriate bands was analyzed.

4.7. Hepatic Fibrosis Determination with Sirius Red Staining

Liver paraffin sections were stained with Sirius red staining kit (Polysciences Inc.,
Warrington, PA, USA). To avoid selection bias, whole liver sections were analyzed. ImageJ
was used to measure the percentage of Sirius red-stained area. Briefly, a grayscale image
was used, then the red-stained collagen was isolated using the thresholding function. After
that, the thresholded area was measured and shown as the percentage of thresholded area
per image [29].
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4.8. Drugs

Glycyrrhizin was purchased from Merck (Merck KGaA, Darmstadt, Germany). All
solutions were freshly prepared on the days of the experiment.

4.9. Statistical Analysis

All results were analyzed using SPSS version 21.0 software [34] and data are expressed
as mean ± S.E.M. The Shapiro–Wilk normality test showed that almost all of the data were
in the pattern of “normal distribution”. This study was composed of 2 variables in 4 groups
(sham vs. BDL and vehicle vs. glycyrrhizin). Therefore, we used unpaired Student’s t-test
to check the differences between the following group pairs: 1. sham-vehicle vs. BDL-
vehicle; 2. sham-vehicle vs. sham-glycyrrhizin; 3. BDL-vehicle vs. BDL-glycyrrhizin. The
results of liver fibrosis severity classified by the Metavir scoring system were analyzed by
Fisher’s exact test. Results were considered statistically significant at a two-tailed p-value
less than 0.05.

5. Conclusions

In conclusion, glycyrrhizin administered even at the stage of fibrosis still effectively
attenuated portal hypertension and portal-systemic collateral shunting. The beneficial
effects were exerted, at least partly, through suppression of extrahepatic angiogenesis via
VEGF pathway downregulation. The application of glycyrrhizin in liver cirrhosis in clinical
settings deserves further investigation.
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Abstract: 5-Lipoxygenase (5-LOX) plays a key role in inflammation through the biosynthesis of
leukotrienes and other lipid mediators. Current evidence suggests that dietary (poly)phenols exert a
beneficial impact on human health through anti-inflammatory activities. Their mechanisms of action
have mostly been associated with the modulation of pro-inflammatory cytokines (TNF-α, IL-1β),
prostaglandins (PGE2), and the interaction with NF-κB and cyclooxygenase 2 (COX-2) pathways.
Much less is known about the 5-lipoxygenase (5-LOX) pathway as a target of dietary (poly)phenols.
This systematic review aimed to summarize how dietary (poly)phenols target the 5-LOX pathway
in preclinical and human studies. The number of studies identified is low (5, 24, and 127 human,
animal, and cellular studies, respectively) compared to the thousands of studies focusing on the
COX-2 pathway. Some (poly)phenolics such as caffeic acid, hydroxytyrosol, resveratrol, curcumin,
nordihydroguaiaretic acid (NDGA), and quercetin have been reported to reduce the formation
of 5-LOX eicosanoids in vitro. However, the in vivo evidence is inconclusive because of the low
number of studies and the difficulty of attributing effects to (poly)phenols. Therefore, increasing
the number of studies targeting the 5-LOX pathway would largely expand our knowledge on the
anti-inflammatory mechanisms of (poly)phenols.

Keywords: 5-LOX; polyphenols; inflammation; leukotrienes; eicosanoids; hemiketals; arachidonic acid

1. Introduction

1.1. Lipoxygenases

Lipoxygenases (LOXs) are found widely in nature and are abundant in plants and
animals. Polyunsaturated fatty acids (PUFA) containing cis double bonds are the substrates
of these enzymes. Linoleic and linolenic acids (18-carbon fatty acids) and arachidonic acid
(AA; 20-carbon fatty acid) are the most common substrates for LOXs in plants and animals,
respectively. The nomenclature of these enzymes is based on the specific position of the
carbon oxygenated. Some examples are 9-LOX and 13-LOX, which are important LOXs
described in plants, whereas 5-LOX, 12-LOX, and 15-LOX are present in animals [1,2].

LOXs are involved in the modulation of essential biological functions by synthesizing
specific hydroperoxides, which are further metabolized into signaling molecules/biological
mediators. Among these molecules, divinyl ethers, aldehydes, and jasmonates exert
protective effects in plants from abiotic stress and(or) pathogens [3,4], whereas lipoxins or
leukotrienes modulate the inflammatory response in humans [5]. LOX-catalyzed reactions
are also associated with undesirable effects. Legume spoilage, generation of hay-like
flavor, loss of pigments (e.g., carotenoids and chlorophylls), enzymatic browning and/or
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rancidity are effects linked to LOX oxidation (together with other oxidases) in plants [2]. In
humans, an exacerbated activation of 5-LOX produces elevated levels of leukotrienes (LTs)
promoting inflammation and related diseases (e.g., bronchoconstriction) [6,7].

The inhibition of LOX-mediated oxidation is an interesting strategy to minimize/avoid
the loss of quality of plant-derived foodstuff. Current techniques for inhibition of LOX
oxidation include the assay of phenolic compounds, which exert their protective effects
through their antioxidant activity [2]. The structural similarities and mechanisms of
action between plant and animals LOXs [8] suggest that the phenolic compounds might
interfere with animal LOXs, including 5-LOX. However, the mechanisms by which phenolic
compounds modulate 5-LOX (and the inflammatory response) go beyond their antioxidant
activity, as described in this review.

1.2. 5-Lipoxygenase and Inflammation

Inflammation is a complex physiological process that functions as a network of
interconnected elements regulated by many signaling molecules, including cytokines,
chemokines, and lipid mediators. The disruption of the equilibrium between these
molecules results in chronic inflammation and the development of related diseases [9,10].
AA is a substrate for the biosynthesis of several groups of lipid mediators collectively
termed eicosanoids. The formation of prostaglandins (PGs) and LTs are two major pathways
of eicosanoid biosynthesis catalyzed by cyclooxygenases (COX)-1/COX-2 and 5-lipoxygenase
(5-LOX), respectively. The established role of the latter enzyme is its contribution to (patho)-
physiological inflammation by the formation of LTs [11,12]. The enzyme 5-LOX is also
central for the biosynthesis of the more recently discovered (and less investigated) 5-LOX-
derived metabolites termed hemiketal (HK) eicosanoids [13] that appear to be novel lipid
mediators in inflammation. LTs, at low nanomolar concentrations, can modulate the im-
mune response and promote chronic inflammation, implying a role of these eicosanoids in
a range of inflammatory diseases, including atherosclerosis, inflammatory bowel diseases,
rheumatoid arthritis, and asthma [14,15]. The understanding of the biology of 5-LOX and
its LT products has culminated in the development of anti-LT drugs (receptor antagonist
and enzyme inhibitors) that are used clinically in the treatment of asthma and that may also
provide a clinical benefit in atherosclerosis [11,16,17]. However, although these drugs show
therapeutic effects (e.g., against asthma and atherosclerosis), the side-effects associated
with their use and/or the poor in vivo efficacy highlight the need for better therapeutic
options, including the search for possible alternatives such as natural products that may
include dietary (poly)phenolic compounds.

In this regard, dietary (poly)phenols have been tested in numerous preclinical (animal
and cellular) models and in a limited number of human studies, showing anti-inflammatory
effects by diverse mechanisms of action, including cytokine modulation, inhibition of
inducible nitric oxide synthase (iNOS) and nuclear factor kappa B (NF-κB) activation, as
well as decreasing PG production by down-regulation of COX-2 [18,19]. Much less is
known about the anti-inflammatory effect of (poly)phenols targeting the 5-LOX pathway.
It is noteworthy that the number of studies that have investigated the anti-inflammatory
effects of dietary (poly)phenols on 5-LOX (around 120 hits for a PubMed search) is much
lower compared to COX-2 (around 2500 studies). The preponderance of a focus on the
COX-2 pathway is difficult to rationalize given the importance of targeting both COX-2
and 5-LOX pathways to ameliorate undesirable effects of chronic inflammation.

Accordingly, our main objective was to perform a systematic and critical review of the
current evidence concerning the anti-inflammatory effect of dietary (poly)phenolics via
modulation of the 5-LOX pathway to identify knowledge gaps and future research needs,
allowing an increase in the understanding of the anti-inflammatory effects of (poly)phenols.
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1.3. 5-Lipoxygenase Pathway
1.3.1. Biosynthesis of 5-LOX-Derived Eicosanoids

Early studies on LT biosynthesis date back to the 1970s when Samuelsson and Borgeat
described the formation of 5S-hydroxyeicosatetraenoic acid (5S-HETE) together with
new arachidonate metabolites that were later termed LTA4 and LTB4 in peripheral leuko-
cytes [20,21]. These investigations established a novel pathway of oxidative transformation
of AA catalyzed by 5-LOX.

5-LOX is a key enzyme in the biosynthesis of LTs from AA (Figure 1). The forma-
tion of LTs requires activation of phospholipase A2 (PLA2) by Ca+2-dependent (such as
purinergic stimulation by ATP) or independent (i.e., innate immune “toll-like” recep-
tor (TLR) stimulation by LPS) mechanisms, resulting in the hydrolysis of AA esterified
in the membrane phospholipids [22,23]. In intact cells, 5-LOX is activated in response
to Ca+2 influx and associates with 5-lipoxygenase activating protein (FLAP) to form a
5-LOX/FLAP complex at the nuclear membrane. In this complex, the essential function
of FLAP is to present AA as a substrate to 5-LOX. The 5-LOX catalytic reaction involves
an initial hydrogen abstraction from carbon 7 of AA and the addition of molecular oxy-
gen to produce 5S-hydroperoxyeicosatetraenoic acid (5S-HPETE) followed by a second
hydrogen abstraction from position 10 to form LTA4. LTA4 is unstable and undergoes
enzymatic transformation by LTA4 hydrolase to form LTB4 or conjugation with glutathione
by LTC4 synthase to produce LTC4, which is further metabolized by γ-glutamyltransferase
and dipeptidase yielding LTD4 and LTE4, respectively [24,25]. Alternatively, 5S-HPETE
can undergo reduction to 5S-HETE, which is in turn oxidized by 5-hydroxyeicosanoid
dehydrogenase (5-HEDH), yielding 5-oxo-eicosatetraenoic acid (5-oxo-ETE) [26] (Figure 1).

1.3.2. Transcellular Biosynthesis of Leukotrienes and Lipoxins

LT biosynthesis goes beyond a string of enzymatic transformations in single cells (i.e.,
granulocytes and mast cells). Namely, LT biosynthesis involves transcellular biosynthesis,
a term that describes eicosanoid formation by cell–cell interactions [27]. Early evidence
on transcellular biosynthesis of LTs came from in vitro studies describing LTA4 exchange
between neutrophils and erythrocytes or endothelial cells to produce LTB4 or LTC4, respec-
tively [28,29]. Subsequent in vivo studies provided evidence that transcellular biosynthesis
of LTB4 and LTC4 does indeed occur in animal models [30,31].

The formation of lipoxins (lipoxygenase interaction products; LXs) is another paradig-
matic example of transcellular biosynthesis (Figure 2). Synthesis of LXs requires the combi-
nation of different cell types (i.e., neutrophils, endothelial cells, and(or) platelets) expressing
different lipoxygenases (i.e., 5-LOX, 12-LOX and(or) 15-LOX) [32]. For example, the tan-
dem interaction of 5-LOX- and 12-LOX-expressing cells (i.e., neutrophils and platelets,
respectively) leads to the formation of LXA4 from LTA4 [33,34]. Another transcellular mech-
anism of LX biosynthesis involves the interaction of 15-LOX (monocytes/macrophages and
epithelial cells) and 5-LOX, resulting in the sequential transformation of AA to 15S-HPETE
followed by the conversion by 5-LOX to yield LXA4 and LXB4 [35]. The synthesis of
LXs is not limited to the interaction of only lipoxygenases. Acetylated COX-2 retains
catalytic activity, forming 15R-HETE as the primary product [36,37], which can serve
as a substrate for 5-LOX producing the aspirin-triggered LXs (LXA4 and LXB4 epimers)
known as 15-epi-LXA4 and 15-epi-LXB4 [22,38,39]. LXs and aspirin-triggered LXs have
anti-inflammatory properties promoting the resolution of inflammation [40–42], which
contrasts with the largely pro-inflammatory effects of other products of the 5-LOX pathway.
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Figure 1. Biosynthesis of 5-HETE, 5-oxo-HETE, and LTs from arachidonic acid.
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Figure 2. Biosynthesis of LXs and aspirin-triggered LXs.

1.3.3. The 5-LOX/COX-2 Crossover Biosynthetic Pathway

Besides a role in the biosynthesis of LTs and LXs, 5-LOX is also a key enzyme in the
biosynthesis of a novel type of eicosanoids recently described. In vitro biochemical studies
showed that COX-2 catalyzes the oxidation of the 5-LOX product 5S-HETE (resulting
from the reduction of 5S-HPETE) to form a di-endoperoxide [43] and 5-OH-PGH2 [44],
which are equivalent to the prostaglandin endoperoxide PGH2 of the COX-2 pathway.
The reaction also yields two minor compounds identified as 5,11- and 5,15-di-HETE, the
5-hydroxy-analogs of the known COX by-products, 11- and 15-HETE [45,46]. Additional
studies of the 5-LOX/COX-2 crossover pathways described the in vitro transformation
(enzymatic and non-enzymatic) of the di-endoperoxide to two hemiketals (HKs) named
HKE2 and HKD2 [13] and of 5-OH-PGH2 to 5-OH-PGE2 and 5-OH-PGD2 [44] as shown in
Figure 3.

Biosynthesis of HKE2 and HKD2 was established using an ex vivo model of human
isolated leukocytes, stimulated with calcium ionophore A23187 and LPS for 5-LOX ac-
tivation and COX-2 up-regulation, respectively [13]. Analysis of the time-course of the
formation of HKs in human leukocyte mixtures revealed that their biosynthesis mainly
depends on the availability of the 5S-HETE substrate and, to a lesser extent, on the activity
of COX-2 [47]. HK formation in the mixture of human leukocytes may be another example
of transcellular biosynthesis, given that a single type of leukocyte is unlikely to exhibit a
significant activity of both 5-LOX and COX-2. The dependence of HK biosynthesis on the
activation of leukocyte mixtures by both A23187 (inducing 5-LOX) and LPS (inducing COX-
2) suggests a role for neutrophils and activated monocytes/macrophages, respectively,
although this was not directly established (Figure 4).
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Figure 3. Biosynthetic crossover of the 5-LOX and COX-2 pathways yielding hemiketal eicosanoids
and 5-hydroxy-prostaglandins.

1.3.4. Role of 5-Lipoxygenase-Derived Eicosanoids in Inflammation

Decades of intense investigation have identified LTs as potent inducers of inflamma-
tion through the interaction with distinct G protein-coupled receptors. LTB4 was one of the
first chemotactic molecules identified [48] and is a well-known pro-inflammatory molecule
that exerts its effects through interaction with its high-affinity receptor BLT1 [49,50]. LTB4
also binds (and activates) a second receptor, BLT2, albeit with much less affinity than
that reported for BLT1, and its function via interaction with BLT2 remains elusive [51].
Thus, LTB4 promotes pro-inflammatory responses such as leukocyte chemoattraction,
leukocyte–endothelial cell interaction, and the release of inflammatory mediators at in-
flammation sites [52]. Here, aberrant inflammation results in tissue damage and impairs
adequate function of host innate immune effectors such as neutrophils and activated mono-
cytes/macrophages to recognize, respond, and resolve inflammatory processes properly.
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This dysregulated response is implicated in the pathogenesis of chronic diseases such
as atherosclerosis, cardiovascular, and inflammatory bowel diseases [15,53–55]. On the
other hand, the cysteinyl-LTs (cysLTs), LTC4, LTD4, and LTE4 activate their cognate recep-
tors, CysLT1 and CysLT2, and exert profound effects on airway inflammation leading to
bronchoconstriction, vascular permeability, and neutrophil extravasation [6,15,56–59].

Figure 4. Proposed transcellular biosynthesis of hemiketal eicosanoids.

5-HETE is a particular eicosanoid that shows limited biological activity by itself but
serves as a precursor to form biologically active molecules, including 5-oxo-ETE, HKs, and
5-OH-PGs. 5-oxo-ETE is an oxidized metabolite of 5S-HETE that binds to the 5-oxo-ETE
receptor (OXE), exerting a powerful granulocyte chemoattractant effect [60–62].

The recently described biochemical and chemical synthesis of HKs [63,64] enables
investigating the biological role(s) of these newly discovered eicosanoids. An established
activity of these molecules is the stimulation of endothelial cell migration and tubulo-
genesis [13] and the modulation of platelet aggregation [63], implying a possible role in
atherosclerosis and CVD. However, unlike LTs, it remains unexplored thus far whether
HKE2 and HKD2 exert their effects via interaction with a specific receptor (Figure 5).
Even less is known about the biological activity of 5-OH-PGs that appear not to activate
traditional prostanoid receptors [44].

1.4. Inflammation as a Target of Dietary (Poly)phenols: Role of Their Bioavailability

Evidence from epidemiological and observational studies highlight diet as one of the
cornerstones in preventing inflammatory diseases such as intestinal inflammation and
cardiovascular diseases. Dietary patterns that include a high intake of fruits and vegetables,
such as the Mediterranean diet as a source of high levels of phytochemicals, including
dietary (poly)phenols, have been shown to significantly ameliorate inflammation [65–67].
In this regard, some clinical trials have provided evidence supporting the beneficial role
of dietary (poly)phenols against chronic inflammatory diseases [68,69]. However, while
numerous preclinical studies describe the anti-inflammatory effects of many (poly)phenolic
compounds through the modulation of a plethora of cellular processes related to inflamma-
tion, the evidence of activity in humans remains unclear overall from a nutritional point of
view, partly owing to the limited bioavailability of (poly)phenols [18,70].
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Figure 5. Biological effects of 5-LOX-derived eicosanoids.

The bioavailability of dietary (poly)phenols is essential for a better understanding of
the anti-inflammatory effects of (poly)phenolic compounds and to design physiologically
relevant studies to corroborate their potential effects. Plant-derived foods (e.g., Citrus fruits,
walnuts, pomegranates, green tea, soy, grapes, and others) contain phenolic compounds
in free form or conjugated with sugar moieties, which are not well absorbed in the small
intestine, thus limiting their distribution in systemic tissues in their native form. Upon
consumption, (poly)phenols reach the gastrointestinal tract in their original molecular form,
mainly as glycosides and complex oligomeric structures, and are hydrolyzed and further
metabolized by either intestinal enzymes or by the gut microbiota forming new metabo-
lites [71,72]. For instance, ellagitannins (ETs) (such as punicalagin from pomegranate) and
their hydrolysis product ellagic acid (EA) undergo gut microbiota metabolism to yield
metabolites collectively termed urolithins (Uro), with the most relevant ones identified as
Uro-C, Uro-A, IsoUro-A, and Uro-B. Similarly, isoflavones (IsoFlv) and their aglycones (e.g.,
daidzin and daidzein, respectively) also undergo microbial metabolism producing equol
and(or) O-desmethyl-angolensin (ODMA) [71,73]. The flavonoid glycoside rutin (quercetin-
3-rutinoside) acts as a precursor (via deglycosylation) of quercetin in the colon [74], whereas
curcumin and flavanones (such as the glycoside hesperidin and its aglycone hesperetin)
can be detected in the colon for hours in their original form [75,76]. Upon absorption, the
(poly)phenolic compounds and the microbial metabolites undergo phase-II metabolism to
form conjugated molecules (glucuronides, sulfates, and methyl esters), which are the main
molecules detected in the bloodstream, intestinal tissues, bile, feces, urine, and different
systemic tissues [77,78]. Animal and human metabolism and bioavailability studies have
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reported that, at the intestinal level, the parental phenolic compounds (which serve as
substrates of the gut microbiota) and their microbial-derived metabolites can achieve con-
centrations from μM to mM. In contrast, the concentrations reached in the bloodstream by
the phase-II metabolites can range from nM to low μM, show anti-inflammatory effects and
persist in the circulation for a few days after intake [79]. Among the phase-II metabolites
detected in vivo, glucuronides are recognized as the major conjugated molecules, including
Uro-A glucuronide (Uro-A glur), Quercetin-3 glur, and curcumin-glur [80–82]. Interestingly,
the increasing knowledge about the metabolism of these compounds indicates that, under
inflammatory conditions, the circulating glucuronides might also play a role as precursors
of their aglycones, including luteolin [83,84], quercetin [85–89], resveratrol [90], Uro-A [91],
and curcumin [82]. Besides, a recent trial showed that the intake of a (poly)phenolic cocktail
by breast cancer patients allowed detecting relevant concentrations of free curcumin, most
likely due to a conjugation-saturation process, in malignant mammary tumors [77].

2. Methods

Search Strategy and Study Selection

This review was conducted and reported following the Preferred Reporting Items for
Systematic Review and Meta-Analyses (PRISMA) [92]. A comprehensive literature search
was performed using PubMed and Scopus databases. The search strategy included the
combination of the following search terms in abstracts and titles and was adapted for each
database: (5-lipoxygenase or 5-LOX) and (phenol* or flavonoid* or polyphenol* or cur-
cumin or resveratrol or EGCG or urolithin or procyanidin or proanthocyanidin or flavan* or
flavone* or catechin or epicatechin or quercetin or curcumin or valerolactone or punicalagin
or ellagic or tannin or lignan or isoflavone or equol or silymarin or thistle). Independent
literature searches and article selection were completed from January to April 2021 by the
authors. The authors also hand-searched the bibliography of identified articles.

Regarding eligibility criteria and study selection, all human, animal, and cellular
model studies that investigated the role of 5-LOX in the anti-inflammatory effect of
(poly)phenolic compounds were included in this review. Otherwise, enzymatic, in silico
and in vitro studies that used physiologically unrealistic conditions, such as high concen-
trations (compared to those reported in vivo), irrelevant metabolic forms of (poly)phenols,
inappropriate cellular models, and those conducted with plant extracts were excluded.

A total of 1250 articles were found after the literature search in the two electronic
databases. Removing duplicates and full screening yielded 872 articles, of which 5 human,
24 animal, and 127 in vitro cell model studies met the inclusion criteria for this systematic
review. A summary of the selection of articles included in this study is outlined in Figure 6.

The selected studies are reviewed in detail in the following sections and are summa-
rized in independent tables (Tables 1 and 2 and Table S1) to show the current evidence of
the role of 5-LOX as a target of the anti-inflammatory effects of (poly)phenols.
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Figure 6. PRISMA flow diagram. Description of the search strategy and exclusion/inclusion criteria.

3. Results and Discussion

3.1. Human Studies

Targeting 5-LOX to address inflammation using a nutritional approach has been tested
in only a few human studies. Only five studies determined the level of 5-LOX-derived
metabolites in subjects who consumed plant-derived foodstuff (Table 1). These studies
are characterized by a small number of subjects (n = 10–18) and short-term duration (up
to four weeks). Four investigations using healthy volunteers described the modulation
of 5-LOX expression and its metabolites (LTs and lipoxins) after the consumption of soy
milk, procyanidin-enriched chocolate bars, enriched beverages, or olive oil (Table 1). One
human study evaluated the effect of a diet supplemented with soy isoflavone tablets
in patients with asthma. Lung function parameters remained unaltered, while isolated
eosinophils showed an attenuated capacity to synthesize LTB4 ex vivo after stimulation [93].
The absence of a noticeable effect of (possible) modulation of LTs by polyphenolics in
healthy subjects can be somewhat predicted and is in accord with 5-LOX-deficient animals,
which are largely normal in the absence of an inflammatory stimulus [49]. Therefore, an
insufficient number of human studies, mostly conducted in healthy subjects, makes it
difficult to draw conclusions or even speculate regarding the beneficial effects of dietary
phenolics via modulation of the 5-LOX pathway in humans.

258



Int. J. Mol. Sci. 2021, 22, 7937

T
a

b
le

1
.

H
um

an
st

ud
ie

s
de

sc
ri

bi
ng

th
e

ef
fe

ct
s

of
th

e
co

ns
um

pt
io

n
of

(p
ol

y)
ph

en
ol

s
on

5-
LO

X
an

d
it

s
pr

od
uc

ts
.

P
o

p
u

la
ti

o
n

o
f

S
tu

d
y

D
e

si
g

n
o

f
th

e
S

tu
d

y
F

o
o

d
st

u
ff

;
In

ta
k

e
a

n
d

D
u

ra
ti

o
n

M
a

in
O

u
tc

o
m

e
s

R
e

f.

H
ea

lt
hy

vo
lu

nt
ee

rs
(n

=
10

;2
0–

55
ye

ar
s)

R
an

do
m

iz
ed

,c
ro

ss
ov

er
,

do
ub

le
-b

lin
d,

pl
ac

eb
o-

co
nt

ro
lle

d.

Lo
w

-(
0.

09
m

g/
g)

an
d

hi
gh

-p
ro

cy
an

id
in

(4
.0

m
g/

g)
ch

oc
ol

at
e

ba
rs

;3
7

g
(s

in
gl

e
do

se
);

D
ur

at
io

n:
bl

oo
d

co
lle

ct
io

n
at

2
an

d
6

h;
w

as
h-

ou
t

pe
ri

od
of

1
w

ee
k

be
tw

ee
n

tr
ea

tm
en

ts
.

↑E
pi

ca
te

ch
in

pl
as

m
a

le
ve

l(
es

pe
ci

al
ly

th
e

hi
gh

pr
oc

ya
ni

di
ns

co
ns

um
er

gr
ou

p)
.

↓C
ys

LT
s/

PG
I 2

ra
ti

o
(r

el
at

iv
e

to
th

e
ef

fe
ct

s
ob

se
rv

ed
in

th
e

lo
w

pr
oc

ya
ni

di
ns

co
ns

um
er

gr
ou

p)
.

[9
4]

Pa
ti

en
ts

su
ff

er
in

g
m

ild
/m

od
er

at
e

pe
rs

is
te

nt
as

th
m

a
(n

=
13

;1
8–

65
ye

ar
s)

Q
ua

si
-e

xp
er

im
en

ta
l

in
te

rv
en

ti
on

st
ud

y.
N

o
co

nt
ro

lg
ro

up
.

1
So

y
is

ofl
av

on
es

ta
bl

et
s

(N
O

VA
SO

Y,
A

rc
he

rD
an

ie
ls

M
id

la
nd

,D
ec

at
ur

,I
L,

U
SA

);
tw

o
50

m
g

ta
bl

et
s

(o
nc

e
pe

r
da

y)
;d

ur
at

io
n:

4
w

ee
ks

.

↓L
TB

4
an

d
FE

N
O

in
A

23
18

7-
st

im
ul

at
ed

eo
si

no
ph

ils
(e

x
vi

vo
);

no
si

gn
ifi

ca
nt

ch
an

ge
s

in
pr

e-
br

on
ch

od
ila

to
r

FE
V

1
an

d
Ju

ni
pe

r
A

st
hm

a
C

on
tr

ol
Sc

or
e.

[9
5]

H
ea

lt
hy

vo
lu

nt
ee

rs
(n

=
18

;2
2–

44
ye

ar
s)

A
cu

te
co

ns
um

pt
io

n,
no

co
nt

ro
lg

ro
up

.

R
aw

vi
rg

in
ol

iv
e

oi
l;

50
m

L
(s

in
gl

e
do

se
co

ns
um

ed
w

it
h

20
0

g
br

ea
d)

;
D

ur
at

io
n:

bl
oo

d
co

lle
ct

io
n

at
1

an
d

6
h;

1
w

ee
k

w
as

h-
ou

tp
er

io
d

be
fo

re
ol

iv
e

oi
lc

on
su

m
pt

io
n.

↑H
yd

ro
xy

ty
ro

so
li

n
pl

as
m

a.
↓A

LO
X

5A
P

ge
ne

ex
pr

es
si

on
at

1
h

(b
as

al
va

lu
es

at
6

h)
.T

he
do

w
nr

eg
ul

at
io

n
w

as
in

ve
rs

el
y

co
rr

el
at

ed
w

it
h

gl
uc

os
e

an
d

in
su

lin
le

ve
ls

.

[9
6]

H
ea

lt
hy

vo
lu

nt
ee

rs
of

A
si

an
et

hn
ic

it
ie

s
(n

=
18

)

R
an

do
m

iz
ed

,c
ro

ss
ov

er
,

do
ub

le
-b

lin
d,

pl
ac

eb
o-

co
nt

ro
lle

d.

2
So

y
m

ilk
;2

da
ily

tr
ea

tm
en

ts
(2

0
g)

;
D

ur
at

io
n:

3
h

af
te

r
ac

ut
e

co
ns

um
pt

io
n

fo
llo

w
ed

by
1-

w
ee

k
w

as
h-

ou
tp

er
io

d
an

d
4-

w
ee

ks
da

ily
ex

po
su

re
.

↓L
TB

4
an

d
LX

A
4

le
ve

li
n

pl
as

m
a

af
te

r
3

h;
↓L

TB
4

an
d

F 2
-i

so
pr

os
ta

ne
s

in
pl

as
m

a
an

d
ur

in
e

af
te

r
4-

w
ee

ks
da

ily
ex

po
su

re
; ↑

LX
A

4
in

pl
as

m
a

af
te

r
4-

w
ee

ks
da

ily
ex

po
su

re
;↓

M
PO

ac
ti

vi
ty

,s
er

um
lip

id
hy

dr
op

er
ox

id
es

an
d

hs
C

R
P

in
pl

as
m

a
af

te
r

4-
w

ee
ks

da
ily

ex
po

su
re

.

[9
3]

Se
ni

or
an

d
yo

un
g

ta
ek

w
on

do
at

hl
et

es
(n

=
10

;
18

–5
7

ye
ar

s
ol

d)

Q
ua

si
-e

xp
er

im
en

ta
l

in
te

rv
en

ti
on

st
ud

y,
no

pl
ac

eb
o.

Is
ot

on
ic

be
ve

ra
ge

en
ri

ch
ed

w
it

h
al

m
on

d
(0

.3
%

),
su

cr
os

e
(0

.8
%

),
oi

ls
(0

.2
%

3
D

H
A

-S
an

d
0.

6%
ol

iv
e

oi
l)

,a
nd

α
-t

oc
op

he
ro

la
ce

ta
te

(v
it

am
in

E)
;

du
ra

ti
on

:5
w

ee
ks

(c
on

su
m

ed
5

da
ys

a
w

ee
k)

;
bl

oo
d

sa
m

pl
es

ta
ke

n
at

th
e

be
gi

nn
in

g
an

d
at

th
e

fin
al

of
th

e
(1

h
be

fo
re

an
d

af
te

r
ea

ch
st

re
ss

te
st

).

Be
ve

ra
ge

su
pp

le
m

en
ta

ti
on

ex
er

te
d

↓s
L-

Se
le

ct
in

,s
IC

A
M

3
an

d
↑IL

-6
in

yo
un

g
at

hl
et

es
(a

ft
er

ex
er

ci
se

)a
s

w
el

la
s
↑T

N
F-
α

le
ve

l
in

pl
as

m
a

in
th

e
yo

un
g

gr
ou

p
(i

n
ab

se
nc

e
of

ex
er

ci
se

)a
nd

in
th

e
se

ni
or

gr
ou

p
(a

ft
er

ex
er

ci
se

).
Th

e
be

ve
ra

ge
co

ns
um

pt
io

n
ex

er
te

d
no

si
gn

ifi
ca

nt
ef

fe
ct

s
on

lip
ox

in
,P

G
E 2

,P
G

E 1
,a

nd
N

F-
κ

B.
M

od
ul

at
io

n
of

TN
F-
α

,1
5-

LO
X

2,
C

O
X

-2
,I

L-
1β

an
d

IL
-8

m
R

N
A

ex
pr

es
si

on
in

PB
M

C
;N

o
Ef

fe
ct

on
TL

R
4,

N
F-
κ

B,
5-

LO
X

,I
L-

10
,I

L-
15

,H
SP

72
ex

pr
es

si
on

(m
R

N
A

)i
n

PB
M

C
.

[9
7]

A
bb

re
vi

at
io

ns
:

C
ys

LT
s,

cy
st

ei
ny

l
le

u
ko

tr
ie

ne
s;

D
H

A
,d

oc
os

ah
ex

ae
no

ic
ac

id
;

FE
N

O
,

fr
ac

ti
on

of
ex

ha
le

d
ni

tr
ic

ox
id

e;
FE

V
1,

fo
rc

ed
ex

p
ir

at
or

y
vo

lu
m

e;
LT

B
4,

le
u

ko
tr

ie
ne

B
4;

L
X

A
4,

lip
ox

in
A

4;
H

SP
72

,h
ea

ts
ho

ck
pr

ot
ei

n
72

;h
sC

R
P,

hi
gh

se
ns

it
iv

it
y

C
-r

ea
ct

iv
e

pr
ot

ei
n;

M
PO

,m
ye

lo
pe

ro
xi

d
as

e;
sI

C
A

M
3,

so
lu

bl
e

in
tr

ac
el

lu
la

r
ad

he
si

on
m

ol
ec

ul
e

3;
N

F-
κ

B
,n

uc
le

ar
fa

ct
or

ka
pp

a-
lig

ht
-c

ha
in

-e
nh

an
ce

r
of

ac
tiv

at
ed

B
ce

lls
;P

BM
C

,p
er

ip
he

ra
lb

lo
od

m
on

on
uc

le
ar

ce
lls

;P
G

I 2
,p

ro
st

ac
yc

lin
;T

LR
-4

,t
ol

l-l
ik

e
re

ce
pt

or
-4

;T
N

F-
α

,t
um

or
ne

cr
os

is
fa

ct
or

-α
,C

om
po

si
tio

n:
1

So
y

is
ofl

av
on

es
ta

bl
es

:8
m

g
gl

yc
ite

in
,2

8
m

g
da

id
ze

in
,2

9
m

g
ge

ni
st

ei
n.

2
So

y
m

ilk
po

w
de

r
w

ith
th

e
BA

SF
Ve

ga
pu

re
®

:s
tig

m
as

te
ro

l,
ca

m
pe

st
er

ol
,a

nd
pa

lm
ita

te
s

of
β

-s
ito

st
er

ol
(m

ax
im

un
23

%
w

/w
,2

9%
w

/w
,5

5%
w

/w
,r

es
pe

ct
iv

el
y)

;3
D

H
A

-S
;n

ut
ri

ti
on

al
oi

lo
bt

ai
ne

d
fr

om
Sc

hi
zo

ch
itr

iu
m

sp
.(

m
ar

in
e

al
ga

).

259



Int. J. Mol. Sci. 2021, 22, 7937

3.2. Animal Studies

Table 2 summarizes animal studies that considered 5-LOX (together with other mark-
ers) a potential target of plant extracts and phenolic compounds administered through
the diet.

Overall, a common anti-inflammatory effect observed in animals fed diets enriched
with distinct plant extracts was the reduction of the carrageenan-induced paw edema
volume as a prototypical assay to determine anti-inflammatory activity in vivo. Fur-
ther exploration of the underlying molecular mechanisms showed inhibition of 5-LOX
and COX-2 activities, lower LTB4 and PGE2 levels, and modulation of related inflam-
matory markers. Studies using animal models of arthritis described positive effects
by ethanolic extracts of Jasminum laceolarium, Vitex negundo, Dendropanax dentiger, and
Pterospermun heterophyllum [98–101] linked to the modulation of 5-LOX and COX-2 ex-
pression in PBMCs. However, it is unclear what compound(s) were responsible for the
benefits described since crude extracts were used and the composition of the extracts
was unexplored.

The consumption of diets supplemented with phenolic compounds (single or mixtures)
showed beneficial anti-inflammatory effects via modulation of the 5-LOX pathway. Among
the phenolic compounds, curcumin inhibited 5-LOX activity in PMNLs and reduced LTC4
biosynthesis in paw edema (alone or combined with capsaicin) and in animal models
of anaphylaxis [102,103]. Caffeic acid ameliorated brain and liver damage via down-
regulation of 5-LOX mRNA expression and protein level [104,105]. Flavocoxid, a dual
inhibitor of 5-LOX and COX-2, targeted 5-LOX at the intestinal level, reducing LTB4 levels
and MPO activity (exerted by neutrophils) in colitis animal models [106]. As shown in
Table 2, other phenolics such as catechins, quercetin, salidroside, nordihydroguaiaretic acid
(NDGA), sesamol, and sesamin alleviated induced inflammation through similar molecular
mechanisms, including 5-LOX-mediated inflammation.

3.3. In Vitro Studies

In vitro cell models are an essential tool to investigate the underlying molecular
mechanisms by which phenolic compounds exert their effects. Numerous in vitro studies
indicate that a wide range of phenolic compounds might exert anti-inflammatory effects
by targeting the 5-LOX pathway (Table S1). Thus, caffeic acid, hydroxytyrosol, resveratrol,
curcumin, NDGA and quercetin are compounds with the capacity to reduce the formation
of 5-HETE, LTB4 (and its ω-oxidized metabolites), and Cys-LTs [107,122–140]. Although
desirable, these effects should be considered with caution since inhibition of the 5-LOX
pathway could result in higher (pro-inflammatory) COX-2 metabolite levels by shunting
the substrate, AA. This phenomenon has been described in stimulated leukocytes and mast
cells treated with caffeic acid and NDGA, respectively [141,142].
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Blood- and peritoneal-isolated leukocytes are a widely employed cellular model,
allowing to determine whether the phenolic compounds exert dual inhibition on 5-LOX
and COX-2. In general, some phenolic compounds such as curcumin, resveratrol, and
caffeic acid show the capacity to attenuate the biosynthesis of 5-LOX (5-HETE, LTB4, Cys-
LTs) and COX-2 (PGE2) metabolites in stimulated leukocytes (Table S1). As shown in
Table S1, different molecular mechanisms account for how phenolic compounds modulate
the biosynthesis of eicosanoids. One of these mechanisms involves the interaction with
the upstream regulator cPLA2. This interaction can include lower levels of cPLA2 (i.e.,
through down-regulation of mRNA expression), reduced activation (phosphorylation)
or translocation, and inhibition of its enzymatic activity. Further mechanisms of action
are related to the inhibition of 5-LOX translocation to the nuclear membrane where it
becomes active, down-regulation of 5-LOX (and COX-2) mRNA and protein expression, as
well as inhibition of 5-LOX (and COX-2) enzymatic activity (Table S1). Despite valuable
results gained from these studies, other aspects of how phenolic compounds modulate the
5-LOX pathway are still unclear. For example, information on the interaction of phenolic
compounds with (other) essential components of the 5-LOX pathway is scarce. None of the
studies included in Table S1 tested whether the phenolic compounds target LT receptors
(i.e., BLT1 and BLT2), FLAP, and/or LTC4 hydrolase. Regarding LTA4 hydrolase, only one
study showed that isoflavones failed to inhibit (or promote) its enzymatic activity [143].
Thus, the characterization of the interaction of phenolic compounds with these elements
will be essential in future studies.

Studies using single-cell lines provide essential information about how the phenolic
compounds modulate 5-LOX (and COX-2) activity in different leukocytes. Curcumin
reduced the formation of LTB4 and PGE2 in neutrophils [144] and macrophages [145].
Curcumin also targeted LTC4 biosynthesis in mast cells by blocking 5-LOX translocation
and cPLA2 activation [102]. Quercetin reduced biosynthesis of LTB4 in RBL-1 basophils,
neutrophils, and murine PB-3c mast cells [146–148], while genistein acted on eosinophils
decreasing LTC4 synthesis via inhibition of 5-LOX translocation [95]. Likewise, the effect
of silibinin on macrophages (Kupffer cells) was associated with lower LTB4 levels while
sparing the COX-2 pathway [149,150].

A common facet to the majority of in vitro studies (Table S1) is the treatment of leuko-
cytes with glycosides and/or aglycones using conceivable concentrations at the intestinal
level. Such conditions indicate that the effects observed on eicosanoid biosynthesis might
be relevant in the context of intestinal inflammation [151]. These studies focused on de-
scribing the effects on leukocytes, thus overlooking the crucial role of other cells (i.e.,
intestinal cells). To date, a limited number of studies have investigated the interaction
between dietary phenolics and the 5-LOX and COX-2 pathways in intestinal cells. In this
regard, NDGA and geraniin (at 10 μM) decreased the synthesis of 5-HETE in stimulated
AGS cells [152], whereas methoxy flavonoids isolated from Chiliadenus montanus failed
to modulate the expression of 5-LOX in Caco-2 cells [153]. The effects of curcumin and
tetrahydrocurcumin (THC) on HT-29 colon cancer cells were related to lower AA levels
associated with cPLA2 inhibition; yet, how this affected the 5-LOX (or COX-2) pathway
was not determined [145].

Leukocytes are abundant in the bloodstream, making them an excellent model to
test in vitro the anti-inflammatory effects of phase-II metabolites. However, according
to our analysis, only two studies have approached the effect of conjugated metabo-
lites on 5-LOX and COX-2 using leukocytes (Table S1). Among the conjugated metabo-
lites tested, 3′-O-methyl-quercetin reduced the biosynthesis of LTB4 (at 2 μM) and PGE2
(IC50 = 2 μM) [154], whereas the phase II conjugated urolithins (ellagic acid-derived metabo-
lites) were inactive against 5-LOX, COX-2, and the 5-LOX/COX-2 crossover pathways [155].
Under the same conditions, their free forms (quercetin, Uro-A, IsoUro-A, and Uro-C) ef-
fectively decreased 5-HETE, LTB4, PGE2, HKE2, and HKD2 levels in a dose-dependent
manner. Although the free forms are hardly found in the bloodstream, their presence in
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inflammatory environments is conceivable via deconjugation, as described for luteolin,
quercetin, resveratrol, Uro-A, and curcumin [77,82–91].

To date, no studies describe the in vitro effect of phenolic compounds or derived
metabolites on lipoxin biosynthesis. Only two studies have investigated the effect of
phenolics on the 5-LOX/COX-2 crossover pathway and found that curcumin and urolithins
(Uro-A, IsoUro-A, and Uro-C) showed the capacity to inhibit HKE2 and HKD2 formation
in a mixture of stimulated leukocytes [47,155]. This limited evidence underscores the need
for future studies on the biosynthesis of complex 5-LOX dependent eicosanoids using
isolated cell preparation or co-incubations (i.e., platelets with neutrophils) in the presence
of phenolic compounds.

4. Conclusions

This systematic review focuses on the effect of phenolic compounds on the 5-LOX
pathway. The current evidence linking modulation of the 5-LOX pathway and the anti-
inflammatory effects of phenolic compounds is still weak. One of the main reasons comes
from the low number of human studies and clinical trials, which are essential to test the
preventive and/or therapeutic effects of phenolic compounds. Thus, well-designed and
robust clinical trials in patients suffering from 5-LOX-related inflammatory diseases (e.g.,
asthma) would be desirable. The number of animal studies is also small and more research
is needed using equivalent conditions to those reported in humans, including adequate
exposure times and doses of phenolic-rich foodstuff.

As expected, a higher number of in vitro studies describe the anti-inflammatory ef-
fects of phenolic compounds targeting the 5-LOX pathway. The in vitro studies focus on
using mixtures of leukocytes or individual cells such as neutrophils, eosinophils, basophils,
and/or mast cells. New studies should consider enlarging the range of 5-LOX-expressing
cells such as dendritic cells and should consider the interaction with other cell lines such as
endothelial (i.e., atherosclerosis) or intestinal cells and microbiota (i.e., intestinal inflamma-
tion). The specific role of immune-related receptors regarding the modulation of the 5-LOX
pathway by phenolic compounds is an additional mechanism (not considered hitherto)
that deserves attention, such as the direct effect of phenolic compounds on LT receptors or
via modulation of TLR-4, which regulates CysLT1 expression in dendritic cells [156]. These
studies should avoid the use of unreasonable concentrations and metabolic forms of pheno-
lic compounds (considering metabolism and bioavailability) since this inadequate design
limits the physiological significance (from an in vivo point of view) of these investigations.
Hence, the design of future in vitro studies should follow the roadmap set elsewhere [157]
to provide physiologically relevant results.

Another key point to contemplate is 5-LOX/COX-2 dual inhibition. Targeting the
5-LOX pathway might lead to undesirable side effects due to AA shunting towards pro-
inflammatory COX-2-derived metabolites. Therefore, identifying and studying the biolog-
ical activity of phenolic compounds that act as dual inhibitors is critical to avoid single
inhibition and resulting side effects. Otherwise, a possible drawback of this approach is the
reduced biosynthesis of anti-inflammatory eicosanoids due to blocking cyclooxygenases
and lipoxygenases (including 5-LOX). Whether the phenolic compounds can exert anti-
inflammatory effects by increasing the synthesis of lipoxins is a question not addressed
by the available preclinical studies. The expanded analysis of pro- and anti-inflammatory
eicosanoids in future studies will improve the understanding of how phenolic compounds
modulate the inflammatory response through the 5-LOX pathway.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22157937/s1, Table S1: Modulation of 5-LOX activity and comparison with COX-2
activity by (poly)phenols in cellular models.
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Abstract: Oleanolic acid (OA) is a pentacyclic triterpenoid, abundantly found in plants of the Oleaceae
family, and is well known for its beneficial pharmacological activities. Previously, we reported the
inhibitory effect of OA on mast cell-mediated allergic inflammation. In this study, we investigated
the effects of OA on atopic dermatitis (AD)-like skin lesions and its underlying mechanism of action.
We evaluated the inhibitory effect of OA on AD-like responses and the possible mechanisms using
a 1-chloro-2,4-dinitrochlorobenzene (DNCB)-induced AD animal model and tumor necrosis factor
(TNF)-α/interferon (IFN)-γ-stimulated HaCaT keratinocytes. We found that OA has anti-atopic
effects, including histological alterations, on DNCB-induced AD-like lesions in mice. Moreover, it
suppressed the expression of Th2 type cytokines and chemokines in the AD mouse model and TNF-
α/IFN-γ-induced HaCaT keratinocytes by blocking the activation of serine-threonine kinase Akt,
nuclear factor-κB, and the signal transducer and activator of transcription 1. The results demonstrate
that OA inhibits AD-like symptoms and regulates the inflammatory mediators; therefore, it may be
used as an effective and attractive therapeutic agent for allergic disorders, such as AD. Moreover, the
findings of this study provide novel insights into the potential pharmacological targets of OA for
treating AD.

Keywords: oleanolic acid; atopic dermatitis; 2,4-dinitrochlorobenzene; keratinocyte; NF-κB; STAT1

1. Introduction

Allergic inflammation is characterized by pathophysiological or hypersensitivity dis-
orders, including allergic asthma, allergic rhinitis, anaphylaxis, and atopic dermatitis (AD),
after exposure to allergens [1]. AD is a chronic inflammatory skin disease that arises from
the complicated interaction of innate and adaptive immune responses based on genetics,
environmental factors, immune abnormalities, and skin barrier functions [2]. The char-
acteristic features of AD include itchy, swollen, red, and cracked skin with inflammatory
cell accumulation in AD skin lesions. Although the pathogenesis of AD is not clear, it is
known that several cells and factors are associated with its development. The pathological
processes of AD are thought to be mediated by Th1/ Th2 balance, which is skewed toward
Th2 in AD. Th2 cells are mainly activated in the acute phase of AD, while Th1 cells mediate
the alteration of expression in chronic AD [3]. The standard treatment for AD involves
the application of topical corticosteroids or the administration of immunosuppressive
agents; however, protracted use of these agents can cause various side effects, such as skin
atrophy, bleeding, vasodilation, and organ toxicity. For this reason, medicines originat-
ing from herbal sources may be preferred to steroids, and may be used in combination
with other methods, such as enhancing immunity, reducing house mite dust, and dietary
restrictions [4,5].

Numerous intracellular signal transduction triggered by ligand–cell surface receptor
binding is mediated by transcription factors. Nuclear factor (NF)-κB and the signal trans-
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ducer and activator of transcription (STAT)−1 are pivotal transcription factors associated
with the allergic inflammatory response [6]. Upon stimulation, the inhibitor κB (IκB)-α
protein is phosphorylated, leading to the ubiquitination and proteasomal degradation
of IκB. Sequentially activated NF-κB and interferon (IFN)-γ-activated STAT 1 in the cy-
toplasm translocate into the nucleus, where they engage in the expression of numerous
pro-inflammatory mediators. Thus, these transcription factors are important pharmacolog-
ical targets for the discovery of novel therapeutics to treat allergic disorders [7,8].

Oleanolic acid (OA) is a pentacyclic triterpenoid that is abundant in plants of the
Oleaceae family, such as Olea europaea. OA is ubiquitously found in food and plants, where it
exists as a free acid or as an aglycone of triterpenoid saponins, such as ursolic acid, moronic
acid, and betulinic acid [9]. To date, various reports have described the pharmacological ac-
tivities of OA, including its antioxidant [10], anti-inflammatory [11,12], anti-asthmatic [13],
anti-diabetic [14,15], anti-tumor [16], hepatoprotective [17], immunomodulatory [18], anti-
parasitic [19], and anti-hypertensive [20] properties. Despite the fact that OA is a well-
known active component contained in various plants, studies on its effect on AD are
insufficient. As it is important to study natural materials that are effective against aller-
gic diseases, we focused on OA that exhibits a wide range of biological activities, such
as anti-inflammatory and anti-asthmatic effects, as a feasible active compound for aller-
gic diseases. Previously, we reported the anti-allergic effect of OA, demonstrating that
OA exerted an inhibitory effect on mast cell-mediated allergic inflammation in vivo and
in vitro [21]. Allergic response and inflammation can trigger AD and worsen the condition,
thus, controlling allergic and inflammatory reaction could be important strategy in the
manage of AD. These results prompted us to investigate its potential effect on other allergic
diseases, such as AD. As AD is mainly the beginning of a series of allergic disorders, we
hypothesized that OA would attenuate AD-like symptoms. Thus, in the present study,
we aimed to elucidate the effects of OA on AD-like lesions and define the underlying
mechanisms of action using DNCB-induced AD mouse models and human keratinocytes.

2. Results

2.1. OA Attenuated AD Lesions in DNCB-Induced AD Mice

The repeated topical application of DNCB on the dorsal skin of mice induces AD skin
symptoms. DNCB is a “contact sensitizer” that induces contact hypersensitivity of the skin
in mice, which is considered to be a cell-mediated response [22]. To investigate the remedial
effects of OA on AD mice, we administered OA following the induction of AD mouse skin.
The experimental procedure is summarized in Figure 1A. On the day of sacrifice, severe
AD-like lesions, such as erythema, edema, hemorrhage, scarring, dryness, excoriation, and
erosion were observed on the dorsal skin of DNCB-induced AD mice. However, topical
application of dexamethasone (10 μM), a well-known therapeutic agent for AD, and OA
(10 and 50 μM) for 3 weeks significantly alleviated these AD skin symptoms compared to
the DNCB group (p < 0.001) (Figure 1B,C).
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Figure 1. Effects of OA on DNCB-induced AD skin lesions in ICR mice. (A) Experimental schedule for the induction of
AD. (B) Effect of OA on clinical features of DNCB-induced AD skin lesions. White arrows indicated DNCB treatment.
(C) Effects of OA on dermatitis score. Densitometric analysis was performed using Bio-Rad Quantity One® Software. The
data shown represent mean ± S.D. (n = 6) of three independent experiments. ### p < 0.001 vs. the control group; *** p < 0.001
vs. DNCB-treated group.

2.2. OA Improved the Histological Observations and Histamine Release in DNCB-Induced
AD Mice

Histological alterations, such as epidermal hyperplasia and infiltration of lympho-
cytes and mast cells in the skin, are the main hallmarks of AD [23]. Improvements in
clinical skin conditions following OA treatment were confirmed by histological examina-
tion. Histological analysis was performed on atopic skin tissues. The excised skin from
each group was stained with hematoxylin and eosin (H&E) or toluidine blue, and histo-
logical alterations were observed microscopically. H&E-stained tissue sections revealed
that the thickness of epidermal and dermal tissues was greater in the DNCB-treated group
(91.84 ± 7.60, 474.66 ± 43.65 μm, respectively, p < 0.001) than the control group due to
edema, hyperkeratosis, and hyperplasia (Figure 2A). However, treatment with 10 and
50 μM OA markedly attenuated the epidermal (47.16 ± 5.98 and 52.65 ± 9.56 μm, p < 0.001)
and dermal thickening (258.65 ± 17.56 and 292.65 ± 25.61 μm, p < 0.001) (Figure 2B,C).
In the toluidine blue-stained tissue sections, mast cell infiltration, an indicator of inflam-
mation, was noticeably increased in the DNCB-treated group compared to the control
group (73.67 ± 12.06 cells, p < 0.001). Treatment with 10 and 50 μM OA attenuated the
infiltration of inflammatory cells, particularly mast cells, as evidenced by toluidine blue
staining (28.5 ± 6.98, 25.5 ± 3.73 cells, respectively, p < 0.001) (Figure 3A,B). As mast cells
are sources of histamine, which is the most potent mediator involved in AD symptoms [24],
histamine levels in the serum were also examined. The results showed that treatment
with 50 μM OA remarkably inhibited histamine release (271.91 ± 35.75 ng/mL, p < 0.001)
compared to the DNCB-treated group (411.81 ± 60.12 ng/mL, p < 0.001) (Figure 3C).
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Figure 2. Effect of OA on epidermal and dermal thickness in DNCB-induced AD skin lesions. (A) H&E stained AD mouse
skin lesions (scale bar = 500 μm). (B) Determination of epidermal thickness and (C) dermal thickness. Epidermal and
dermal thickness in H&E stained sections were measured under a microscope. The data shown represent mean ± S.D.
(n = 6) of three independent experiments. ### p < 0.001 vs. the control group; *** p < 0.001 vs. DNCB-treated group.

Figure 3. Effect of OA on mast cell infiltration and serum histamine level in DNCB-induced AD skin lesions. (A) Toluidine
blue stained AD mouse skin lesions (scale bar = 100 μm). Black arrows indicated stained mast cells. (B) Number of mast cells
per mm section. Mast cell infiltration in toluidine blue stained sections is expressed as the average total count in five fields.
(C) Histamine release in mouse serum was measured using an ELISA kit. The data shown represent mean ± S.D. (n = 6) of
three independent experiments. ### p < 0.001 vs. the control group; ** p < 0.01 and *** p < 0.001 vs. DNCB-treated group.

2.3. OA Suppressed the mRNA Expression of AD-Related Cytokines and Activation of IκB and
STAT1 in DNCB-Induced AD Mice

Next, we investigated whether OA inhibited the signature cytokines of AD in the
dorsal tissues of DNCB-induced AD mice. Above all, thymus and activation-regulated
chemokine (TARC)/CCL17, are members of the CC chemokine subfamily and are involved
in the recruitment of Th2 lymphocytes and the continuation of Th2 immune responses [25].
In addition, thymic stromal lymphopoietin (TSLP) is known to provoke dendritic cell-
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mediated Th2 responses and is highly expressed in activated mast cells and skin of AD,
which triggers allergic inflammation. Therefore, these cytokines are considered mediators
of inflammatory skin diseases, such as AD [5–26]. As shown in Figure 4A, the mRNA
expression levels of TSLP and TARC were markedly (p < 0.001) increased by repetitive
treatment with DNCB, while OA reduced the expression levels of TSLP and TARC by
approximately basal levels (p < 0.001). In line with these results, Th2-type cytokines,
including IL-4, IL-5, and IL-13, were downregulated by OA treatment compared to DNCB-
induced AD mice (p < 0.001) (Figure 4B).

Figure 4. Effect of OA on AD cytokines and IκB, STAT1 activation in DNCB-induced AD skin lesions.
Total RNA prepared from the dorsal tissue, and the level of (A) TARC, TSLP, (B) IL-4, IL-5, and IL-13
were determined by quantitative qRT-PCR. Expression of IκB (C) and STAT1 (D) was determined
by Western blot analysis using specific antibodies. Densitometric analysis was performed using
Bio-Rad Quantity One® Software. The data shown represent mean ± S.D. (n = 6) of three independent
experiments. ### p < 0.001 vs. the control group; ** p < 0.01 and *** p < 0.001 vs. DNCB-treated group.
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To investigate the signaling pathways involved in the inhibitory effect of OA on cy-
tokine production, we examined the phosphorylation and degradation of IκB and activation
of STAT1 in DNCB-induced AD mice. The results demonstrated that the phosphorylation
and degradation of IκB induced by DNCB were significantly (p < 0.001) inhibited by treat-
ment with OA (Figure 4C). In addition, OA inhibited the DNCB-induced phosphorylation
of STAT1 at residues Ser727 and Tyr701 with significance (Figure 4D). Considering our
results, it can be presumed that the NF-κB and STAT1 signaling pathways are involved in
the inhibitory effect of OA on the cytokine profiles of DNCB-induced AD-like skin.

2.4. OA Suppressed the Expression of AD Cytokines and Activation of NF-κB and Akt in
TNF-α/IFN-γ-Stimulated HaCaT Keratinocytes

To test in vivo findings in vitro, we investigated the effects of OA on pro-inflammatory
cytokine expression in tumor necrosis factor (TNF)-α/IFN-γ-stimulated HaCaT keratinocytes.
HaCaT human keratinocytes are the most commonly used cell line in the AD model, which
produces various AD-related pro-inflammatory mediators in response to a variety of stim-
uli [27]. OA had no signs of toxicity up to 100 μM in HaCaT keratinocytes (Supplementary
Figure S1). Many studies have shown that TSLP, TARC, and RANTES (Regulated on
Activation, Normal T Cell Expressed and Secreted) play an active role in the pathogenesis
of AD, and TNF-α/IFN-γ synergistically induces production of these mediators by human
keratinocytes and HaCaT cells [28], and activation of NF-κB and STAT1 activation is in-
volved in the production of chemokines and cytokines in keratinocytes [29]. Therefore, we
investigated whether OA suppressed the production of AD cytokines and chemokines in
TNF-α/IFN-γ-stimulated HaCaT cells by suppressing the NF-κB and STAT1 signaling path-
ways. First, we evaluated the mRNA levels of TSLP, TARC, and RANTES in TNF-α/IFN-
γ-stimulated HaCaT cells. OA noticeably suppressed TNF-α/IFN-γ-stimulated mRNA
expression of TSLP, TARC, and RANRES (p < 0.001) (Figure 5A), Th2 cytokines (p < 0.001)
(Figure 5B), and pro-inflammatory cytokines, TNF-α and IL−6 (p < 0.001) (Figure 5C).
These data suggest that OA can control the expression of Th2-related mediators and pro-
inflammatory factors in TNF-α/IFN-γ-stimulated HaCaT cells. Next, we examined the
effects of OA on the phosphorylation of NF-κB and Akt, which are signaling pathways
that regulate inflammatory factors in human keratinocytes [30]. The results showed that
OA reversed the nuclear translocation of NF-κB by treatment with 25 μM OA (p < 0.001),
phosphorylation (p < 0.001), and degradation (p < 0.05) of IκB. Moreover, treatment with
25 μM OA prevented phosphorylation of Akt (p < 0.001), which promotes the activation of
NF-κB by directly phosphorylating IκB kinase in response to stimuli, but it did not affect
the total amount of Akt in TNF-α/IFN-γ-stimulated HaCaT cells (Figure 5D,E). These
results suggest that OA might suppress TNF-α/IFN-γ-induced cytokines and chemokines
by suppressing NF-κB and Akt in HaCaT keratinocytes.

2.5. OA Inhibited STAT1 Activation in TNF-α/IFN-γ-Stimulated HaCaT Keratinocytes

To investigate the mechanism responsible for the inhibitory effect of OA in parallel
with the inhibition of NF-κB, we investigated its effect on TNF-α/IFN-γ-induced STAT1
activation. As shown in Figure 6A,B, treatment with TNF-α/IFN-γ resulted in the acti-
vation of STAT1 (p < 0.001). However, OA decreased the phosphorylation at Tyr701 with
significance and alleviated the nuclear translocation of STAT1 in TNF-α/IFN-γ-stimulated
HaCaT cells (Figure 6B). In addition, the expression of cytokines, such as IL-2 and IL-12,
which are involved in the phosphorylation of STAT1, was downregulated by OA treatment
compared to TNF-α/IFN-γ-treated HaCaT cells (p < 0.001) (Figure 6C). The results demon-
strated that the anti-inflammatory effects of OA in HaCaT and DNCB-induced AD mice
are associated with the STAT1 signaling pathway.
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Figure 5. Effect of OA on chemokine and NF-κB and Akt activation in TNF-α/IFNγ-stimulated
HaCaT cells (A–C) The mRNA level of cytokines and chemokines in HaCaT cells were determined
by qRT-PCR. (D,E) Total proteins were prepared, and Western blot analysis was performed using
specific antibodies. β-actin was used as internal control. Densitometric analysis was performed
using Bio-Rad Quantity One® Software. The data shown represent mean ± S.D. of three independent
experiments. ### p < 0.001 vs. the control group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. TNF-
α/IFN-γ-treated group.
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Figure 6. Effect of OA on STAT1 activation in TNF-α/IFNγ-stimulated HaCaT cells. (A) Total
proteins were prepared, and Western blot analysis was performed using specific antibodies. β-actin
was used as internal control. Densitometric analysis was performed using Bio-Rad Quantity One®

Software. (B) Immunofluorescence staining of p-STAT1 (green) in TNF-α/IFN-γ-stimulated HaCaT
keratinocytes. Nuclei were counterstained using DAPI. IgG isotype control and secondary antibody
only control were used as negative control (scale bar = 100 μm). (C) The mRNA level of IL-2, IL-12,
and IL-8 in HaCaT cells were determined by qRT-PCR. The data shown represent mean ± S.D. of
three independent experiments. ### p < 0.001 vs. the control group; * p < 0.05, and *** p < 0.001 vs.
TNF-α/IFN-γ-treated group.

3. Discussion

3.1. AD Phenotypes Reflected in This Study

AD is a complex disease, whose relationship with allergy remains controversial and
can be viewed from different perspectives. AD is recognized as a type I and type IV complex
according to the Coombs and Gell classification system [31]. Epidermal keratinocytes
provide a functional skin barrier on the frontline of the defense system. In the skin of
patients with AD, allergic sensitization, due to pathogen invasion, irritants, and allergens,
occurs through a damaged skin barrier that leads to the stimulation of immune responses
in keratinocytes, with increased skin inflammation [23–32]. The expression of various
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inflammatory cytokines and chemokines derived from keratinocytes plays important roles
in the pathogenesis of AD [33,34]. Although a biphasic immune response is observed, a
Th2-biased immune response (IL-4, IL-13, TSLP, and eosinophils) is predominant in the
initial and acute phases of AD [35].

Based on the well-known anti-allergic and anti-inflammatory properties of OA, we
adopted the DNCB-induced AD model to evaluate the effect of OA on AD mice in vivo.
DNCB induces contact dermatitis accompanying skin and immunological alterations in
mice, which is similar to aspects observed in human patients with AD, including clinical
features, such as skin dryness, erosion, edema, hemorrhage, erythema, and increased serum
IgE levels [2]. In this study, we confirmed that OA alleviated the symptoms in patients
with AD, such as hypertrophy of the epidermal layer (Figures 1 and 2), recruitment of
inflammatory cells, and histamine release (Figure 3), using histological methods. Since
AD is thought to be a Th2-dominant inflammatory skin disease in the acute phase, TARC
is thought to be implicated in the pathogenesis of AD [36], correlating with the severity
of disease in some chronic allergic pathologies, such as asthma and AD [37]. TSLP is an
epithelial cell-derived cytokine [38] and is strongly implicated in the pathogenesis of Th2
cell-mediated allergic disorders. Eventually, TSLP specifically increased the frequency of
IL-4-, IL-5-, and IL-13-expressing effector cells, which enhanced cytokine production [39].
In this regard, we investigated the effect of OA on the mRNA expression of TSLP and
TARC. The results showed that OA significantly decreased the mRNA levels of TSLP and
TARC in the DNCB-induced AD animal model (Figure 4A). Furthermore, OA inhibited
the DNCB-induced phosphorylation and degradation of IκB and the phosphorylation of
STAT1 at both residues. These results indicate the possibility that the promoter of TSLP
or TARC includes NF-κB- and STAT-binding sequences, so that these transcription factors
may regulate the transcription of TSLP and TARC, as reported previously [40,41].

3.2. The Mechanisms of OA in This Study

These results prompted us to confirm how OA regulates AD development. Therefore,
we investigated the mechanism of action of OA in AD using human-derived keratinocytes.
OA suppressed the mRNA levels of TSLP, TARC, RANTES, and Th1/Th2 type cytokines
in TNF-α/IFN-γ-stimulated HaCaT keratinocytes. Moreover, the TNF-α/IFN-γ-induced
phosphorylation and degradation of IκB, translocation of NF-κB, and phosphorylation of
Akt and STAT1 (Tyr701) were inhibited by pretreatment with OA. These results indicate
that the regulation of cytokine and chemokine expression in HaCaT keratinocytes is related
to the Akt, NF-κB, and STAT1 signaling pathways. Previous studies have shown that the
mitogen-activated protein kinase (MAPK) signaling pathway is involved in the regulation
of NF-κB and STAT1 in response to cytokines, such as TNF-α and IFN-γ [42–44]. However,
the results indicated that OA did not suppress TNF-α/IFN-γ-induced phosphorylation
of MAPKs including ERK, JNK/SAPK, and p38 MAPK (data not shown), suggesting
that the expression of cytokines and chemokines in TNF-α/IFN-γ-stimulated HaCaT
keratinocytes via suppression of other pathways, such as other STAT family members
under the action of OA, judging from the multiple roles of cytokines. However, it is
necessary to examine how OA exerts its action via a certain receptor at the upstream
signaling pathway. Previous reports have described that anti-inflammatory activities of OA
were related to inhibition of toll-like receptors (TLRs) signaling pathway and consequent
inflammatory responses [45,46]. TLRs induce the MyD88-dependent pathway to mediate
downstream inflammatory pathways through activation of NF-κB [47], supporting our
results regarding downregulation of the NF-κB pathway. Moreover, engagement of IFN-γ
receptor signaling, which leads to STAT1 activation and the receptors of various cytokines
also should be considered to clarify the roles of OA in AD pathology. Despite these
limitations, in this study, we provided potential mechanisms through which OA exerts its
role in allergic inflammation. The activated Akt, NF-κB, and STAT1 pathways mediated
the signal transduction triggered by allergen, and the mediators induced the development
AD symptoms, including skin inflammatory response, immune cell infiltration, and Th2
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cytokines production. However, OA alleviates AD symptoms through the downregulation
of Akt, NF-κB, STAT1 signaling pathways and the expression of AD-associated cytokines,
suggesting the potential therapeutic targets.

3.3. For Improving the Activity of OA in Skin

We conducted the present study to evaluate the anti-AD effects of OA in in vivo and
in vitro models. Consistent with a previous study that found that oral administration of
oleanolic acid acetate, the derivative of oleanolic acid, suppressed DNCB-induced atopic
skin symptoms in BALB/c animal models [48], we confirmed that OA alleviated atopic
symptoms, despite the difference in mouse strains. Our study showed that OA decreased
the serum histamine levels which is induced by DNCB (Figure 3C), indicating that the
topical application of OA can affect the systemic immune system as well as local skin barrier.
Due to its low water solubility, there have been several attempts to improve the water
solubility and bioavailability of OA such as polymeric micelles [49], nanoemulsions [50],
nanoliposomes [51] containing oleanolic acid. Studies on routes of administration of
OA including topical medication are required for preclinical efficacy. It is expected that
developed dosage forms of OA can be widely used in skin disorders. Furthermore, it is
necessary to clarify the upstream event of the identified molecular mechanisms of OA,
along with its effect on skin barrier-related markers. Further studies based on immune
responses, such as the effect of OA on toll-like receptors, innate lymphoid cells, and T
cell responses, are needed to understand the anti-allergic inflammatory effect of OA and
develop a therapeutic approach to treat allergic disorders.

In conclusion, OA inhibited AD-like responses, suppressing the pathway to make up
the atopic environments dominated by Th2 cells via the inhibition of cytokines derived
from skin keratinocytes via the blockade of Akt, NF-κB, and STAT1 signaling pathways.
Considering this, we suggest that OA can be used as a potential therapeutic agent for the
prevention or treatment of allergic inflammatory diseases, such as AD. We believe that
these findings can be further elucidated in future studies to determine the specific roles
of OA.

4. Materials and Methods

4.1. Chemicals and Reagents

For the present study, OA (O5504, ≥97%), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT, >98%), dimethyl sulfoxide (DMSO, ≥99.9%), and all other
chemicals were purchased from Sigma; EMD Millipore (Billerica, MA, USA). Recombi-
nant human TNF-α and recombinant human IFN-γ were purchased from Bio-Techne Ltd.
(Abingdon, OX, UK). Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum
(FBS), penicillin, and streptomycin were obtained from Life Technologies Inc. (Grand
Island, NY, USA). Primary antibodies against NF-κB p65 (cat no. 8242), p-Akt (cat no. 9271),
p-STAT1 (Tyr701; cat no. 9167), and p-STAT1 (Ser727; cat no. 8826), STAT1 (cat no. sc-14994),
and IgG XP® Isotype (cat no. 3900) were obtained from Cell Signaling Technology, Inc.
(Danvers, MA, USA). Primary antibodies for p-IκB-α (cat no. sc-8404), IκB-α (cat no. sc-203),
Akt1/2/3 (cat no. sc-8312), PARP (cat no. sc-9542), α-tubulin (cat no. sc-8035), and β-actin
(cat no. sc-81178) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).
Horseradish peroxidase-conjugated secondary antibodies were purchased from Jackson
ImmunoResearch laboratories, Inc. (West Grove, PA, USA). The histamine enzyme-linked
immunosorbent assay (ELISA) kit was obtained from Enzo life Sciences, Inc. (Farmingdale,
NY, USA). SYBR Premix Ex Taq was purchased from Takara Bio, Inc. (Kusatsu, Japan).
Oligonucleotide primers were purchased from Bioneer Corporation (Daejeon, Korea).

4.2. DNCB-Induced AD Model

A total of 30 ICR female mice (6 weeks old; 20–25 g body weight) were obtained from
Charles River Laboratories (Harlan laboratories, inc., Wilmington, MA, USA) and main-
tained under constant conditions at a humidity of 40–60%, temperature of 20–25 ◦C, and a
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12 h light/dark cycle. The mice were randomly assigned to one of five groups (n = 6 per
group). To induce AD-like symptoms and skin lesions, 1-Chloro-2,4-dinitrochlorobenzene
(DNCB, 97%) was used. Briefly, the mice were sensitized topically with 100 μL of 1% DNCB
dissolved in 4:1 v/v mixture of acetone and corn oil and topically applied on the shaved
area of the dorsal surface of mice for three days, followed by no treatment for four days.
The same volume of vehicle (acetone/corn oil) was applied to the Normal group. After the
first challenge inducing the AD-like symptoms, the treatment was repeated with 100 μL of
0.5% DNCB for 21 days. The mice were topically applied vehicle, dexamethasone (≥97%,
10 μM), or OA (10 and 50 μM) 4 h after DNCB treatment once a day. Dexamethasone is dis-
solved in PBS:100% EtOH:Cremophor (6:1:3). OA is dissolved in 100% EtOH:Cremophor
(7:3). Mice were sacrificed on day 29 of the experiment. The experimental scheme is
summarized in Figure 1A. Skin tissues from the back of the mice were obtained and sub-
jected to histological analysis, qRT-PCR examination. All procedures were performed in
accordance with university guidelines and approved by the Instructional Animal Care and
Use Committee (IACUC) of Korean Medicine, Sangji University (Wonju, Korea; approval
no. 2015-06).

4.3. Evaluation of Dermatitis Severity

Clinical dermatitis severity was tested using the method described by Yamamoto
and colleagues (35). The severity of dermatitis was evaluated at the experiment start day
and end day. The development of erythema/hemorrhage, scarring/dryness, edema, and
excoriation/erosion was scored as follows: 0, none; 1, mild (<20%); 2, moderate (20–60%);
3, severe (>60%). The scores were determined in agreement between three observers, and
the sum of the individual scores was used as the dermatitis score.

4.4. Histopathological Analysis

At the end of the study period, the dorsal skin of mice was collected. The samples
were fixed in 10% buffered formalin, embedded in paraffin, sectioned into 4 μm thick,
and stained with hematoxylin and eosin (H&E) and toluidine blue to detect epidermal
thickness and inflammatory cells. Pathological changes of all stained skin sections were
observed using a DM IL LED microscope (Leica, Wetzlar, Germany) and photographed
using a DFC295 (Leica, Wetzlar, Germany). Digital images were taken from each slide
(2 per group), and measured using Leica Application Suite (Leica, Wetzlar, Germany).

4.5. Histamine Assay

Blood from the mice was collected from each mouse at the end of the experiment.
Serum was obtained by centrifugation at 1700× g for 30 min and stored at −80 ◦C until
analysis. The release of histamine was measured using an ELISA kit in accordance with
the manufacturer’s protocol.

4.6. Cell Culture and Sample Treatment

HaCaT keratinocytes (passage 19) were provided by Professor Jae-Young Um (Kyung
Hee University, Seoul, Korea), and were grown at 37 ◦C in DMEM supplemented with
10% FBS, penicillin (100 U/mL) and streptomycin (100 μg/mL) in a humidified atmosphere
of 5% CO2. HaCaT keratinocytes were seeded at a density of 1 × 105 cell per well, starved
with 0.1% FBS media for 24 h, and treated with OA at 6.25, 12.5, and 25 μM for 1 h at 37 ◦C
in humidified air with 5% CO2, and then stimulated with 10 ng/mL of TNF-α/IFN-γ at
37 ◦C for indicated time. The cells were either treated with DMSO as a control. The OA
was dissolved in DMSO.

4.7. Western Blot Analysis

Segments of cells, or dorsal tissue were suspended in PRO-PREP™ protein extraction
solution (Intron Biotechnology, Inc., Seoul, Korea) and incubated for 20 min at 4 ◦C. Cell
debris was removed via micro-centrifugation 11,000× g for 30 min at 4 ◦C, followed by
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rapid freezing of the supernatant. The protein concentration was determined using Bio-
Rad protein assay reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according
to the manufacturer’s protocol. Cellular proteins from the treated and untreated cell
extracts (10–30 μL) were electroblotted onto a polyvinylidene fluoride membrane following
separation via 8–12% SDS-PAGE. The membrane was incubated for 1 h with blocking
solution (5% skim milk) at room temperature, followed by overnight incubation with the
primary antibodies (1:1000) at 4 ◦C. The blots were washed three times with Tween 20/Tris-
buffered saline (T/TBS) and incubated with horseradish peroxidase-conjugated secondary
antibody (1:2000) for 2 h at room temperature. The blots were washed three times with
T/TBS, and then developed via enhanced chemiluminescence (GE Healthcare Life Sciences,
Chalfont Saint Giles, UK). Densitometric analysis was performed using Bio-Rad Quantity
One software version 4.3.0 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

4.8. Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis

Total RNA was isolated from the cells, or dorsal tissue using an Easy Blue kit (Intron
Biotechnology, Inc., Seoul, Korea) according to the manufacturer’s protocol. Total RNA
was quantified using an Epoch micro-volume spectrophotometer system (BioTek Instru-
ments, Inc., Winooski, VT, USA). cDNA was obtained using isolated total RNA (2 μg), d
(T)16 primer, and Avian Myeloblastosis Virus reverse transcriptase with genomic DNA
remover. The relative gene expression was quantified using RT-qPCR analysis (Real Time
PCR System 7500; Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
with SYBR Premix Ex Taq. Fold changes of gene expression were calculated using the com-
parative quantification cycle (Cq) method. The Cq values of target genes were normalized
to that of GAPDH using the ABI gene express 2.0 program (Applied Biosystems; Thermo
Fisher Scientific, Inc., Waltham, MA, USA).

4.9. Immunofluorescence Staining

Cells were seeded in a chamber at 1 × 105 cells/mL, fixed with 100% methanol for
30 min at 20 ◦C, and blocked in 10% NGS in 0.3% Triton-X100 (Sigma). The samples
were then incubated with p-STAT1 primary antibody or IgG isotype control overnight at
4 ◦C. After washing, the samples were incubated with the secondary antibody with Alexa-
Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen, Waltham, MA, USA). Coverslips
were mounted on to the glass slides and the images were captured on a confocal laser-
scanning fluorescence microscope Leica TCS SP5 (LAS AF) suite (Leica Microsystems,
Wetzlar, Germany).

4.10. Statistical Analysis

The data are expressed as the mean ± standard deviation of triplicate experiments.
Statistically significant differences were compared using one-way analysis of variance
(ANOVA) with Dunnett’s post hoc test. p < 0.05 was considered to indicate a statistically
significant difference. Statistical analysis was performed using GraphPad Prism (version 5).
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Abstract: Milk extracellular vesicles (mEVs) seem to be one of the main maternal messages delivery
systems. Extracellular vesicles (EVs) are micro/nano-sized membrane-bound structures enclosing
signaling molecules and thus acting as signal mediators between distant cells and/or tissues, exerting
biological effects such as immune modulation and pro-regenerative activity. Milk is also a unique,
scalable, and reliable source of EVs. Our aim was to characterize the RNA content of cow, donkey,
and goat mEVs through transcriptomic analysis of mRNA and small RNA libraries. Over 10,000 tran-
scripts and 2000 small RNAs were expressed in mEVs of each species. Among the most represented
transcripts, 110 mRNAs were common between the species with cow acting as the most divergent.
The most represented small RNA class was miRNA in all the species, with 10 shared miRNAs having
high impact on the immune regulatory function. Functional analysis for the most abundant mRNAs
shows epigenetic functions such as histone modification, telomere maintenance, and chromatin
remodeling for cow; lipid catabolism, oxidative stress, and vitamin metabolism for donkey; and
terms related to chemokine receptor interaction, leukocytes migration, and transcriptional regulation
in response to stress for goat. For miRNA targets, shared terms emerged as the main functions for
all the species: immunity modulation, protein synthesis, cellular cycle regulation, transmembrane
exchanges, and ion channels. Moreover, donkey and goat showed additional terms related to epige-
netic modification and DNA maintenance. Our results showed a potential mEVs immune regulatory
purpose through their RNA cargo, although in vivo validation studies are necessary.

Keywords: milk; extracellular vesicles; mEVs; RNAseq; miRNA; anti-inflammatory; immunomodu-
latory; cow; donkey; goat

1. Introduction

Other than being a valuable nutrition source, milk represents a sophisticated signaling
system that delivers maternal messages to the offspring [1]. This property seems to be
mostly mediated by molecules enclosed in micro/nano-sized membrane-bound structures
called extracellular vesicles (EVs) [2]. EVs are involved in cell-cell communication by
transporting DNAs, mRNAs, microRNAs, lipids, and proteins to close and distant cells
or tissues, protecting their labile content against degradation and providing a vehicle
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for cargo uptake by recipient cells. They can exert a plethora of biological effects with
immunomodulating, anti-inflammatory, anti-cancer and pro-regenerative activities [3–15].
Signals can be as simple as an antigenic stimuli by EVs proteins or more complex as
epigenetic modifications mediated by their miRNA cargo [16].

Food can be considered a valuable source for the mass production of EVs for their
multiple uses; since milk is a widely available and inexpensive raw material for their
production [17], milk-derived EVs (mEVs) have emerged as a reliable and scalable EVs
source [18–23]. EVs from colostrum and breast milk were first isolated in 2007 in the human
species [23], then subsequent studies reported the isolation from other mammals (cow,
camel, buffalo, pig, and sheep) [24–28]. Milk immunomodulatory and anti-inflammatory
activity, mainly due to the miRNA content [29,30], has been proven for human, cow, and
donkey [31,32].

It is interesting that EVs and their RNA content are unaffected by acidification of the
gastric environment [24,33] and different types of cells can uptake EVs from human and
bovine milk [20,29,34]. For example, porcine milk EVs and their miRNAs are internalized
by IPEC-J2 intestinal epithelial cells, modifying target gene expression and promoting
intestinal cell proliferation [25]. Recent evidences demonstrate that milk EVs and miRNAs,
taken up by human intestinal cells, can also reach the systemic circulation modifying
gene expression of distant cells [35,36]. Moreover, besides the determination of high
conservation level in miRNA coding genes through different species, these studies suggest
a broad gene regulation in recipient cells, since each one of them targets several protein-
coding genes [18,25,37–39].

MiRNAs adsorption through EV endocytosis after milk ingestion may play a role in
the regulation of innate and adaptive immunity even through epigenetic changes [30,40,41].
Milk miRNA-mediated epigenetic regulation is a physiological phenomenon representing
a natural channel for genetic material transfer to offspring and milk consumers [40]. Milk
miRNAs also seem to be positively involved in resistance to allergy development and to
autoimmune diseases [29,30].

Several studies have shown that miRNAs are associated with inflammatory processes
in chronic diseases, regulating several mechanisms involved in inflammation initiation
and resolution [42,43]. Within this path, the role of EV-mediated immune responses in
the pathogenesis of chronic inflammation, such as inflammatory bowel disease (IBD), was
recently investigated [44]. Non-coding RNAs play a pivotal role [45,46], taking part in the
regulation of inflammatory processes, immune system modulation, and in the mucosal and
microbiota homeostasis [44]. IBD, including Crohn’s disease (CD) and ulcerative colitis
(UC), is a chronic relapsing inflammatory disorder of the intestine of unclear etiology
that has become a global disease with an increasing incidence in newly industrialized
countries [47].

In addition, there are evidences that miRNAs themselves can be regulated by feed-
ing, suggesting that diet manipulation could be a promising therapeutic approach for
modulating the risk of chronic diseases [31,48–50].

Moreover, the comparative study of mEVs in domestic species, while highlighting the
particular cellular messages in different milks, might help to understand how the selection
of mutational changes in miRNAs and/or miRNA binding sites could have provided a
mechanism to generate some of the traits that differentiate domesticated species [51].

With this work, we aimed to complete our journey [52] in characterizing the molecular
content of cow, donkey, and goat mEVs through a comprehensive RNA analysis to search
for future applications as a nutraceutical in inflammatory conditions such as IBD.

2. Results

A complete overview of the different experiments and analyses carried out in the
study is shown in Figure 1, wherein the upper part of the figure represents the milk
sampling, the EV isolation method, and the morphological analysis with the relative
synthetic representation of results. Below, the two bioinformatic pipelines used for RNA
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sequencing data analysis are detailed in the two arrows: the orange one for mRNAs and
the green one for small RNAs. The references to figures and tables generated from the
different analytical steps and representing the results obtained from this work are reported
between the two arrows.

Figure 1. Workflow overview cartoon.

2.1. Morphologic Characterization of mEVs

The presence and purity of mEVs in the pellet generated from the milk of the three
species along with size range and shape assessment were determined, respectively, by
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Western blotting, Transmission Electron Microscopy (TEM), and Nanoparticle Tracking
Analysis (NTA). Figure 2 shows the electron micrographs, the size distributions observed
via NTA, and the antibody reaction against mEV antigens.

Figure 2. Morphological characterization of mEVs: (a) Transmission electron microscopy (TEM)
revealed the presence of single and aggregated vesicles mainly in the range of 30–150 nm. Scale bar:
200 nm; (b) Size distribution of vesicles measured using the Nanosight NS300 nanoparticle tracking
analysis system. The peak of the mEV size distribution was 105 nm for cow and goat and 135 for
donkey; (c) Western blot results of Tsg101 (Tumor Susceptibility gene 101 protein) and CD81 (Cluster
of Differentiation 81) tested mEV antigens.

At TEM, mEVs appeared rather homogeneous in shape and showed mainly intact
limiting membrane. They ranged from 30 to 150 nm and were sometimes arranged in
aggregates. No cell debris and minimal background were detected, revealing the effi-
ciency of the purification procedure (Figure 2a). Based on the NTA data, the mEV mean
(±standard error) diameter was 142.7 ± 2.9 nm for cow, 150.5 ± 3.2 for donkey, and
124.1 ± 2.3 for goat (Figure 2b). The distribution of mEV populations was “gaussian-like”
for all the species with a unique peak and a narrow range (cow: D10 = 92.6 ± 1.7 nm
and D90 = 215.2 ± 4.1 nm; donkey: D10 = 98.3 ± 1.7 nm and D90 = 219.7 ± 4.7 nm;
goat: D10 = 75.9 ± 1.6 nm and D90 = 184.5 ± 3.5 nm), demonstrating homogeneity both
within and between species. NTA also determines nanoparticle densities, reporting the
mean concentration (particles/mL) (±standard deviation) of five measurements after a
pellet resuspension in 400 μL of PBS that resulted as quite similar for the three specie:
1.22 × 1012 (±3.63 × 1010) for cow; 3.51 × 1011 (± 1.22 × 1010) for donkey; and 7.39 × 1011

(±1.57 × 1010) for goat. Western blot assay proved the mEV presence, showing a positive
reaction for Tumor Susceptibility gene 101 protein (Tsg101) in all samples. Cluster of
Differentiation 81 (CD81) expression was positive in donkey and goat, but not in cow
(Figure 2c).

2.2. Molecular Characterization of mEVs RNAs
2.2.1. Messenger RNAs

A total of 326 million raw reads were generated from single-end sequencing of three
replicates per species on Illumina platform with an average of more than 36 million reads
per sample. Over 99% of the produced sequences were retained after quality control
and trimming procedures; of these, 84.8–90.9% were uniquely mapped on the reference
sequences. Mapping statistics details are reported in Table S1.
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To further confirm mEV isolation purity and exclude cell contamination, a gross com-
parison between the number of expressed genes (reads per kilobase per million mapped
reads-RPKM > 0) in mEV and mammary glands, from publicly available studies, was
conducted. Only bovine mRNAs were used since udder mRNA sequencing data for
the other two species are not yet available. The mean number of expressed genes in
mEVs (14,407.67 ± 339.37) was significantly lower (p-value = 0.0286) than mammary
glands (19,117.25 ± 1424.25). At the same time, the mean expression profile was signifi-
cantly different (p-value < 2.2 × 10−16) between mEVs (1.16 ± 4.09) and mammary glands
(0.48 ± 4.56). A graphical representation of the two gene sets is available in Figure S1.

Gene body coverage analysis carried out through the RSeQC package revealed a good
representation in almost the entire transcript set length both in cow and donkey while goat
showed a general reduction at the 3′-end (Figure S2).

A total of 10,656, 9464 and 11,143 expressed genes (RPKM > 1) were found for cow,
donkey, and goat, respectively. For the differential expression analysis between mEV
mRNAs of the three species through DESeq2 software, a core of 5907 orthologous genes
(with a one-to-one type of orthology) was taken into account. Pairwise comparisons were
applied, showing cow as divergent species compared to the others (Figure 3) with twice as
many up-regulated genes (DEGs are reported in Table S2).

Figure 3. Volcano plots of differentially expressed genes through mEV RNA pairwise comparisons of the three species
using DESeq2 for data analysis. The X-axis represents log2 fold change (log2 FC) of the pairwise comparison, while the
Y-axis indicates significance of differential expression (False Discovery Rate - FDR). The gray dots indicate no significant
(NS) changes in the gene expression (|log2 FC| < 2, FDR > 0.05), the green dots denote genes with |log2 FC| > 2 but not
significant (FDR > 0.05), light blue dots indicate very small changes in gene expression (|log2 FC| < 2), while red dots
represent significantly up- and down-regulated genes (|log2 FC| > 2, FDR < 0.05). Purple numbers indicate the significantly
up-regulated genes in cow compared to the other reported species, the orange numbers indicate those up-regulated in
donkey, and the teal numbers refer to goat over-expressed genes.

For each species, transcripts found to be up-regulated in both the pairwise compar-
isons were considered enriched (Table S2) and selected for functional analysis of the three
gene ontology (GO) vocabularies (Table S3). All of these enriched transcripts showed
an RPKM value equal to or greater than six in at least one species, assessing a relevant
expression level. The 78 GO terms significantly enriched in cow are representative of 19
functional groups, including the regulation of telomere maintenance and histone modifica-
tions, ncRNAs transport, and regulation of cytokines stimulus response. Terms of lipid
catabolism, oxidative stress, and vitamin metabolism were enriched for donkey among the
63 GO terms enclosed in 13 functional groups. Goat showed 28 GO terms representative of
11 functional groups including terms related to chemokine receptor interaction, leukocytes
migration, histone modification, and transcriptional regulation in response to stress. All
species show significant enrichment in GO terms related to microtubule function. All GO
details are reported in Table S3.

2.2.2. Small RNAs

Concerning small RNA features in cow and goat, almost all the reads were aligned to
the microRNA class (miRNAs), comprising more than over 99% of total RPKM. Although
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this was the most representative class also in donkey (57% of total RPKM), the remain-
ing portion of sequences fell into miscellaneous RNA, mostly Y-RNA and Vault classes
(Figure S3).

In Table 1 are reported the higher expressed miRNAs (chosen from the features
covered by 95% of total RPKM, Table S4) resulting in 41, 28, and 40 miRNA for cow, donkey,
and goat, respectively. As shown in Figure S4, 10 of these are shared among the three
species. Details on sharing and uniqueness are provided in Table 1.

Table 1. Most expressed miRNAs (covered by 95% RPKM) in mEV species cargo.

Enclosing mEVs No. of miRNAs miRNAs

Cow–Donkey–Goat 10

miR-151a
miR-191
miR-30b

let-7i

miR-27b
miR-30d
miR-186

miR-200b
miR-148b

miR-21

Cow–Goat 15

miR-141
miR-23b
miR-93
miR-25

miR-361

let-7b
miR-660

let-7g
miR-30a
miR-200a

miR-125a
miR-20a
miR-29a
miR-140
miR-200c

Donkey–Goat 6 miR-148a
miR-143

miR-26b
miR-30e

miR-223
miR-155

Cow–Donkey 1 miR-375

Cow 10

miR-340
mir181a
miR-362
miR-99a

miR-532
miR-26b
miR-182

miR-429
miR-425
miR-34a

Donkey 10

miR-374a
miR-152
miR-101
miR-98

miR-590
miR-320a

let-7d

miR-23a
miR-145

let-7c

Goat 8
miR-26a

let-7f
miR-27a

miR-22
miR-224
miR-16

miR-125b
miR-190a

MiRNAs listed in Table 1 were used as input for MiRWalk analysis, obtaining their
validated targets differentiated for target binding sites (3′-UTR, 5′-UTR, and CDS) (Table 2).
However, for chi-miR-3431, eca-miR-3548, bta-miR-3600, bta-miR-669, bta-miR-148c, and
bta-miR-148d it was not possible to identify the human homolog. Therefore, they were
excluded from the target analysis. For each species, a unique target list was generated and
filtered according to the number of miRNA hits (five for cow and goat and four for donkey)
(Table S5).

Table 2. Number of total and selected targets retrieved for each species.

Species
3′-UTR
Targets

5′-UTR
Targets

CDS
Targets

Total
Targets

Filtered
Targets

Cow 1351 221 1196 2296 3

Donkey 814 109 603 1313 15

Goat 1537 256 1283 2568 14

Filtered targets were used to generate a Protein-Protein Interaction Network (PPI)
using the IMEx database: a total of 123 nodes with 253 edges were produced for cow genes,
donkey had 1025 nodes and 2272 edges, while goat showed 988 nodes and 2899 edges.
Among the numerous protein clusters identified by the analysis, we selected those with
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an interaction threshold greater than 25, resulting in three clusters for cow and and eight
for both donkey and goat (Figure 4). Briefly, a cluster is characterized by a central node,
corresponding to the protein with the highest number of interactions with other proteins
correlated to similar biological functions.

Figure 4. Clusters of proteins generated by clusterMaker 2.0 Cytoscape application starting from the
PPI network. Central nodes (grey) indicate proteins with the higher number of interconnections. A
consistent colour scheme was applied for clusters with the same central node in the different species.

MDM4 was a central node protein for all the species, while donkey and goat shared
an additional central node, SOCS4 (Figure 4; Table S6). A GO enrichment analysis was
then carried out on these clusters through the ClueGO app and results are reported in
Tables S7–S9 for cow, donkey, and goat clusters, respectively.
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3. Discussion

In the last two decades, extracellular vesicles (EVs) gained global attention, tickling
researchers minds for new ideas and potential applications thanks to their intrinsic messen-
ger carrier role [53]. In this study, the total RNA content of EVs isolated from cow, donkey,
and goat milk (mEVs) was characterized, and their potential functional role highlighted,
both for the mRNA and miRNA cargo. A focus was placed on their anti-inflammatory
and immunomodulant potential as a conditional prerequisite to use mEVs for attenuating
symptoms in inflammatory bowel diseases (IBD).

Three different species were chosen to evaluate the mEV RNA cargo since domesti-
cation and selection may have influenced metabolic phenotypes in modern livestock and
during the domestication process, as pointed out in an in silico analysis [51].

One of the major flaws that one can encounter in the characterization of EVs content
is based on the quality of the isolated material. Indeed, as a prerequisite for the RNAs
analysis, we verified that our samples were essentially enriched in mEVs, ruling out protein
and cellular contamination as reported by the TEM analysis (Figure 2a). All considered
parameters such as shape and the dimensional range as well as the positive reaction
to known markers (CD81 and Tsg101) corroborated a correct mEV isolation (Figure 2).
Moreover, a check on sequenced reads was then carried out, comparing mEV mRNA
RPKM with sequencing data of mammary glands deposited on SRA database. As expected,
a reduction in the number of expressed genes was observed in mEV RNA (Figure S1).

Then, analyzing the mEV RNA cargo, the total number of genes with an RPKM greater
than one was quite similar for the three species, with approximately 10,000 transcripts. This
number is in line with what previously observed for cow [54], porcine [55], and rat [56]
mEVs; however, differences in RNA integrity were observed.

Although precise functions of EV mRNAs in target cells have not been clarified, it
is known that complete mRNAs or fragmented mRNAs that keep the 5′ starting codon
can be transferred in the receiving cell and directly translated into protein, modifying the
global protein balance and consequently influencing metabolic pathways and biological
processes [57,58]. On the other hand, previous experiences show widespread mRNA
fragmentation mainly affecting the 5′-end of the typical transcript from mEVs [54] and
from EV mRNA in general [59,60], hypothesizing a regulatory role (competitor, regulator
of stability, localization, and translational activity of mRNAs) in target cells [60,61].

In detail, we detected high-quality mRNA in our mEVs, especially for cow and donkey
with a peak at the 5′-end, maintaining good coverage for the rest of the sequence and a
slight reduction for the very 3′-end (Figure S2). Goat mEVs were characterized by a general
higher degradation while maintaining a good representativity at the 5′-end.

Then we evaluated if genes enclosed in mEVs were differentially expressed among
the three species, although a direct comparison of expression levels is not trivial. For this
reason, we implemented a procedure based on orthologous genes and proper normalization.
The resulting pairwise comparisons show similarity between donkey and goat (Figure 3),
while cow have a higher up-regulated number of genes (DEGs, reported in Table S2). The
greatest part of the selected orthologous genes (5907) was stable in terms of expression, but
species signatures emerged. Cow, for example, showed 875 and 1055 up-regulated genes
compared to donkey and goat, respectively. The donkey had 561 over-expressed genes
with respect to cow and 468 with respect to goat. Finally, 615 and 371 genes in goat were
found over-expressed with respect to cow and donkey. These data may suggest that the
three cargos deliver different messages to the target cells. The GO results, where different
terms for each species emerged (Table S3), seem to corroborate this hypothesis. In cow,
one of the major functionalities for mEV mRNAs is related to epigenetic regulation and
DNA preservation, with enrichment of terms related to histones acetylation, regulation
of mRNA metabolic process, ncRNA export from the nucleus, tRNA modification, and
regulation of telomere maintenance. Another enriched GO term in cow, “Positive regulation
of stress-activated MAPK cascade”, points towards regulatory properties. Ideed, this is a
crucial signaling pathway for cell homeostasis, which activates the transcription of various
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regulatory proteins [62]. For donkey, an activity focused on the vitamin metabolism and
the fatty acid catabolism, with terms linked to peroxisome and oxidation, appeared to
be enriched. In line, human and camel milk-derived EVs have been proven to improve
oxidative stress conditions in pathological environments [63]. “CCR chemokine receptor
binding” was the main functional group of GO terms (i.e., with the highest number of
associated GO terms and genes) in goat, indicating immune system cells as a possible
source of these mEVs. Milk EVs, indeed, are highly heterogeneous and originate from
a variety of cell populations residing in the source organism’s mammary gland, such as
immune cells [64].

Concering our data for small RNAs, only donkey showed an important fraction of
Y-RNAs. Although this finding could be biased by a reduced assembly quality of the ass
genome and a suboptimal annotation, many read counts were attributed to some Y-RNAs.
These small ncRNAs have recently gained interest due to the discovery of their abundance
in some EVs types, especially released in biofluids, showing some kind of involvement in
the immune system [65].

Concerning miRNAs, the majority of molecules highly expressed and shared be-
tween the three species (let-7i, miR-148b, miR-151a, miR-186, miR-191, miR-200b, miR-21,
miR-27b, miR-30b, and miR-30d) are known to be enriched in milk [20,66–68] and in-
volved in immunomodulation [22,63,67–73]. Although several studies have investigated
the miRNA content in milk EVs from individual species [67], very few are about EV-
associated miRNAs among different species [68]. Interestingly, in all studies, several
abundant miRNAs were shared between species and are coherent with our results. These
miRNAs were implicated in immune-related functions, regulation of cell growth, and
signal transduction [68].

The most abundant miRNA in breast, cow and goat milk is miR-148, which is highly
conserved in mammals [66,68]. Moreover, miR-151 and miR-186 were proposed as potential
breast milk biomarkers [73]. MiR-148 is consistently reported in virtually all milk small
RNA sequencing, supporting its evolutionary importance in lactation and for the newborn
healthy development [74,75].

Regarding the most expressed common miRNAs in mEVs from all species and focus-
ing on the potential immunomodulatory and anti-inflammatory activity, Liu and coauthors
found that miR-151 interacts with STAT3 mRNA, inducing down-regulation in mouse
macrophages in response to LPS stimulation, and amplifying the initial innate immune
response [71]. In addition, it is also known that miR-151 suppresses the expression of Th1
cytokines such as IL-2, IL-12, and IFN-γ [76].

MiR-148 regulates DNA methyl-transferase 1 (DNMT1), suggesting that milk con-
sumption might affect the epigenome signatures [40,67] through mEVs uptake. Interest-
ingly, milk miR-148a-3p and miR-29a-3p can also downregulate DNMT3B [77], a protein re-
sponsible for Forkhead box P3 (FOXP3) epigenetic inhibition [78]. Therefore, by preventing
its epigenetic inhibition by DNMT3B, milk miR-148a and miR-29a could enhance FOXP3
expression, driving the differentiation of T lymphocytes towards the anti-inflammatory
regulatory T cell phenotype. This effect could be an explanation for mEVs’ beneficial
role in rheumatoid arthritis [79]. Recent research linked milk-derived miRNA-148a to
pancreatic beta-cell differentiation, promoting a potential protective role against type 2
diabetes mellitus development [80]. The biological effects of these miRNAs corroborate the
mRNA enrichment findings already described with processes involved in the epigenetic
modification and DNA maintenance.

Regarding other common mEV miRNAs, let-7 together with miR-148, regulate tran-
scription factor NF-κB in vivo, with the immune response suppression as an outcome [67,68].
Moreover, miR-30b and miR-200, along with miR-148, have been designated as major
immune-related miRNAs [81] and are highly represented in milk [82] and also present in
our core molecules in mEVs (Table 1).

MiR-200a-3p [83] also promotes the proliferation of intestinal epithelial cells through
the epithelial-mesenchymal transition inhibition via TGF-β [84] that, as recently reported,
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exerts a pleiotropic effect towards the immune network balance via SMAD activities in
the nucleus [85]. SMAD transcription factors act through the transforming growth factor-
beta/SMAD (TGF-β/SMAD) signaling pathway that sets the balance between immune
activation for pathogen clearing and the immune suppression to limit damage to self [85].
Since SMAD members are increased in Crohn’s disease patients [85] and are validated
targets in our analyses (Table S5), the mEV message (miRNA content and their targets)
could acquire particular importance in the IBD pathogenesis.

MiR-21, another most abundant small RNA in our mEVs, beyond its presence in
milk, is one of the most expressed members of the small non-coding microRNA family in
many mammalian cell types; its expression is enhanced in many diseases and in inflamed
tissues. MiR-21 is part of a complex regulatory feedback cascade where it can negatively
regulate the pro-inflammatory response induced by different stimuli; in particular, miR-21
has emerged as a key mediator of the anti-inflammatory response in macrophages and a
potential marker of immune cell activation [69].

In addition to the shared miRNAs, we found many peculiar miRNAs in each species
(Table 1, Figure S4). Concerning cow, many miRNAs were found to have a pivotal role
in inflammation, such as miR-340 which targets JAK, cyclin D1, and MMP2, that in turn
down-regulate cytokine production [86]. This miRNA is often downregulated during
the development of autoimmune diseases. Moreover, miR-340 directly targets the pro-
inflammatory cytokines IL-4 [87] and IL-17A [88] in psoriasis mice model, where Th17
cells and the consequent IL-17A production are implicated in the pathogenesis of this
autoimmune disease as in others such as IBD [89]. Similar effects seem to be addressed to
miR-181a with anti-inflammatory effects mediated by the down-regulation of IL-1α [90] and
the inhibition of NF-κB activation [91]. Furthermore, miR-99a can reduce macrophage M1
phenotype and increase M2 activation by targeting TNFα [92]; miR-182-5p can modulate
the TLR4/NF-κB signaling pathway, inhibiting the inflammatory response induced by LPS
treatment [93], while miR-429 modulates the IL-8 production through the NF-κB inhibition,
reducing inflammation in epithelial cells [94]. Therefore, it was proposed as a candidate
for anti-colitis therapy thanks to its capability of modulating mucin secretion in human
colorectal cells and mouse colitis tissues [95].

An ability to modulate many pro-inflammatory cytokines such as IL-6, IL-1β, and
TNFα in different tissues was shown by miR-26a, miR-27a, and miR-125b that we found
most abundant in goat mEVs [86]. Concerning abundant miRNAs in donkey, miR-320a
through its targets modulates the NF-κB signaling in IBD, while miR-23a and miR-145 inhibit
TLR4 and IL-17 signaling, decreasing IL-6, MCP-1, and metalloproteinases production [86].

Target genes and protein network analyses (Figure 4, Table S6) on highly expressed
miRNAs in each species underline the EV message finalized to protein synthesis and
cellular cycle regulation (Tables S7–S9). Moreover, we retrieved donkey and goat enriched
GO terms involved in epigenetic modification and DNA maintenance (donkey cluster 1
“chromatin maintenance”, “chromatin organization”—donkey cluster 5 “histone methyl-
transferase binding”, “regulation of gene expression, epigenetic “—goat cluster 4 “positive
regulation of histone H3-K4 methylation “—goat cluster 2 “ATP-dependent chromatin
remodeling”) (Tables S8 and S9). GO terms that refer to transmembrane exchanges and
ion channels were found for all species (cow cluster 1 “calcium-dependent protein bind-
ing”, “positive regulation of intracellular transport”—goat cluster 5 “calcium-dependent
protein binding”, “positive regulation of intracellular protein transport”—donkey cluster 6
“calcium-dependent protein binding”, “positive regulation of intracellular transport”)
(Tables S7–S9). These categories are congruent with those of mEV mRNA GO analyses.

In addition, peculiar mEV miRNA targets appeared to be linked to immunity (cow clus-
ter 1 “CD40 receptor complex”—goat and donkey cluster 1 “I-kappaB kinase/NF-kappaB
signaling”—donkey cluster 1 ”positive regulation of NF-kappaB transcription factor activ-
ity”, “positive regulation of leukocyte apoptotic process” ”interleukin-12-mediated signal-
ing pathway”—donkey cluster 2 “T cell costimulation”, “regulation of B cell proliferation”—
donkey cluster 5 “antimicrobial humoral immune response mediated by antimicrobial
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peptide”—goat cluster 1 “response to cytokine”, “positive regulation of tumor necrosis
factor-mediated signaling pathway”—goat cluster 2 “interleukin-2 production”) and signal
transduction (cow cluster 3 “adenylate cyclase-modulating G protein-coupled receptor
signaling pathway”, “phospholipase C-activating G protein-coupled receptor signaling
pathway”—donkey cluster 2 “AMP-activated protein kinase activity”—goat cluster 3
“cAMP response element binding”—goat cluster 9 “signaling receptor complex adaptor
activity”) (Tables S7–S9).

The abundance of the molecules both present and targeted reinforce the hypothesis
that mEVs may attenuate intestinal inflammation in IBD conditions [93], although in vivo
validation studies are necessary.

Indeed, while not directly assessed here as this is a characterization study, mEV
RNA cargo has promising potential biological effects as recent literature comfirmed that
transported miRNAs in EVs are partially stable during gastrointestinal digestion, and
bioavailable since they are capable of reaching target tissues [96]. While this is intriguing, it
will be important to improve research in the minimum amount of transcripts for impacting
gene expression, the possible degradation within the gastrointestinal tract, the amount that
might reach the circulation and the cell to exert a biological effect, which are all aspects
that have been poorly investigated in in vitro/in vivo experiments [68,97].

4. Materials and Methods

4.1. Milk Collection

Three samples for each species (cow, goat, and donkey) were collected from mass milk,
to cope with the individual variability. Milk was sampled from farms surveilled by the
Veterinary Medicine Department, University of Perugia: the Didactic Zootechnical Farm of
the University for bovine and two distinct owned farms for donkey and goat. The goat
milk was sampled from animals derived from a crossbreed of Camosciata delle Alpi and
Saanen; donkey milk was collected from crossbreed animals. In both the cases, samples
were taken during the mid-lactation period and animals were fed with grass, cereals, and
hay in extensive pastoralism fashion. Cow milk was collected from Holstein Friesian
cattle breed farm, where the greatest part of the animals was in mid-lactation. Rearing
conditions are referable to standard intensive farms, with unifeed and mechanical milking.
Milk was immediately processed or stored at 4 ◦C for less than 24 h before, avoiding
cryo-preservation to minimize artifacts.

4.2. EVs Isolation

Milk EVs were isolated by serial differential centrifugations (DC) and a step in
ethylenediaminetetraacetic acid tetrasodium salt dihydrate (EDTA), following the pro-
tocol of Vaswani and collaborators [98], with little modifications hereafter reported. In
brief, preliminary centrifugation steps were used to eliminate fat globules on the surface
and cellular debris and protein complexes in the pellet, recuperating the intermediate
phase. Three hundred (300) mL of each milk were subjected to two consecutive 3000× g
centrifugations for 10 min at room temperature (Eppendorf® Centrifuge 5810R with a
F34-6-38 rotor); then, an equal volume of 0.25 M EDTA (pH 7.4) was added to the super-
natant, incubated for 15 min on ice, and centrifuged at 10,000× g for 1 h at 4 ◦C. Then,
centrifugation at 35,000× g for 1 h at 4 ◦C was carried out using polyallomer tubes in a
Beckman Coulter Optima L-100 XP with an SW41 Ti rotor. A final ultracentrifugation at
200,000× g for 90 mins at 4 ◦C was carried out collecting mEVs in the 24 separate pellets
used for morphological analysis and RNA characterization.

4.3. Milk EVs Characterization
4.3.1. Western Blotting

RIPA Buffer (20–40 μL) was added to a pellet for each species to extract proteins,
incubating the solution for 15 min in ice. The cell lysates were centrifuged at 13,000 rpm for
5 min and the supernatant containing the proteins was recovered, according to Botta et al.
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2019 [99]. Proteins were quantified at Qubit® 3.0 fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA) and 25–30 μg protein samples were analyzed by immunoblotting on
10% SDS-PAGE as previously described [100]. CD81 (bs-6934R, Bioss Antibodies, Woburn,
MA, USA) diluted 1:500 and TSG-101 (sc-7964, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) diluted 1:400 were used as primary antibodies. A HRP-conjugated IgG was used as
secondary antibody (Vector Labs, San Francisco, CA, USA) diluted 1:10000. The signal was
detected using the enhanced chemiluminescence method following the manufacturer’s
instructions (Amersham) using Chemi Doc XRS system (Bio-Rad Laboratories Ltd., Hemel
Hempstead, UK) and images processed with ImageLab (BioRad Laboratories Ltd., Hemel
Hempstead, UK).

4.3.2. Transmission Electron Microscopy (TEM) and Nanoparticle Tracking Assay (NTA)

A drop of mEV suspension (one pellet) was placed on Parafilm. mEVs were allowed
to adere to the surphase of a Formvar-coated copper grid (Electron Microscopy Sciences)
placed on the top of each drop for about 20 min. Grids were then washed in PBS and
distilled water and then contrasted with 2% uranyl acetate for 5 min. The observation
was performed using a Philips EM208 transmission electron microscope equipped with a
digital camera (University Centre of Electron Microscopy—CUME).

A Malvern Panalytical NanoSight NS300 nanoparticle tracking analysis (NTA) system
(Malvern, Worcestershire, UK) was used to assess the concentration and size distribution
of isolated mEVs. One mEV pellet of the three species was resuspended and diluted in
filtered (0.22 μm pore size) phosphate buffered saline (PBS) (Sigma, St. Louis, MI, USA)
to be suitable for the NTA system’s working concentration range and five measurements
were performed for each one. Concentration and diameter results are reported as mean ± 1
standard error of the mean.

4.4. RNA Extraction and Library Preparation

To obtain a sufficient RNA amount suitable for sequencing procedure, 21 mEV pellets,
obtained as described in 4.2, were immediately treated with 100 μL (each) of TRIzol™
(Thermo Fisher Scientific, Waltham, MA, USA) and total RNA was extracted through the
miRNeasy Mini Kit (QIAGEN, Germantown, MD, USA) following the manufacturer’s
instructions. After RNA extraction, samples were subjected to a DNase digestion using the
TURBO DNA-freeTM Kit (Thermo Fisher Scientific, Waltham, MA, USA), then quantified
through the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and quality tested by the Agilent 2100 Bioanalyzer RNA assay (Agilent technologies,
Santa Clara, CA, USA). The RNA extracted from mEVs was subjected to Next Generation
Sequencing for both mRNA and small RNA; for each species, three libraries were prepared
for both. Universal Plus mRNA-Seq kit (library type: fr-secondstrand) (Tecan Genomics,
Redwood City, CA, USA) and QIAseq miRNA library kit (QIAGEN, Germantown, MD,
USA) were used for the two libraries’ preparation following the manufacturer’s instructions.
Final libraries were checked with both Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA,
USA) and Agilent Bioanalyzer DNA assay and sequenced on single-end 75 bp mode on
NextSeq 500 (Illumina, San Diego, CA, USA).

4.5. Bioinformatic Analysis
4.5.1. From Sequencing to Datasets

Raw reads (deposited in the Sequence Read Archive (SRA), see reference submission
number at the Data Availability Statement section of the article) were checked for quality
through the FastQC tool (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
accessed on 1 October 2021) and adaptors trimmed using TrimGalore (https://github.com/
FelixKrueger/TrimGalore accessed on 1 October 2021). STAR aligner [101] was used for
mRNA reads mapping to the relative reference genomes (ARS-UCD1.2 for cow, ARS1 for
goat) using Ensembl annotation (release 102) [102], while ASM303372v1 downloaded from
the National Center for Biotechnology Information (NCBI) website was used for donkey.

300



Int. J. Mol. Sci. 2021, 22, 12759

FeatureCounts [103] was used to generate the count matrix on which the differential gene
expression analysis was carried out.

For small RNA reads, BowTie2 [104] was used, setting parameters for short sequences
and performing a two-step alignment procedure: a first passage on miRBase (v.22) [105]
database and a second to reference the genome to retrieve accurate information on miRNAs
and other small RNAs with the unmapped sequences from the first passage. Concerning
miRBase database, the hairpin version of the species annotated sequences were used for
cow and goat, while, for donkey, the horse annotation was adopted. A single count matrix
was produced, merging the information generated from the two alignments through
the count sum of the same miRNAs if covered by reads for both the miRBase and the
genomic mapping. Uniquely mapped reads were selected for normalization of mRNA
and smallRNA count matrices through the reads per kilobase per million mapped reads
(RPKM) method and only features with an RPKM greater than 1 were considered for
downstream analysis. This threshold was chosen to be as inclusive as possible in this step,
preferring further filtering in downstream analyses.

Cow mRNA mEV profile was compared to mRNA data of mammary glands down-
loaded from the SRA database [106] (BioSamples: SAMN12831050, SAMN12831049,
SAMN14600526 and SAMN14600525). The number of genes expressed (i.e., RPKM > 0) in
the two samples was compared (Wilcoxon rank sum one-tail test). A frequency histogram
comparing the average expression profile, expressed in log2(RPKM) at intervals of 0.5 was
generated. A statistic test (Wilcoxon rank sum test) was conducted. RNA quality in terms
of transcript integrity was evaluated through RSeQC package [107].

4.5.2. Differential Gene Expression Analysis between the Three Species

For cargo mRNAs of mEVs, a differential expression analysis was carried out, basing
on a unique list of orthologous genes, selecting those with the one-to-one type of orthology
available for all the three species. The RPKM matrix was log-2 transformed and it under-
went a normalization process that allows the comparison of gene expression levels across
different species. The normalization process consists of the calculation, for each sample,
of median-scaling factors across the 1000 most conserved genes. Then, the scaling factors
were used to normalize all the genes in all samples [108,109]. The scaling factors were
computed by using the normalization function available at the GitHub repository [108].
After the normalization process, data were squared to handle normalization data with
RPKM values < 0. Finally, statistical analyses to identify all differential express genes were
performed in R 3.5.3 using the DESeq2 package [110]. Using the contrast parameter in
the results function, we evaluated all the pairwise comparisons (cow vs. donkey, cow vs.
goat, and donkey vs. goat). For each comparison, only genes with a False Discovery Rate
(FDR) less than 0.05 (FDR < 0.05) and a log2 Fold Change (FC) less than −2 or greater
than 2 (|log2 FC| > 2) were considered as differential expressed genes. The R package
EnhancedVolcano was used to produce the volcano plots for all the comparisons [111].
For each species, a list composed of the up-regulated genes found to be over-expressed
in both comparisons with the other two species was generated. Since the list of genes
used for differential analysis was created with a relaxed threshold, the risk of taking into
account scarcely expressed genes was real. To overcome this, the initial RPKM relative to
“one-to-one” transcripts was verified before proceeding with the functional analysis: all the
RPKM values were equal to or greater than 6 in at least one species, ensuring relevant and
reliable expression level for the functional analysis. These transcripts were used for gene
ontology (GO) enrichment analysis through the ClueGO [112] application of Cytoscape
(v. 7.1) suite [113].

4.5.3. miRNA Targets Retrieving and Functional Analysis

For the most expressed miRNAs (covered by 95% of total RPKM) of the three species,
human orthologues were retrieved through miRBase (v.22) and used to identify all the
validated target genes. In order to select unique molecules for each miRNA, we traced
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back the portion sequenced in our experiment (5p or 3p) and the human homolog was
used as input in the MiRWalk 3.0 (http://mirwalk.umm.uni-heidelberg.de/ accessed on
1 October 2021) database. A unique list of all targets for each miRNA was produced,
specifying also the miRNA site of action on the targeted mRNA: 3′-UTR, 5′-UTR, or CDS
(coding region). The targets were filtered for the number of miRNA hits, taking into account
those genes targeted by five miRNAs for cow and goat and four miRNAs for donkey. The
different miRNA hits threshold between donkey and the other two species is explained
by the lower number of most expressed miRNAs in this species compared to the others.
A Protein-Protein Interaction Network (PPI) was build starting from targets through the
Cytoscape 3.7.1 suite [113], using the IMEx database [114], which contains non-redundant
information deriving from the major public protein databases. Then, the clusterMaker
2.0 app [115] with the “gLay” option was used to highlight different clusters within the
network based on the number and type of connections between the nodes. Gene Ontology
(GO) enrichment analysis was carried out on clusters with a number of interactions greater
than 25 through the ClueGO application [112], and results were filtered for a FDR < 0.05
(Benjamini Hockberg correction).

5. Conclusions

This study allowed the in-depth characterization of mRNA and small RNA content
of cow, goat, and donkey mEVs. Key molecules relevant for immune and inflammatory
signals regulation and biological processes involved in transcription regulation and cell
homeostasis were found, denoting similar functions for the mEVs of the three species.
However, some peculiar features emerged. In particular, goat and donkey showed as
the main functions those related to transmembrane ion channels and gene transcription,
especially epigenetic regulation. A particular role in lipid metabolism and response to
oxidative stress appeared for donkey mEVs.

The anti-inflammatory and immunomodulatory potential of cow, donkey, and goat
mEVs highlighted in this study due to the characteristic RNA cargo is prodromal for further
investigations through in vitro and in vivo models of inflammatory-based diseases such
as IBD.
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Abstract: (1) Background: Vitamin B12 deficiency in Caenorhabditis elegans results in severe oxidative
stress and induces morphological abnormality in mutants due to disordered cuticle collagen biosyn-
thesis. We clarified the underlying mechanism leading to such mutant worms due to vitamin B12

deficiency. (2) Results: The deficient worms exhibited decreased collagen levels of up to approxi-
mately 59% compared with the control. Although vitamin B12 deficiency did not affect the mRNA
expression of prolyl 4-hydroxylase, which catalyzes the formation of 4-hydroxyproline involved in
intercellular collagen biosynthesis, the level of ascorbic acid, a prolyl 4-hydroxylase coenzyme, was
markedly decreased. Dityrosine crosslinking is involved in the extracellular maturation of worm
collagen. The dityrosine level of collagen significantly increased in the deficient worms compared
with the control. However, vitamin B12 deficiency hardly affected the mRNA expression levels of bli-3
and mlt-7, which are encoding crosslinking-related enzymes, suggesting that deficiency-induced ox-
idative stress leads to dityrosine crosslinking. Moreover, using GMC101 mutant worms that express
the full-length human amyloid β, we found that vitamin B12 deficiency did not affect the gene and
protein expressions of amyloid β but increased the formation of dityrosine crosslinking in the amyloid
β protein. (3) Conclusions: Vitamin B12-deficient wild-type worms showed motility dysfunction due
to decreased collagen levels and the formation of highly tyrosine-crosslinked collagen, potentially
reducing their flexibility. In GMC101 mutant worms, vitamin B12 deficiency-induced oxidative stress
triggers dityrosine-crosslinked amyloid β formation, which might promote its stabilization and
toxic oligomerization.

Keywords: Alzheimer’s disease; ascorbic acid; Caenorhabditis elegans; collagen; dityrosine crosslinking;
oxidative stress; vitamin B12 deficiency

1. Introduction

Vitamin B12 (B12) functions as the two coenzymes 5′-deoxyadenosylcobalamin and
methylcobalamin of methylmalonyl-CoA mutase (EC 5.4.99.2) [1] and methionine synthase
(MS; EC 2.1.1.13) [2], respectively, in mammals. Individuals deficient in B12 reportedly
showed a significant increase of intracellular homocysteine (Hcy), a potent prooxidant [3],
due to the reduced activity of MS, catalyzing methionine synthesis from Hcy and N5′-
methyltetrahydrofolate [4]. Severe B12 deficiency leads to various symptoms, such as
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megaloblastic anemia, infertility, and neuropathy [3]. However, the underlying disease
mechanisms are not fully understood [5,6].

As its molecular and cellular processes are similar to those of humans, Caenorhabditis
elegans has been widely used as a model organism for genetic and biochemical studies. Our
preceding study of B12 deficiency using C. elegans showed the occurrence of B12-deficient
worms with specific morphological abnormalities, like the short and plump “dumpy”
mutant phenotype induced by the disordered biosynthesis of cuticular collagen, the main
extracellular matrix component of the worm cuticle [7]. Mammalian collagen biosynthe-
sis is well known to involve various posttranslational modifications [8], such as proline
hydroxylation of collagen polypeptide chains in the rough endoplasmic reticulum and
lysine oxidation of collagen triple helices in the extracellular space, catalyzed by prolyl
4-hydroxylase (EC 1.14.11.2) [9] and lysyl oxidase (EC 1.14.11.4) [10], respectively. Lysyl
oxidase-derived linkages are predominantly formed in mammals during the extracel-
lular maturation of the collagen molecule. However, lysyl crosslinking is absent from
the C. elegans cuticle collagen [11]: it is replaced by dityrosine crosslinking [12]. No evi-
dence has indicated whether B12 deficiency could affect the intracellular biosynthesis and
subsequent extracellular maturation of the worm cuticle collagen.

In this study, we demonstrated that B12 deficiency results in significantly decreased
collagen levels due to decreased ascorbic acid, a prolyl 4-hydroxylase coenzyme, and
increased dityrosine crosslinking formation, leading to motility dysfunction. Furthermore,
to the best of our knowledge, this study is the first to report that the dityrosine crosslinking
of collagen was induced by oxidative stress generated by B12 deficiency. The reactive
oxygen species that induce dityrosine crosslinking are reportedly formed in the amyloid-β
(Aβ) oligomers involved in Alzheimer’s disease (AD) pathogenesis [13]. Therefore, our
finding could be applied to evaluate whether B12 deficiency could promote AD develop-
ment. Using GMC101 mutant worms producing Aβ peptides in their muscle cells, we
also discussed how B12 deficiency could affect the dityrosine crosslinking level of the Aβ

peptide in inducing oligomerization and toxicity.

2. Results

2.1. Effect of B12 Deficiency on Collagen Biosynthesis in C. elegans

Figure 1A shows how B12 deficiency affected worm body collagen levels, calculated
from the hydroxyproline content determined by the amino acid analysis of hydrolyzed
worm body proteins. The worm collagen level significantly decreased during B12 deficiency.
The decreased collagen level (approximately 8.1 ± 0.7 mg/g wet weight) was approximately
59% of that of control worms. B12 supplementation of B12-deficient worms completely
recovered the reduced collagen level to that of the control (approximately 14.8 ± 0.4 mg/g
wet weight).

To clarify the underlying mechanism of significantly reduced collagen levels during
B12 deficiency, the prolyl 4-hydroxylase α (PHY-1 and PHY-2) and β (PDI) subunits’ mRNA
expressions were determined. As shown in Figure 1B, B12 deficiency did not affect the
prolyl 4-hydroxylase α (dpy-18 and phy-2) and β (pdi-2) subunits’ mRNA expressions.

Prolyl 4-hydroxylase requires L-ascorbic acid (AsA) as a coenzyme. Therefore, the
AsA level was determined in the homogenates of the control and B12-deficient worms
(Figure 1C). B12 deficiency significantly reduced the AsA level (approximately
22.3 ± 5.2 μg/g wet weight), reaching approximately 52% of that of the control worms. B12
supplementation of B12-deficient worms showed that the reduced AsA levels were com-
pletely recovered to that of the control (approximately 45.3 ± 2.6 μg/g wet weight). These
results indicated that the significantly decreased collagen biosynthesis in B12-deficient
worms was mainly due to the reduced level of AsA as a coenzyme of prolyl 4-hydroxylase,
as the mRNA expression levels of the enzyme subunits were completely unaffected by the
B12 deficiency.
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Figure 1. Effects of collagen biosynthesis during B12 deficiency in C. elegans. (A) Collagen levels
calculated from the hydroxyproline content, (B) the mRNA expression levels of genes encoding com-
plex prolyl 4-hydroxylase proteins, and (C) vitamin C (AsA) levels determined in B12-supplemented
worms (Control), B12-deficient worms (B12 deficiency), B12-deficient worms grown for three gen-
erations under B12-supplemented conditions (Recovery), and B12-deficient worms grown for three
generations under an AsA-supplemented condition (B12 deficiency + AsA). Shown are the mRNA
expression levels of human prolyl 4-hydroxylase subunit α1 (P4HA1) and prolyl 4-hydroxylase
subunit α2 (P4HA2), and of prolyl 4-hydroxylase subunit β (P4HB) and their genetic orthologs
dpy-18, phy-2, and pdi-2, respectively. The data represent the mean ± SEM of three independent
experiments (n = 3). * p < 0.05 versus the control group. NS represents no significant differences.

2.2. Effect of B12 Deficiency on the Dityrosine Crosslinking Level of Worm Collagen

To clarify whether B12 deficiency affects dityrosine crosslinking in the extracellular
maturation of cuticular collage, dityrosine levels were assayed in B12-deficient worms.
Dityrosine levels (per mg collagen) significantly increased in the B12-deficient worms com-
pared with control worms (Figure 2A). These results indicate that, although B12 deficiency
significantly reduces collagen levels, the dityrosine crosslinking level of collagen was
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high. bli-3 [14] and mlt-7 [11] mRNA expression levels, encoding enzymes involved in the
dityrosine crosslinking of worm collagen, were also tested. As shown in Figure 2B, B12
deficiency hardly affected bli-3 and mlt-7 mRNA expression levels compared with those of
the control. These results suggest that the dityrosine crosslinking of collagen is triggered
by B12 deficiency-induced oxidative stress.

Figure 2. Effects of dityrosine and mRNA expression levels of enzymes involved in dityrosine crosslink-
ing during B12 deficiency in C. elegans. (A) Dityrosine (per 1 mg collagen) and (B) mRNA expression
levels (bli-3 and mlt-7) determined in B12-supplemented worms (Control), B12-deficient worms (B12

deficiency), B12-deficient worms grown for three generations under B12-supplemented conditions (Re-
covery), and B12-deficient worms grown for three generations under AsA-supplemented conditions
(B12 deficiency + AsA). The data represent the mean ± SEM of three independent experiments (n = 3).
* p < 0.05 versus the control group. NS represents no significant differences.

2.3. Effect of Collagenase Treatment on the Cuticular Extracellular Matrix Epidermal Collagen
Layer in Control and B12-Deficient Worms

To evaluate the effect of the highly formed dityrosine crosslinking of collagen, the
epidermal collagen layer was treated with collagenase. When control and B12-deficient
worms were treated with collagenase solution for 10 min, the epidermal collagen layer
was mostly digested in the control worms but remained unaffected in the B12-deficient
worms (Figure 3). When B12-deficient worms were grown for three generations under B12-
supplemented conditions (recovery), the epidermal collagen layer of the recovery worms
was readily digested by the collagenase treatment. These results indicate that the epidermal
collagen layer of B12-deficient worms became collagenase-resistant due to the high-level di-
tyrosine crosslinking, implying that cuticular collagen would become structurally stronger
and more rigid in the B12-deficient worms compared with the control worms.

2.4. Effect of B12 Deficiency on C. elegans Motility Function

The B12 deficiency-induced high-level dityrosine crosslinking might potentially af-
fect the physiological functions of the cuticular extracellular matrix. When the whiplash
movement in the M9 buffer was evaluated as a motility function, the movement for 30 s in
the B12-deficient worms (approximately 99.3 thrashes/30 s) was decreased up to approxi-
mately 80% of that of the control worms (approximately 125.9 thrashes/30 s) (Figure 4).
The decreased motility function of B12-deficient worms was completely recovered to the
control level when grown for three generations under B12-supplemented conditions (re-
covery). In addition, the AsA supplementation of B12-deficient worms showed that the
reduced motility function was almost recovered to the control level. These results show
that B12 deficiency leads to worm motility dysfunction due to decreased collagen level and
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increased dityrosine crosslinking formation in collagen, potentially reducing in flexibility
of cuticular extracellular matrix.

Figure 3. The morphological changes during B12 deficiency and collagen layer states after collagenase
treatment. (A) Each worm (approximately 100 individuals) was washed three times with M9 buffer
(3 g KH2PO4, 6 g Na2HPO4, 0.5 g NaCl, and 1 g NH4Cl/L) and then imaged using a microscope
system. Scale bars = 250 μm. (B) Each worm (approximately 100 individuals) was washed three times
with the same M9 buffer and then fixed using 4% (w/v) paraformaldehyde for 10 min at 4 ◦C. The
fixed worms were washed three times with PBS buffer (pH 7.2). Subsequently, the worms were soaked
with 1.5 mL of β-mercaptoethanol buffer for 30 min using a rotator; then, the worms were washed
three times with PBS buffer (pH 7.2). The washed worms were treated with collagenase solution for
10 min at room temperature and then kept on ice for 30 min to stop the reaction. Immediately after
that, the worms were washed three times with PBS buffer (pH 7.2); then, each worm was mounted
on glass slides. A microscope was used to observe the collagen layer. The arrow (↓) indicates the
collagen layer decomposed by the collagenase treatment. Scale bars = 25 μm. Control, B12 deficiency,
and Recovery represent B12-supplemented worms, B12-deficient worms, and B12-deficient worms
grown for three generations under B12-supplemented conditions, respectively.

2.5. Effect of B12 Deficiency on the Dityrosince Crosslinking Level of Aβ Peptides in
GMC101 Worms

Dityrosine crosslinks generated by reactive oxygen species are reportedly formed in
Aβ oligomers, and these dityrosine links further stabilize the fibrils in developing AD [13].
To elucidate the relationship between B12 deficiency and AD, we investigated whether
reactive oxygen species induced by the B12 deficiency significantly increased the dityrosine
crosslinking levels of Aβ peptides using C. elegans GMC101 mutant worms producing
Aβ1–42 peptides in their muscle cells [15]. GMC101 mutant worms were grown until the
young adult stage, under control and B12-deficient conditions; then, they were shifted from
20 ◦C to 25 ◦C to induce Aβ [15]. Half of the GMC101 worms grown under B12-deficient
and control conditions showed signs of paralysis 48 and 96 h after the induction of Aβ,
respectively (Figure 5). These results indicate that B12 deficiency significantly promoted
Aβ-induced paralysis in GMC101 mutant worms.

To evaluate how B12 deficiency affects the Aβ mRNA and protein levels in GMC101
mutant worms, quantitative PCR and Western blot analyses were conducted. No signifi-
cant changes could be observed between the control and B12-deficient mutant worm Aβ

mRNA levels (Figure 6A). Figure 6B shows the protein expression levels in N2 wild-type
and GMC101 mutant worms grown under B12-deficient and B12-supplemented conditions.
Human Aβ antibody-immunoreactive components (A–F) were detected as oligomeric
Aβ forms (approximately 17–31 kDa) only in GMC101 mutant worms, and monomeric
Aβ (5 kDa) was not detected. An immunoreactive component with the molecular mass
of 34 kDa was a non-specific component as the component was found in N2 wild-type
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worms. As shown in Figure 6C, no significant difference in the immunoreactive compo-
nent A–F could be detected between the B12-supplemented and B12-deficient GMC101
mutant worms.

Figure 4. Effects of B12 deficiency on C. elegans motility. Whiplash movement with underwater
condition was determined in B12-supplemented (Control), B12-deficient (B12 deficiency), B12-deficient
worms grown for three generations under B12-supplemented conditions (Recovery), and B12-deficient
worms grown for three generations under AsA-supplemented conditions (B12 deficiency + AsA). The
data represent the mean ± SEM of whiplash movement of 50 individual animals. * p < 0.05 versus
the control group. NS represents no significant differences.

Figure 5. Paralysis rate of B12-supplemented and B12-deficienct GMC101 mutants. When GMC101
mutants grown under B12-supplemented (•) and B12-deficient conditions (�) developed into young
adults, each GMC101 strain was shifted from 20 ◦C to 25 ◦C for the Aβ induction. The mean
percentage of paralyzed worms is plotted against the time post temperature shift (h). All values
represent the mean ± SD of five independent experiments (N = 5). Approximately 250 worms
were screened for each condition. Asterisks indicate significant differences compared with the
B12-supplemented worms at the same time point (* p < 0.05).
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Figure 6. Effects of B12 deficiency on the Aβ mRNA and protein expression levels in GMC101 mutants. (A) mRNA
expression levels in B12-supplemented GMC101 mutant (B12-supplemented) and B12-deficient GMC101 mutant worms
(B12 deficiency). The data represent the mean ± SEM of three independent experiments. NS: no significant differences.
(B) protein expression levels in B12-supplemented N2 wild-type worms (1), B12-deficient N2 wild-type worms (2), B12-
supplemented GMC101 mutants (3), and B12-deficient GMC101 mutants (4). M: molecular mass marker proteins. A, B, C, D,
E, and F: human Aβanti-body-immunoreactive components (oligomeric Aβ forms). (C) Relative amounts of oligomeric Aβ

forms in B12-supplemented (white bar) and B12-deficient (black bar) GMC101 mutants. Immunoreactive components A-F,
detected in panel B, were quantified using the ImageJ software. The data represent the mean ± SEM of three independent
experiments. NS: no significant differences. (D) Fluorescent images of Aβ in N2 wild-type and GMC101 mutant animals.
B12-supplemented N2 (Control), B12-supplemented GMC101 mutants (B12-supplemented), and B12-deficient GMC101
mutants (B12 deficiency). Scale bars = 200 μm.

However, B12-deficient GMC101 mutant worms appear to accumulate slightly more
Aβ in the pharynx and tail compared with control mutant worms (Figure 6D), although
quantitative differences cannot be shown. These results indicate that B12 deficiency itself
does not increase Aβ mRNA and protein expression levels.

To elucidate the effect of B12 deficiency on the dityrosine crosslinking level of Aβ

in GMC101 mutant worms, dityrosine crosslinking was investigated using a fluorescent
microscope. The dityrosine crosslinking of Aβ was detected in the whole body of B12-
deficient mutant, but not in control mutant worms (Figure 7). The significant dityrosine
crosslinking found in B12-deficient mutant worms considerably decreased when grown
for three generations under B12-supplemented conditions (Recovery). Moreover, the di-
tyrosine crosslinking of Aβ could be hardly found in AsA-supplemented B12-deficient
mutant worms.
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Figure 7. Dityrosine crosslinking accumulation in GMC101 mutants during B12 deficiency. Fluores-
cent images of dityrosine in GMC101 mutants in B12-supplemented mutants (B12-supplemented),
B12-deficient mutants (B12 deficiency), B12-deficient mutants grown for three generations under
B12-supplemented conditions (Recovery), and B12-deficient mutants grown in AsA-supplemented
medium for three generations (B12 deficiency + AsA). Scale bars = 200 μm.

To clarify whether B12 deficiency-induced oxidative stress could promote the dity-
rosine crosslinking of Aβ, MDA and H2O2 levels were determined in GMC101 mutant
worms grown under control, B12-deficient, recovery, and AsA-supplemented B12-deficient
conditions (Figure 8A,B). The MDA and H2O2 levels significantly increased during B12
deficiency. The increased MDA and H2O2 levels of B12-deficient mutant worms were
completely recovered to the control level when grown for three generations under B12-
supplemented conditions (Recovery). Moreover, AsA supplementation did not show any
increase in MDA and H2O2 levels even in B12-deficient mutant worms. To evaluate the
effects of B12 deficiency on mRNA levels, encoding enzymes involved in cellular antiox-
idant systems, the superoxide dismutase (sod-1), and catalase (ctl-1) mRNA levels were
measured by qPCR (Figure 8C). No significant changes in the sod-1 and ctl-1 mRNA levels
were observed during B12 deficiency. Although B12 deficiency did not affect the mRNA
levels of these antioxidant enzymes, it significantly increased the MDA and H2O2 levels
in GMC101 mutant worms, suggesting that superoxide dismutase and catalase activities
decreased due to the oxidative inactivation of the enzymes, as described in B12-deficient N2
wild-type worms [16]. These observations indicate that B12 deficiency-induced oxidative
stress promoted the dityrosine crosslinking of Aβ.
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Figure 8. Effect of B12 deficiency on oxidative stress marker and oxidative defense enzyme levels in
GMC101 mutants. (A) MDA and (B) H2O2 levels in GMC101 mutants are shown in B12-supplemented
mutants (B12-supplemented), B12-deficient mutants (B12 deficiency), B12-deficient mutants grown for
three generations under B12-supplemented conditions (Recovery), and B12-deficient mutants grown
in AsA-supplemented medium for three generations (B12 deficiency + AsA). (C) Levels of mRNAs
encoding enzymes involved in oxidant defense enzymes in GMC101 mutant animals. Using qPCR,
we determined the levels of mRNAs encoding superoxide dismutase (sod-1) and catalase (ctl-1). The
data represent the mean ± SEM of three independent experiments. * p < 0.05 versus the control
group. NS represents no significant differences.

3. Discussion

We previously reported that certain B12-deficient worms showed a short and plump
phenotype, like “dumpy” mutants [7] formed due to the disordered cuticle collagen biosyn-
thesis [17]. C. elegans possesses an external structure known as the cuticle, containing
collagen and collagen-like protein major components of approximately 80% of the total
cuticular protein content [18]. The cuticle is required to maintain body shape [19–21]
and is synthesized five times from late embryogenesis throughout the C. elegans lifecycle,
since the worm requires a new cuticle after molting in each growth stage [18]. Therefore,
these observations indicate that the cuticle is crucial for the development and survival
of worms. Worm cuticle collagen is synthesized and maturated by the following steps.
Synthesized collagen single polypeptides are modified with proline hydroxylation and
disulfide bond formation by the proline hydroxylase complex [DPY-18 (dpy-18), PHY-2
(phy-2), and PDI (pdi-2)] in the rough endoplasmic reticulum. After the secretion of the mod-
ified collagen triple helices into the extracellular space, they undergo a final modification
of an enzymatic intermolecular tyrosine crosslinking by a dual oxidase BLI-3 (bli-3) [11].
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Although a C. elegans gene ortholog (duox-2) of the human dual oxidase 2, involved in
collagen intermolecular crosslinking, has been identified [22], duox-2 was not expressed in
the worms [22,23], as this gene might be a pseudo-gene. Furthermore, a heme peroxidase
MLT-7 (mlt-7), along with BLI-3, reportedly played an essential role in cuticle–collagen
crosslinking [11]. In contrast, the occurrence of tyrosine crosslinking is rare in vertebrates,
and lysyl oxidase-derived linkages are predominant, while lysyl crosslinking is absent in
the C. elegans cuticle [11].

As shown in Figures 1B and 2B, B12 deficiency did not affect the mRNA expression
levels of the proline hydroxylase complex (DPY-18, PHY-2, and PDI), dual oxidase (BLI-3),
and heme peroxidase (MLT-7) involved in the posttranslational modification of worm
collagen. However, worm collagen level was significantly decreased to approximately 59%
of that in the control during B12 deficiency (Figure 1A). The decreased collagen level of
B12-deficient worms was due to the significant decrease in AsA (approximately 52% of that
of the control worms) (Figure 1C) as a coenzyme of prolyl 4-hydroxylase.

During B12 deficiency, homocysteine (Hcy) was significantly accumulated in the worm
body [7]; leading to the disruption of redox regulation [16] due to severe Hcy-related
oxidative stress [24]. Although B12 deficiency did not affect the mRNA expression levels of
superoxide dismutase (sod-1) and catalase (ctl-1) involved in the cellular oxidant defense
systems, the activities of superoxide dismutase and catalase were significantly reduced
due to the oxidative inactivation of these enzymes [16]. Therefore, cellular antioxidant
compound levels, such as those of glutathione and AsA were significantly reduced [16].
These observations indicate that AsA was mainly used as an antioxidant to scavenge oxida-
tive stress induced during B12 deficiency and, consequently, was significantly decreased.
Therefore, the decreased AsA induced decreased collagen biosynthesis in C. elegans. AsA
deficiency has reportedly interfered with collagen synthesis in guinea pigs [25]. Moreover,
it has been reported that Hcy, itself, can disrupt the collagen posttranslational modification
in mammalian bones [10,26,27].

As shown in Figure 2A, dityrosine levels (per mg collagen) were significantly increased
in the B12-deficient worms compared with the control worms, indicating that B12 deficiency
significantly increases the crosslinking level of tyrosine residues in collagen. Tyrosine
crosslinking was formed by reactive oxygen species, induced by significantly increased
Hcy during B12 deficiency, as B12 deficiency hardly stimulated the mRNA expression levels
of dual oxidase BLI-3 (bli-3) and the heme peroxidase MLT-7 (mlt-7) involved in the tyrosine
crosslinking of the cuticular collagen. Lévigne et al. [28] have reported that a deficiency of
certain NADPH oxidase involved in the production of reactive oxygen species reduced
dityrosine crosslinking, coinciding with the results of this study. Severe oxidative stress
caused by aging has reportedly increased the dityrosine crosslinking of worm collagen [11].

The above-presented results suggest that the “dumpy” mutants formed by B12 defi-
ciency were due to reduced intracellular collagen biosynthesis. Furthermore, B12 deficiency
significantly increased the formation of the dityrosine crosslinking of collagen as an ex-
tracellular maturation step. As shown in Figure 4, B12 deficiency leads to worm motility
dysfunction, probably due to such disordered collagen biosynthesis and maturation, them-
selves being probably due to the reduction of cuticular extracellular matrix flexibility. Al-
though thrashing rates generally reflect worm body wall muscles, we have no information
available on whether B12 deficiency-induced structural or functional muscular disorders.

Although little information is available on the mechanism by which B12 deficiency.
contributes to AD pathogenesis, numerous studies have reported that the serum Hcy,
elevated by B12 deficiency, is associated with AD pathogenesis [29–31]. In this study,
dityrosine crosslinking of the cuticular collagen was formed by B12 deficiency-induced
oxidative stress. Similarly, oxidative stress due to B12 deficiency can induce the dityro-
sine crosslinking of Aβ peptides in developing AD, as Aβ oligomers are formed by the
dityrosine crosslinking generated by reactive oxygen species [13]. In GMC101 mutant
worms, the MDA and H2O2 levels significantly increased during B12 deficiency, although
no significant changes could be observed in the mRNA levels of the superoxide dismutase
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(sod-1) and catalase (ctl-1) involved in cellular oxidant defense systems. Similar results
were reported in B12-deficient N2 wild-type worms exhibiting oxidative inactivation of
superoxide dismutase and catalase, leading to the disruption of redox regulation [16].
Therefore, we evaluated whether oxidative stress generated by B12 deficiency can form
toxic Aβ oligomers using a GMC101 mutant worm that expresses full-length human Aβ

peptide in the muscle cells. When Aβ oligomerization is formed and its toxicity is induced,
mutant worms have shown paralysis [15]. Therefore, the GMC101 mutant worm has been
used as a model animal of AD [32]. Our previous study [33] indicated that B12 deficiency
did not stimulate the production of Aβ peptides in GMC101 mutant worms, although
B12-deficient worms exhibited paralysis faster and more severely than B12-sufficient worms
(control) did. As shown in Figure 5, similar results were obtained in this study. Further-
more, AsA-supplemented B12-deficient worms rescued the paralysis phenotype. However,
AsA supplementation did not affect Aβ peptide aggregations, suggesting that oxidative
stress caused by elevated Hcy levels is an important factor in toxicity.

As shown in Figure 7, the dityrosine crosslinking of Aβ was present in the entire
bodies of B12-deficient mutant worms, but not in those of control mutant worms. The
dityrosine crosslinking of Aβ could hardly be found in AsA-supplemented B12-deficient
mutant worms. As shown in Figure 6, no significant changes could be observed in Aβ

oligomerization between the control and B12-deficient mutant worms. However, the B12-
deficient worms exhibited paralysis due to toxicity faster than control worms did (Figure 5).
Sitkiewicz et al. [34] demonstrated that tyrosine crosslinking shifts the equilibrium toward
more compact oligomer types, leading to highly toxic fibrils. Maina et al. [35] suggest that
dityrosine crosslinking, specifically, promotes the stabilization, but not the induction or
facilitation, of Aβ assembly, and Aβ exerts high-level toxicity at a stage when self-assembly
is high. These observations and the results presented in worms suggest that the dityrosine
crosslinking formed during B12 deficiency promotes the formation and stabilization of the
compact Aβ oligomers that facilitate self-assembly to induce high toxicity, probably in
neuronal cells specifically located in the pharynx and tail (Figure 6D).

4. Materials and Methods

4.1. Organisms

The N2 Bristol wild-type C. elegans strain was maintained at 20 ◦C on nematode growth
medium (NGM) plates using the Escherichia coli OP50 strain as a food source [36]. B12-
supplemented (control) and B12-deficient worms were prepared as previously described [7].
B12-deficient worms were transferred to a B12-supplemented medium for three generations
and used as the recovery worms. In the case of L-ascorbic acid (AsA)-supplemented
experiments, B12-deficient worms were grown in a B12-deficient medium containing AsA 2-
glucoside (final concentration of 1 mM) for three generations [16]. The transgenic GMC101
mutant worm strain was obtained from the Caenorhabditis Genetics Center (University
of Minnesota, Minneapolis, MN, USA). The mutant worms were backcrossed five times
before experimental use. When the mutant worms developed into young adults, their
cultivation temperature was shifted from 20 ◦C to 25 ◦C to induce Aβ. B12 deficiency
was also induced in the case of the GMC101 mutant worms through the above-described
method. All nematodes were synchronized to obtain an identical developmental stage for
experimental use.

4.2. Worm Body Collagen Determination

The acid hydrolysis of worm-body proteins was conducted according to the modified
method of Roach and Gehrke [37]. Briefly, the worms (approximately 0.05 g wet weight of
each background) were homogenized in 500 μL of 6-M HCl using a hand homogenizer (AS
ONE Corp., Osaka, Japan). The homogenates were transferred into glass reaction tubes and
supplemented with 6-M HCl (500 μL), and the pressure of the reaction tubes was reduced.
After the homogenates were hydrolyzed under reduced pressure at 110 ◦C for 24 h, the
resulting hydrolysates were centrifuged at 15,000× g for 10 min at 4 ◦C. Each supernatant

318



Int. J. Mol. Sci. 2021, 22, 12959

(250 μL) was diluted with an equal volume of 0.25 mol/L lithium citrate buffer (pH 2.2)
(Fujifilm Wako Pure Chemical, Osaka, Japan) and filtered using a Millex®-LH membrane
filter (Merck Millipore, Darmstadt, Germany). Hydroxyproline was analyzed using a fully
automated amino acid analyzer (JEOL JLC-500/V, Nihon Denshi Datem Corp. Ltd., Tokyo,
Japan). The worm collagen content was calculated from the determined hydroxyproline
values using a conversion factor of 8.33 [19].

4.3. AsA Determination

The worms (approximately 0.05 g wet weight of each background) were homogenized
in 300 μL of 5% (w/v) metaphosphoric acid solution on ice using a hand homogenizer
(AS ONE). After the homogenates were centrifuged at 15,000× g for 10 min at 4 ◦C, the
supernatants were used as samples. AsA was assayed according to the 2,4-dinitrophenyl
hydrazine derivatization method [38]. Briefly, after AsA was completely oxidized to
dehydro-form using indophenol solution, the formed dehydroAsA was derivatized with
2,4-dinitrophenyl hydrazine to form its osazone. The formed derivative compound was
determined using a Shimadzu High-Performance Liquid Chromatography (HPLC) system
(SPD-6AV UV-VIS Spectrophotometric Detector, LP-6A Liquid Delivery Pump, and CTO-
6V Column Oven) with a CDS ver. 5 chromato-data processing system (LAsoft, Ltd., Chiba,
Japan). Each sample (20 μL) was applied onto a Normal Phase HPLC Column (Senshu Pak
Silica-2150-N, ϕ 6.0 × 150 mm, Senshu Scientific Corp. Ltd., Tokyo, Japan) and eluted with
acetic acid/hexane/ethyl acetate (1:4:5, v/v/v) as a mobile phase at 40 ◦C. The flow rate
was 1.5 mL/min. The derivative compound was monitored by measuring the absorbance
at 495 nm.

4.4. Dityrosine Determination

Dityrosine was determined using the Shimadzu HPLC system (PU-2080 Plus In-
telligent HPLC Pump, DG-2080-53 Degasser, RF-530 Fluorescence HPLC Monitor, and
CTO-20A Column Oven) according to the method of Thein et al. [11]. Briefly, each hy-
drolyzed worm protein sample (20 μL), prepared as described above, was loaded onto a
reversed-phase HPLC column (Luna C18 (2) 5 μm, 250 mm × 4.6 mm 100 Å; Phenomenex.,
Torrance, CA, USA) and isocratically eluted with 0.1-M KH2PO4-phosphoric acid (pH 3.8)
as a mobile phase, at 40 ◦C. The flow rate was 1 mL/min. Dityrosine was monitored by
measuring the fluorescence with an excitation and emission at 285 and 410 nm, respectively.

4.5. Collagenase Treatment

Worms (approximately 100 individuals) grown under various conditions were washed
three times with M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 0.5 g NaCl, and 1 g NH4Cl/L) and
then fixed with 4% (w/v) paraformaldehyde for 10 min at 4 ◦C. The fixed worms were
washed three times with phosphate-buffered saline (PBS) buffer (pH 7.2). After the worms
were soaked with 1.5 mL of β-mercaptoethanol buffer containing β-mercaptoethanol
(75 μL), distilled water (1222.5 μL), 1 M Tris-HCl (pH 6.9) (187.5 μL), and Triton X-100
(15 μL) for 30 min using a rotator, they were washed three times with PBS buffer (pH 7.2).
The washed worms were treated with 450 μL of collagenase solution (1 unit/μL) for 10 min
at room temperature (25 ◦C), and the reaction vessel was placed on ice for 30 min to stop the
enzyme reaction. After the treated worms were immediately washed three times with PBS
buffer (pH 7.2), each worm was mounted on glass slides. The C. elegans cuticular collagen
layer was observed under an ECLIPSE Ts2 microscope (Nikon Corp., Tokyo, Japan).

4.6. Assays of Malondialdehyde and H2O2 as Oxidative Stress Markers

Worms (approximately 0.05 g wet weight of each background) grown under various
conditions were homogenized in 200 μL of 100 mM potassium-phosphate buffer (pH 7.0)
on ice using a hand homogenizer (AS ONE). After the homogenates were centrifuged at
15,000× g for 10 min at 4 ◦C, the supernatants were used as samples. Malondialdehyde
(MDA) and H2O2 were determined using a TBARS assay kit (ZeptoMetrix Corp., Buffalo,

319



Int. J. Mol. Sci. 2021, 22, 12959

NY, USA) and a H2O2 assay kit (BioVision, Inc., Milpitas, CA, USA), respectively. The
MDA–thiobarbituric acid adducts or the reaction product of the OxiRed probe and H2O2
in the presence of horseradish peroxidase formed in the samples were determined by
measuring the absorbance at 540 or 570 nm, respectively, using a Sunrise Rainbow RC-R
microplate reader (Tecan Austria GmbH, Salzburg, Austria).

4.7. Immunofluorescent Staining of Aβ and Dityrosine in GMC 101 Mutant Worms

For visualizing Aβ peptides and their dityrosine crosslinking in the worm body,
worms (approximately 100 individuals), grown under veracious conditions, were washed
three times with M9 buffer and then fixed using 4% (w/v) paraformaldehyde for 10 min at
4 ◦C. The fixed worms were washed three times with PBS buffer (pH 7.2). After the worms
were soaked with 1.5 mL of β-mercaptoethanol buffer, as described above, for 30 min using
a rotator, they were washed three times with PBS buffer (pH 7.2). The washed worms
were treated with 450 μL of collagenase solution (1 unit/μL) for 13 or 15 min at room
temperature (25 ◦C), and the reaction vessel was placed on ice for 30 min to stop the enzyme
reaction. The treated worms were immediately washed three times with PBS buffer (pH 7.2)
and then were treated with 500 μL of blocking solution [5 mg bovine serum albumin (BSA)
and 5 μL Triton X-100 per 1 mL of PBS (pH 7.2)] for 30 min at room temperature (25 ◦C)
to block nonspecific antibody binding. The treated worms were washed three times with
a washing buffer [3 mg BSA and 5 μL Triton X-100 per 1 mL of PBS (pH 7.2)]. After the
worms were treated with an anti-β amyloid 1-42 rabbit monoclonal antibody (ab180956,
Abcam, Cambridge, MA, USA) or an anti-dityrosine mouse monoclonal antibody (Nikken
Seil Co., Ltd., Shizuoka, Japan) for 24 h at room temperature (25 ◦C), they were washed
with the abovementioned washing buffer. The worms were treated with an anti-rabbit IgG
secondary antibody (20-fold dilution) (ab6717, Abcam) or an anti-mouse IgG secondary
antibody (20-fold dilution) (ab6785, Abcam) coupled to fluorescein isothiocyanate under
dark conditions for 1 h. Next, the worms were washed with the above-described washing
buffer and mounted on glass slides. Aβ and dityrosine visualization in the worms was
performed using an ECLIPSE Ts2 fluorescent microscope (Nikon Corp.).

Immunoblot analysis was performed as previously described [33]. Sodium dode-
cyl sulfate polyacrylamide gel electrophoresis was performed using p-PAGEL slab gels
(P-T16.5S; ATTO Corp., Tokyo, Japan). Aβ peptide was detected using a monoclonal anti-
Aβ1–42 primary antibody (EPR9296, Abcam) and anti-rabbit IgG-horseradish peroxidase
conjugate (ab6721, Abcam). Signals were detected using EzWestBlue (ATTO Corp.) ac-
cording to the manufacturer’s instructions. The chemical coloring intensity was quantified
using ImageJ (ImageJ Software, Bethesda, MD, USA) for three independent experiments.

4.8. Quantitative Polymerase Chain Reaction (qPCR) Analysis

Worm total RNA was prepared using Sephasol®-RNA1 (Nacalai Tesque Inc., Kyoto,
Japan). Poly(A)+ mRNA was prepared from the total RNA using the Poly (A)+ Isolation
Kit from Total RNA (Nippon Gene, Tokyo, Japan) and then was used to synthesize cDNA
using a PrimeScript™ II 1st Strand cDNA Synthesis Kit (Takara Bio, Otsu, Japan). The
primer pairs used for the qPCR analysis were designed using the GENETYX software
(GENETYX Corp., Tokyo, Japan) to yield 20–24-nucleotide sequences with approximately
100–150-bp amplification products. A CFX Connect™ Real-Time System (Bio-Rad) with
SYBR Premix Ex Taq (Takara Bio) was used to perform qPCR. β-Actin (act-1) was used as an
internal standard. The qPCR experiments were repeated at least three times for each cDNA
prepared from three preparations of worms. Table 1 shows the primers used for qPCR.
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Table 1. Primer pairs used for the qPCR analysis.

Genes Sequence (5′–3′)

dpy-18 (Sense) CTACCACACTGTGATGTGGATG
dpy-18 (Antisense) GCGTGCTTCAAGTTGTTCTG

phy-2 (Sense) GCTTGATGTGTGGATGCAGGTT
phy-2 (Antisense) TTGCGAGTCGTTTGGTGAGA

pdi-2 (Sense) CGGAATCGATGATGTTCCATTCGG
pdi-2 (Antisense) TTGGGTGAGCTTCTCGTCGAAAG

bli-3 (Sense) GCGCTCAAAACATGTGCTGT
bli-3 (Antisense) GCCAGATTGTTGTACCATCCGT

mlt-7 (Sense) TTGCGATCATCACGAGTGGTGT
mlt-7 (Antisense) AGCAGTTGTCGTGACTGGCAAA

Aβ (Sense) GCGGATGCAGAATTCCGACATGAC
Aβ (Antisense) TATGACAACACCGCCCACCATGAG

sod-1 (Sense) TCTTCTCACTCAGGTCTCCAAC
sod-1 (Antisense) TCGGACTTCTGTGTGATCCA

ctl-1 (Sense) ATTATGCTCGTGGTGGAAACCC
ctl-1 (Antisense) ACAATGTTTGGCGCCCTCAA

act-1 (Sense) TCCAAGAGAGAGGTATCCTTACCC
act-1 (Antisense) CTCCATATCATCCCAGTTGGTG

The qPCR primer pairs were designed using the GENETYX software. For normalization, β-actin (act-1) served as
the internal standard.

4.9. Swim Locomotion Analysis

Worm motility function was evaluated using the swim locomotion method as follows.
Individual three-day-old worms were placed on NGM agar plates (diameter of 3 cm) filled
with 1.5 mL M9 buffer; then, their swimming motion was video-recorded for 1 min using a
microscope (ECLIPSE Ts2, Nikon Corp.) equipped with a video system (DS-Fi3 camera
unit and DS-L4 DS camera controller unit, Nikon Corp.). One round trip of worm head in
the M9 buffer was determined as one whiplash movement.

4.10. Paralysis Assay

GMC101 mutant worms were grown at 25 ◦C after the L4 stage for Aβ induction.
Worms that could move their heads but failed to move their bodies were scored as para-
lyzed [39]. The paralysis assay was performed every 12 h using approximately 50 individ-
ual worms.

4.11. Statistical Analysis

The results shown in Figure 1A,C, Figures 2A, 4 and 8 were analyzed using one-way
ANOVA with Bonferroni’s post hoc test using GraphPad Prism 4 (GraphPad Software, La
Jolla, CA, USA). The results shown in Figures 1B, 2B, 5 and 6A,C were analyzed using
Student’s t-test for pairwise comparison. All data, except for those presented in Figure 5,
are presented as the mean ± SEM. Differences were considered statistically significant at
p < 0.05.
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Abstract: Natural dibenzo-α-pyrones (DAPs) can be viewed from two opposite angles. From one
angle, the gastrointestinal metabolites urolithins are regarded as beneficial, while from the other,
the emerging mycotoxin alternariol and related fungal metabolites are evaluated critically with re-
gards to potential hazardous effects. Thus, the important question is: can the structural characteristics
of DAP subgroups be held responsible for distinct bioactivity patterns? If not, certain toxicological
and/or pharmacological aspects of natural DAPs might yet await elucidation. Thus, this review
focuses on comparing published data on the two groups of natural DAPs regarding both adverse
and beneficial effects on human health. Literature on genotoxic, estrogenic, endocrine-disruptive
effects, as well as on the induction of the cellular anti-oxidative defense system, anti-inflammatory
properties, the inhibition of kinases, the activation of mitophagy and the induction of autophagy,
is gathered and critically reviewed. Indeed, comparing published data suggests similar bioactivity
profiles of alternariol and urolithin A. Thus, the current stratification into hazardous Alternaria toxins
and healthy urolithins seems debatable. An extrapolation of bioactivities to the other DAP sub-class
could serve as a promising base for further research. Conclusively, urolithins should be further
evaluated toward high-dose toxicity, while alternariol derivatives could be promising chemicals for
the development of therapeutics.

Keywords: functional nutrition; emerging contaminants; urolithins; mycotoxins; chemoprevention;
neuroprotection; DNA damage; estrogenicity; microbiome; bioactives

1. Introduction

Dibenzo-α-pyrone (DAP, Figure 1A) is the basic scaffold of a group of naturally oc-
curring chemicals, which are mainly formed by microbial species, such as bacteria or
filamentous fungi. When substituted with multiple hydroxy groups, those metabolites
belong to the chemical class of polyphenols, from which many representatives are regarded
as beneficial for human health, mostly due to anti-oxidative and chemopreventive ef-
fects [1]. This also applies to some polyphenolic DAP derivatives. For example, urolithin A
(UA, Figure 1B), a metabolite formed by ellagitannin-degrading gut bacteria, is extensively
researched and marketed as a health-promoting agent in the scope of functional foods [2]
or even as a therapeutic agent to improve muscle health [3].

However, there seems to be another side to the story. DAPs biosynthesized by food-
contaminating molds, such as mycotoxin alternariol (AOH, Figure 1C), are regarded as
potential carcinogens due to their ability to damage the DNA and to potentially induce
endocrine-disruptive effects [4,5]. Given the striking structural similarity of these natu-
ral DAPs, some rather uncomfortable questions present themselves. Is the division into
healthy urolithins and toxic AOH derivatives justified due to distinct bioactivity, or is
current research on natural DAPs incomplete due to the different viewpoints formed
depending on the source of origin? Could a chemical hazard be hidden in beneficial antiox-
idants? Can positive health effects be attributed to certain mycotoxins? Do the different
substitution patterns of hydroxy and methyl groups result in distinct biological activities,
or do we merely observe beneficial effects at moderate doses of exposure and toxic effects
at high doses (which seems to be a steady companion in research on polyphenols [6,7])?
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Figure 1. Chemical structures of the basic DAP scaffold (A), as well as two signature representatives
of natural DAP derivatives: the bacterial polyphenol metabolite urolithin A (B) and the Alternaria
mycotoxin alternariol (C). The hydroxy group at C1 (marked green) is a common feature of most
natural DAPs. Methylation of C5, as well as hydroxylation of C11 (marked red), are common
in biosynthesized DAPs but are not featured in ellagitannin biodegradation products.

This brief review aims at comparing the available literature on urolithins and myco-
genic DAPs and focuses on the overlapping area of toxicology and functional nutrition,
in order to provide a solid base for a more holistic research approach on DAP bioactivity.

2. Microbial Sources and Associated Structural Peculiarities

There are isolated reports of DAP derivatives being formed by plants [8], but the two
main ways that they are produced in or from food commodities are (a) the complete
biosynthesis as secondary metabolites of molds or (b) the biodegradation of ellagitannins
by intestinal bacteria. The biosynthesis pathway is described mainly for filamentous fungi,
particularly the genus Alternaria. A polyketide synthase encoded by the pksJ gene was
found to be critical for the production of the two most prevalent DAPs, AOH and alternariol
9-methyl ether (AME) by Alternaria alternata [9]. Furthermore, the production of these and
similar DAPs was also reported in other Alternaria [10], Acremonium [11], Cephalosporum [12]
and Hyalodendriella spp. [13], all described as endophytic molds. Mycogenic DAPs are
frequently reported in mold-contaminated grains, fruits, vegetables, etc., and are regarded
as food contaminants [14]. As data suggest that they could be responsible for potentially
toxic effects, but there are no regulations for maximum contamination levels yet around
the globe, AOH and AME are considered to belong to the class of emerging mycotoxins [15].

On the other hand, DAPs that derive from the biodegradation of ellagitannins are
uniformly referred to as urolithins. After ingestion, ellagitannins are hydrolyzed by bac-
teria carrying tannase enzymes to yield ellagic acid [16], which is further catalyzed by
a currently unidentified lactonase/decarboxylase enzyme to the 3,4,8,9,10-pentahydroxy-
DAP, urolithin M-5 (UM5). From the latter, all other urolithins are formed by subsequent
dehydroxylation reactions that are catalyzed by currently unidentified enzymes [2]. How-
ever, a few bacterial species that are able to carry out at least a part of these reactions were
already discovered. Gordonibacter pamelae and Gordonibacter urolithinfaciens, two species
belonging to the strictly anaerobic family of Eggerthellaceae, were reported to decompose
ellagic acid and perform dehydroxylations to sequentially yield UM5, urolithin M-6 and
urolithin C (UC), the latter being the final metabolite [17]. Recently, another Eggerthella
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species, Ellagibacter isourolithinfaciens, was isolated from a human gut microbiome and
observed to be capable of further dehydroxylating UC to isourolithin A [18,19]. Another
study found Bifidobacterium pseudocatenulatum INIA P815 to produce UA and UB under
certain growth conditions [20]. In complex microbiomes obtained from human feces,
high interindividual differences were observed in the activity of the human microbiome,
which allows for its stratification into three main groups [2]. Metabotype 0 (accounting for
approximately 10–15% of the population) does not produce urolithins from ellagic acid.
In urolithin producers, the final metabolites are either UA (metabotype A) or isourolithin
A and urolithin B (UB) (metabotype B) [21].

Notably, the common precursor molecule UM5 predetermines that DAPs deriving
from ellagic acid breakdown are only substituted with hydroxyl groups and are not func-
tionalized at C1, C2 and C7 (Figure 1B). This is in stark contrast to biosynthesized DAPs,
where substitutions at those positions, particularly the methylation of C1 and the hydroxy-
lation of C7, are the norm (Figure 1C). In addition, based on current knowledge, UA and
UB are not further metabolized by microbes, while for biosynthesized DAPs the methyla-
tion of functional hydroxy groups is common. For example, AOH is naturally produced
as a mixture with AME, probably increasing its bioavailability and potentially its adverse
effects [5].

3. Pharmacokinetics

Animal data on pharmacokinetics of urolithins and Alternaria toxins are only com-
parable to a limited extent due to differences in used species and experimental setups.
However, according to a quick survey using the SwissADME quantitative structure–activity
relationship (QSAR) tool [22], the bioavailability of major urolithins and fungal DAPs is
predicted to be very similar (Table 1). UA and AOH, as well as UB and AME, share
a comparable lipophilicity, and all four compounds have a 0.55 probability to be at least
10% bioavailable from oral uptake in rats, referred to as “bioavailability score” [23]. One
exception is the blood brain barrier (BBB) permeation that is predicted only for UA/UB,
not for AOH/AME (Table 1), which might be of high interest in the scope of neuropro-
tective effects that are proposed for UA. In line with this prediction, the presence of UA
in mammalian brains was recently confirmed [24], while AOH was not reported to reach
the brains of exposed mice in another study [25].

Table 1. Pharmacokinetic parameters of major natural DAPs. Shown are: octanol-water partition
coefficients (PO/W), gastrointestinal (GI) adsorption, blood brain barrier (BBB) permeability and
bioavailability score, as predicted by the SwissADME QSAR [21].

log PO/W GI Absorption BBB Permeant Bioavailability Score

UA 2.06 high yes 0.55
UB 2.48 high yes 0.55

AOH 2.17 high no 0.55
AME 2.55 high no 0.55

Corresponding with the predicted bioavailability score, a recent study on Sprague-
Dawley rats found approximately 90% of orally consumed AOH and AME to be excreted
via the feces [26]. Based on physico-chemical similarities, it seems reasonable to expect
corresponding total uptake ratios for UA and UB.

Hepatic metabolism of natural DAPs is generally assessed qualitatively and lacks
the application of state-of-the-art quantitative tools as of yet. Nevertheless, their biotrans-
formation seems to be comparable, with rapid glucuronidation to less bioactive phase II
metabolites as the main pathway of hepatic clearance [27,28].

Taken together, it seems very unlikely that differing pharmacokinetics cause a signifi-
cantly distinct in vivo bioactivity of methylated and non-methylated DAPs.
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4. Bioactivity Profiles

To address the question of whether significant differences exist between those com-
pounds in the impact on human health, one must ask if the additional functionalization
of AOH/AME, particularly the methylation of the DAP scaffold, might serve as a driving
force of toxicity. Thus, the upcoming section will focus on comparing respective bioactivity
data of AOH/AME and UA/UB as representative metabolites of each natural DAP class.

4.1. Topoisomerase Poisoning and Genotoxicity

In two-digit micromolar concentrations, AOH and AME are well described to act
genotoxic in human cancer cell models by poisoning topoisomerase (topo) II, an enzyme
critical to the maintenance of DNA integrity during replication and transcription [29,30].
To a lesser extent, the induction of oxidative stress might play a role in genotoxicity
as well [31]. To act as topo poison, a molecule has to stabilize the so-called “cleavable
complex” between the enzyme and DNA, preventing the ligation of a previously induced
gap in the phosphate backbone of the DNA, which may then persist as a strand break [32].

Published data do not suggest that UA or UB might poison topoisomerases and exert
corresponding in vivo genotoxicity. UA was found to increase micronuclei formation
in cells that were exposed to concentrations of approximately 5 μM for 20 h, but did not
cause genotoxicity in vivo or mutagenicity in the Ames test, which is why UA passed
the general safety assessment for application as a food supplement [33]. Furthermore,
ellagic acid and UM5 were reported to catalytically inhibit topo II by competing with ATP
at sub-micromolar concentrations [34], a biological activity that might lead to an increased
number of DNA strand breaks at high concentrations due to an impaired management
of torsional stress [35]. UA and UB were found to be inactive toward topo II up to 5 μM
in decatenation assays [34]. However, it should be noted that with the same method, AOH
was found to inhibit topo II only at concentrations above 10 μM [30]. Thus, the testing
of urolithins for interactions with topo II seems incomplete, and it should be encouraged
to apply higher concentrations and methods to assess topo poisoning, e.g., the in vivo
complex of enzyme assay [36].

With regards to genotoxicity, AOH and UA might exert similar biological effects, even
if the published data are not fully comparable. Both were shown to induce the formation
of micronuclei in cultured cells of different origin, starting from comparable concentra-
tions [33,37], and both were reported not to cause systemic genotoxicity in rodents [25,33].

Natural DAPs in general have not yet been studied regarding potential genotoxic
effects in the colon, which is the site where the highest doses of aglycons can occur—in up
to millimolar concentrations in the case of UA [38]. For AOH, the gastrointestinal toxicity
is considered one of the major knowledge gaps [5,25]. Thus, the respective testing of not
only Alternaria mycotoxins, but also urolithins, should be encouraged to complement risk
assessment.

4.2. Endocrine Activity

AOH and AME are reported as estrogen receptor (ER) agonists, resulting in re-
lated gene transcription and a growth stimulation of ER-positive cells [37]. Moreover,
several metabolites of those compounds were predicted to act estrogenic in a mixed
in silico/in vitro approach [39]. AOH was also found to interact synergistically with other
xenoestrogens, such as the mycotoxin zearalenone or the soy isoflavone genistein [40,41],
and to exert cumulative estrogenic effects with the plasticizer bisphenol A [42] towards
estrogenicity. Furthermore, the two biosynthesized DAPs were also reported to activate
other steroid receptors, such as the androgen (AR) [43] and progesterone receptor [44].
Together, these findings have sparked concerns about the endocrine-disruptive potential of
Alternaria toxins [5].

For urolithins, similar concerns have been reported to some degree. UA in partic-
ular was found to have a high affinity for estrogen receptors, with IC50 values in ERα
receptor binding assays being even lower as compared to the well-known dietary phytoe-
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strogen genistein [45]. However, the stimulation of MCF-7 cell growth only took place at
comparably high concentrations of about 40 μM, pointing toward a possible antagonistic
mechanism. Furthermore, another study reported that 10 μM of UA induced ER-dependent
gene transcription in human endometrial cancer cells, but, contradictorily, also suppressed
cell proliferation, which might be linked to a differentiated activity toward ERα (antag-
onism) and ERβ (agonism) [46]. UA is also suspected to interact with AR activation,
although the exact mechanism has not yet been elucidated. While a direct agonism or
antagonism was not reported in luciferase reporter gene assays in MDA-kb2 cells [47],
other studies found UA to decrease AR expression [48] and to increase the proportion
of the receptor residing in the cytosol, leading to the hypothesis that this DAP might be
a valuable bioactive toward the prevention of prostate cancer [49].

Furthermore, UA and UB were demonstrated to inhibit 17β-hydroxysteroid dehy-
drogenase (17β-HSD), an enzyme critical for the biosynthesis of the endogenous estrogen
17β-estradiol (E2) in a hybrid in silico/in vitro approach [50]. The resulting decrease
in intracellular E2 levels might serve as an alternative explanation for the compounds’
anti-proliferative effects in breast cancer cells [50]. AOH and AME were not yet tested
for effects toward an interaction with 17β-HSD. However, AOH lead to a reduced pro-
liferation of human endometrial cancer cells, even as ER-mediated gene expression is
activated [37]. While this effect can also be attributed to the onset of genotoxicity, the in-
hibition of 17β-HSD might be reconsidered as an alternative mechanism. Both fungal
DAPs were reported to impair progesterone synthesis in porcine cells [51], potentially by
interfering with 3-beta-hydroxysteroid dehydrogenase (3β-HSD).

Overall, it seems that natural DAPs generally exert a certain potential to act as steroid
receptor agonists and a high potential to impair steroid biosynthesis, regardless of substitu-
tion patterns that are characteristic for their biological origin.

4.3. Inhibition of Casein Kinase 2

Casein kinase 2 (CK2) is a highly pleiotropic protein kinase whose overexpression is
linked to pro-oncogenic processes [52] and anti-apoptotic effects in cancer treatment [53].
Thus, inhibition of CK2 has emerged as a therapeutic mode of action for overcoming drug
resistance in cancers [54]. The DAP backbone seems to be a promising scaffold for this
activity, as several representatives were predicted or reported to inhibit CK2. UA inhibited
the enzyme with a IC50 of 0.39 μM and served as a precursor for the development of
a much more potent inhibitor, its 4-bromo-derivative, that reached an IC50 of 0.015 nM [55].
For AOH, a similar IC50 (0.71 μM) regarding CK2 inhibition was observed in a cell-free
assay, and the idea to base CK2-inhibiting drugs on its scaffold was ventilated [56]. In ad-
dition to the possible application in chemotherapy, a general chemopreventive effect of
dietary CK2 inhibitors is currently discussed [57].

4.4. Mitophagy and Mitochondrial Health

Mitophagy is the cellular process of recycling damaged mitochondria that is central
to mitochondrial health and of particular importance to highly stressed tissues, such as
muscles [58]. It includes several pathways that can be influenced by extrinsic factors.
It is well established that UA promotes mitophagy by stabilizing PTEN-induced kinase 1
(PINK1), responsible for recruiting and activating the protein Parkin, which in turn triggers
the ubiquitination and thus degradation of mitochondrial proteins [59,60]. Exploiting
this mechanism, the compound has even passed clinical trials as a promotor of mitochon-
drial and cellular health [61] and is marketed as a supplement to improve muscle health,
particularly for elderly people [62].

AOH and AME have not yet been tested within the scope of inducing mitophagy,
but given that the exact connection of chemical structure and PINK1 stabilization seems
not very well elucidated, it might be a target for DAPs in general. Moreover, there is some
evidence that an activation of the nuclear factor erythroid 2–related factor 2 (Nrf2) pathway,
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a process that not only UA [63] but also AOH and AME are capable of triggering [29],
might play an additional role in the promotion of mitophagy [64].

4.5. Nrf2, Anti-Oxidative and Anti-Inflammatory Effects

In addition to the therapeutical application in the context of mitophagy, the propa-
gation of urolithins as healthy dietary metabolites is based on their characterization as
antioxidant and anti-inflammatory agents that have been extensively reviewed in recent
literature [2,3]. The main mechanism behind their counteracting of oxidative stress is
the activation of the Nrf2 pathway. The protein is bound to “Kelch-like ECH-associated
protein 1” (Keap1) in the cytosol, which undergoes conformational changes to release Nrf2
in the presence of reactive oxygen species (ROS) or other electrophilic agents [65,66]. It then
relocates into the nucleus, where it serves as a transcription factor inducing the expression
of endogenous antioxidant agents and enzymes. Additionally, anti-inflammatory effects
are mediated by Nrf2 via a crosstalk with NF-κB signaling [67]. Consequently, the benefi-
cial compounds that trigger this pathway usually act slightly pro-oxidatively themselves
and/or might even cause cellular oxidative stress at significantly higher concentrations.

Unfortunately, UA and UB have not yet been thoroughly tested for a pro-oxidative
potential, but extensive data exist on their protective role against stressors, most commonly
H2O2, which occurs in vitro at low micromolar concentrations [64,68,69]. On the contrary,
the mycotoxins AOH and AME have not been tested for potential protective effects, but only
for their direct pro-oxidative potential. In human cancer cells, these mycogenic DAPs
lead to an increase in intracellular ROS levels at concentrations ≥5 μM, but they also
cause an activation of Nrf2-related gene transcription at nanomolar doses [29]. Assessing
a potentially corresponding ability to counteract oxidative stressors might be promising
and should be encouraged, particularly in light of the Nrf2 activators being extensively
tested as therapeutic agents for the treatment of type 2 diabetes mellitus [70].

Regarding a possible anti-inflammatory activity, UA/UB [71–73], as well as
AOH/AME [74–77], have been reported to counteract pro-inflammatory stimuli in different
cell models. Mechanisms that might play a role are the cholesterol-like intercalation into
the cell membranes of macrophages that interferes with immunomodulatory receptors [78]
or an interplay with NF-κB signaling to produce and release pro-inflammatory cytokines,
potentially mediated again via Nrf2 activation [79].

4.6. Autophagy and Senescence

Autophagy is the process of degradation and recycling of cytosolic proteins of dam-
aged cells, which is mostly associated with beneficial health effects, such as the prevention
of cellular stress and tumor progression [79]. Several studies have reported the induc-
tion of this process after the exposure of different cells to DAPs of distinct sources. UA
was found to induce this autophagy and to thereby inhibit metastasis-related biomarkers
in colorectal cancer cells [80] and to protect neural cells from injury by decreasing endo-
plasmic reticulum (ER) stress [81]. Furthermore, there is some evidence suggesting that
a part of the anti-inflammatory properties of UA might be related to increased autophagy
in macrophages [82].

Interestingly, AOH was also reported to induce autophagy in macrophages, presum-
ably via the mediation of ER stress that triggers the mTOR pathway [83]. However, in that
study, a prolonged exposure of cells to AOH resulted in cellular senescence, a less desirable
condition. From the two studies conducted on macrophages, it seems likely that UA and
AOH exert similar effects toward the induction of autophagy in human cells.

4.7. Interactions with the Gut Microbiome

Large parts of ingested DAPs, such as AOH and AME, are excreted via the feces [26],
and thus the gastrointestinal tract is probably the primarily exposed organ, which has
sparked interest on potential interactions with the gut microbiome as an additional mode
of action. A recent study addressed these questions and reported inhibitory effects of
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a complex mixture of Alternaria toxins on a multitude of bacterial strains and their ability
to form biofilms [84]. However, as the extract that microbes were exposed to contained
large amounts of mycotoxins with other chemical structures, a causal relationship with
exposure to AOH/AME cannot be established from the published research. Likewise,
experiments simulating the gastrointestinal tract revealed pomegranate extract to modulate
the composition of the microbiome by increasing the prevalence of Akkermansia and Gor-
donibacter, particularly in the distal colon [85]. Furthermore, these changes seemed to have
a direct enhancing impact on the formation of urolithins. Again, it seems difficult to draw
a direct conclusion on the effects of DAPs on microbial communities due to the chemical
complexity of the applied extract.

5. Conclusions

Taken together, the differentiation between “healthy” urolithins and “toxic” AOH
derivatives seems to be a direct consequence of the reputation of their respective origins
(superfoods vs. molds) and thus should be viewed critically. The two signature compounds
of the respective groups, UA and AOH, are predicted to exert similar pharmacokinetic
characteristics and share many biological activities, such as in vitro genotoxicity at high
doses, the interaction with steroid receptor activation and steroid biosynthesis, the activa-
tion of the Nrf2 pathway, related anti-inflammatory effects and the induction of autophagy.
However, blind spots on both sides prevent a full comparability of existing data.

On the one hand, the risk assessment of urolithins might not be fully completed yet,
particularly regarding potential endocrine effects of higher doses that could hypothetically
be reached via the application of pure urolithins as supplements. On the other hand—and
somewhat counterintuitively—DAPs produced by Alternaria spp. and similar fungi might
have a hidden potential in chemoprevention or as scaffolds for the design of therapeutic
bioactives. A particularly relevant open question is whether AOH and AME would be able
to promote mitophagy in a comparable way as their siblings of bacterial origin. Addition-
ally, sub-genotoxic concentrations of mycogenic DAPs could hypothetically play a role
in reducing cellular oxidative stress by activating the Nrf2 pathway, which could be utilized
for the design of novel Nrf2-activating agents, e.g., for the treatment of diabetes mellitus.

It should be said that the discrepancies around research on DAPs might serve as
an example of how research focus and chosen methodology can shape scientific under-
standing. A direct comparison of results for the two DAP classes is very challenging due to
the different scientific fields (pharmacology vs. toxicology) and the respectively chosen
experimentation. Nevertheless, such a comparative approach could allow for a prediction
of possible biological targets for compounds of the other DAP class and thus could prove
highly valuable in fueling corresponding research. In this light, it seems obvious that
studies that test DAPs of different origin with a harmonized methodology would be of
great value in evaluating the remaining toxicological or pharmacological questions.
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Abstract: Dithiocarbamate ligands have the ability to form stable complexes with transition metals,
and this chelating ability has been utilized in numerous applications. The complexes have also been
used to synthesize other useful compounds. Here, the up-to-date applications of dithiocarbamate
ligands and complexes are extensively discussed. Some of these are their use as enzyme inhibitor and
treatment of HIV and other diseases. The application as anticancer, antimicrobial, medical imaging
and anti-inflammatory agents is examined. Moreover, the application in the industry as vulcanization
accelerator, froth flotation collector, antifouling, coatings, lubricant additives and sensors is discussed.
The various ways in which they have been employed in synthesis of other compounds are highlighted.
Finally, the agricultural uses and remediation of heavy metals via dithiocarbamate compounds are
comprehensively discussed.

Keywords: dithiocarbamate; metal complexes; medical use; industrial applications; agricultural
applications

1. Introduction

Dithiocarbamates are amides formed from dithiocarbamic acid and they have the abil-
ity to form stable metal complexes as a result of their exceptional coordination properties [1].
They could generally be classified as heterocyclic dithiocarbamates, symmetric dithiocarba-
mates, unsymmetric dithiocarbamate, dialkyldithiocarbamates and monoalkyldithiocar-
bamates [2]. Several methods have been used to synthesize dithiocarbamate compounds.
However, the synthesis is commonly achieved by the reaction of carbon disulphide and
amine (primary or secondary). The reaction is usually carried out in the presence of elec-
trophiles such as imines, transition metals, epoxides and alkyl halides [3]. The synthesis
could be effected without a catalyst or in the presence of an appropriate alkali as shown in
Figure 1 through (equation a–n). Their ligands can form complexes with octahedral, square
planar or tetrahedral geometry depending on the type of metal ion and also the ratio of the
metal-to-ligand [2]. Dimers of dithiocarbamates are also formed by using dilauroyl perox-
ide as the oxidizing agent [4] (equation o). Other polyfunctional ligands of dithiocarbamate
exist but they are rare compared to other forms of dithiocarbamate compounds [5]. Both
the dithiocarbamate ligands and complexes are useful in several applications. However,
when both ligands and complexes found relevance in similar applications, the complexes
appear to be more potent than the ligands. For instance, dithiocarbamate complexes are
more active against microbes than the ligands from which the complexes are formed [6].
The choice of dithiocarbamates compared to other related compounds is attributed to its
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poor solubility in water, ease of preparation under laboratory conditions, and formation
of more stable compounds than several complexes made from other common analytical
ligands [7].

 

 

 

Figure 1. Various routes for the synthesis of dithiocarbamates. Adapted from [3]. Copyright (2020),
with permission from Elsevier.

The study and discovery of different novel dithiocarbamate derivatives continues to
increase as the different areas of their application are being investigated. As shown in the
statistical data obtained from Scopus database (insert date), there are 2406 publications on
dithiocarbamate from 2015, out of which 2264 (94.1%) are research articles (Figure 2). The
publications on dithiocarbamate reached a peak in 2016, and within this range, chemistry
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researchers are at the forefront of the dithiocarbamate studies. Szolar reviewed the different
ways of identifying and analyzing dithiocarbamates [8], while other reports focused only
on some fragments of the applications. However, the need to review the comprehensive
applications of the dithiocarbamate compounds is rife [9]. Consequently, this review gives
an up-to-date and detailed account of various areas of applications of dithiocarbamate
compounds including agriculture, medicine, industries, catalysis and in synthesis. These
different areas of applications will be discussed in more detail in the following sections.

Figure 2. Statistics of publications on dithiocarbamate from 2015 to 2021 from Scopus database,
accessed on 21 November 2021.

2. Heavy Metals Concentration and Remediation

Polluted samples usually consist of a mixture of organic (such as parabens, organochlo-
rine pesticides and dyes) [10,11] and inorganic pollutants (such as heavy metals and ni-
trates) [12,13]. In some cases, there may be a need to remove one pollutant in the presence
of other pollutants in the environmental samples. Several strategies have been used for
concentrating heavy metals before their removal from the environmental samples. Both
concentrating and removal of heavy metals from different media have been achieved
through the use of dithiocarbamate compounds. Some of these dithiocarbamates as well as
the heavy metals that were concentrated and removed are discussed in this section.
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2.1. Heavy Metals’ Removal from the Environment through Dithiocarbamate Compounds

The ability of dithiocarbamate to selectively and strongly bind to most metal ions to
form organometallic complex makes them a useful candidate for removing heavy metals
from the environment [14,15]. The presence of two sulphurs with lone pairs of electrons
makes it possible for dithiocarbamates to form chelate with these metals as well. However,
it is possible for dithiocarbamate to use one of the sulphur donor atoms to form a bond
with the metals. In short, it can act as bidentate or monodentate ligand [14]. Another factor
that makes them particularly useful for metals with a variable oxidation state is their ability
to stabilize these metals irrespective of their oxidation states and this can be explained
by the oxygen bonding ability of the conjugates formed by dithiocarbamates [16,17]. The
possibility of sharing electrons between the metal ions, sulphur atoms and nitrogen atoms
coupled with the formation of metal complexes that cannot dissolve in water also makes
them a better heavy metal chelator from the environmental samples [18].

As a result of these features, the use of dithiocarbamates to solve the problem of
heavy metal pollution has been investigated and it was found to be a good metal chela-
tor. In the studies conducted by Ayalew et al. [19], different amine-modified dithiocarba-
mates were used to successfully remove zinc, nickel and copper from wastewater at a low
pH. The modified dithiocarbamate used for the investigation were tetraethylenepentamine-
dithiocarbamate, triethylenetetramine-dithiocarbamate, diethylenetriamine-dithiocarbamate
and ethylenediamine-dithiocarbamate. However, the three heavy metals were removed,
but the amount of copper removed was more than the amount of zinc and nickel removed.
Dithiocarbamates were also used to modify carbon compounds and then to remove heavy
metals from wastewater. Trivalent arsenic has been removed in this way and dithiocarbamate
was used to modify the cellulose that was used for trivalent arsenic removal [20]. Hydrochar
is another carbon-based compound that was modified with dithiocarbamate and this also was
found to be effective in removing divalent lead from the environment [21]. More than 90%
of the heavy metals (lead(II), copper(II), and cadmium(II)) were removed from wastewater
within 40 min when dithiocarbamate was grafted into crosslinked polymer made from glu-
taraldehyde and polyethyleneimine [22]. Other investigations involving the removal of heavy
metals via dithiocarbamates are shown in Table 1.

Table 1. Heavy metals remediation via dithiocarbamate.

Dithiocarbamate Compound Used Heavy Metals Removed
Media/Samples

Remediated
Amount Removed/Performance Ref.

Iron-containing reduced graphene
oxide modified with dithiocarbamate

Hg(II), Pb(II), Cd(II) and
Cu(II) wastewater 181.82, 147.06, 116.28 and

113.64 mg/g respectively [23]

Dithiocarbamate-modified coal Ni(II) Aqueous solution 82.37 mg/g [24]
Al(OH) -poly(acrylamide-

dimethyldiallylammonium
chloride)-graft-dithiocarbamate

Pb(II) and Cu(II) Wastewater 17.777 mg/g for Cu and
586.699 mg/g for Pb [25]

poly-sodium dithiocarbamate and
poly-ammonium dithiocarbamate Zn(II), Ni(II) and Cu(II) Electroplating wastewater

226.76, 234.47 and 245.53 mg/g, for
Zn, Ni and Cu respectively at pH 6

in 20 min
[26]

Heavy metal-dithiocarbamates
(using sodium

diethyldithiocarbamate)

Zn(II), Pb(II), Ni(II),
Mn(II), Fe(II), Cu(II) and

Cd(II) ions
Water sample More than 90% removal [14]

Sodium polyamidoamine-multi
dithiocarbamate (using sodium

diethyldithiocarbamate)

Divalent
Zn, Cu, Cd and Pb Soil sediments Complete precipitation [27]

sodium
tetraethylenepentamine-multi

dithiocarbamate
Divalent Cu, Cd and Pb Soil samples Near complete precipitation [28]

The efficiency of heavy metals removal depends on the type of dithiocarbamate used
for metal chelating. For instance, the metal chelating ability of diphenyldithiocarbamate
ligands was found to be better than the chelating ability of diethyldithiocarbamate that did
not contain a phenyl group [18]. Apart from the use of dithiocarbamates in the removal of
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heavy metals, they have also been used to determine and concentrate heavy metals instead
of using surfactants [29–31].

2.2. Trace Elements Concentration and Determination through Dithiocarbamate Compounds

The determination of trace metals usually involves separation and pre-concentration
stages. Dithiocarbamate compounds have been used for these purposes and this could
be attributed to their selective and chelating properties. Activated carbon coated with
phenylpiperazine dithiocarbamate was successfully used to concentrate Pb, Cd, Cu and Mn
before they were determined by the flame atomic absorption spectrophotometry (FAAS)
method [32]. Ammonium pyrrolidine dithiocarbamate, on glass fibre base, was also used
to form a chelate complex with metal ions, which was followed by methyl isobutyl ketone
elution and atomization of the metal ions. The quantification of the atomized sample was
then carried out through high performance liquid chromatography (HPLC) [33]. When the
multi-element determination of heavy metal ions was carried out through HPLC, dithio-
carbamate was included in the column to improve the performance of the method [34].
Dithiocarbamate-modified silica gel was also employed for pre-concentration and separa-
tion of ions of several precious metals prior to their determination via inductively coupled
plasma [35]. Table 2 shows other specific examples of investigations where dithiocarba-
mates were used to quantify metals.

Table 2. Determination of trace elements using dithiocarbamates.

Dithiocarbamate Compound Used Metal(s) Determined
Method Used for the

Determination
Limit of Detection Ref.

pyrrolidine dithiocarbamate Ni(II), Cr(VI), Co(II), and Hg(II) liquid liquid micro-extraction 0.011–2.0 μg L−1 [36]
Ammonium 1-pyrrolidine

dithiocarbamate and
Diethylammonium

diethyldithiocarbamate

Pb(II), Cu(II) and Cd(II)
Inductively coupled

plasma-mass spectroscopy
(ICP-MS)

0.13–1.18 pmol L−1 [37]

Ammonium pyrrolidine
dithiocarbamate As(III) solid phase extraction(SPE) 0.01 μg L−1 [38]

Sodium diethyl dithiocarbamate Cd(II) and Pb(II) SPE/ FAAS 0.30 μg L −1 [39]

Dithiocarbamate-functionalized
magnetite composite Hg(II)

Atomic absorption
spectrometry with gold

amalgamation
1.8 ng L−1 [40]

Pyrrolidine dithicarbamate

Pb(II), Bi(III),
Pb(II), Hg(II),

Au(III), Se(IV),
As(III),Ni(II) and Co(II)

Thin-film microextraction 0.2–0.6 μg/L [41]

3. Application of Dithiocarbamate Compounds as Stationary Phase in Chromatography

Dithiocarbamate compounds were also used as a component of the stationary phase
during ligand exchange chromatography. They were useful for this application due to
their strong chelating ability. Yeh and co-workers [42] utilized dithiocarbamate coated on
silica as the stationary phase in the separation of heavy metals. It was observed that
the amount of mercury taken up by this stationary phase was high, which could be
attributed to the presence of extra complexing-nitrogen atoms from dithiocarbamate present
in the stationary phase. In the chromatographic determination of multiple heavy metals,
diethyldithiocarbamate and pyrrolidinedithiocarbamate were deposited on the Sep-Pak
cartridge, which was used as the stationary phase. The method was able to determine these
heavy metals even at μg l−1 level [43].

4. Application of Dithiocarbamate Compounds as Catalysts

Catalytic application of dithiocarbamate is another aspect that has attracted lots of
research attention. It has been used for the synthesis of catalyst during organic synthesis as
well as catalysts in polymerization. Some of these applications are explained in this section.
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4.1. Application of Dithiocarbamate Compounds as Catalyst in Organic Transformation

Core/shell nanostructures have been functionalized with magnetic dithiocarbamate
deposited on gold and utilized as the catalysts for synthesizing propargyl amines through
A3 coupling reaction [44]. The catalyst displayed good performance for the synthesis of
propargyl amines when phenylacetylene, benzaldehyde and morpholine were used as
the starting material. Further probe into the mechanism of the reaction showed that the
reaction proceeded through a process involving the formation of iminium ion intermediate
and C-H activation as shown in Figure 3. The choice of metal dithiocarbamate was as a
result of its good solubility in organic solvents, chemical stability and the fact that it can be
easily used in the anhydrous form [45,46].

Figure 3. Mechanism for the dithiocarbamate-containing Au-catalyzed A3 coupling. Reprinted
from [44]. Copyright (2021), with permission from Elsevier.

The need to obtain carbon fibres with improved surface energy, roughness and chem-
ical inertness led to the use of dithiocarbamate in its synthesis. Two of the methods that
have been used with the incorporation of dithiocarbamates are Markovnikov addition and
alkaline synthesis method. Guan et al. [47] utilized nickel dithiocarbamate compound as
catalyst for enhancing the properties of carbon fibres by using both Markovnikov addition
and alkaline synthesis. These carbon fibre are used as photopolymerization catalysts.

4.2. Application of Dithiocarbamate Compounds as RAFT Agent in Polymerization

Simultaneous control of stereoregularity and molecular weight of polymers is bene-
ficial in polymer synthesis but it is difficult to achieve [48]. The use of RAFT (reversible
addition–fragmentation chain transfer) agents has made simultaneous control feasible
and different dithiocarbamate compounds have been investigated as RAFT agent [49].
Nitrogen-containing dithiocarbamates are now being used as the most effective RAFT
agent with reduced bulky attachment when compared to other RAFT agents [50]. The
presence of nitrogen in the dithiocarbamate compound stabilizes the cationic intermediate
due to the fact that nitrogen is an electron-donating atom [48,50]. Dithiocarbamate was
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also used as both emulsifier and RAFT agent in the polymerization of stable latex of vinyl
acetate polymer [51]. They are often used along with other RAFT agents for better control
of tacticity and molecular weight. For instance, thiocarbonylthiol compound was included
in the RAFT agent used for polymerization of vinyl ethers in the presence of Lewis acid
catalysts [48].

5. Application of Dithiocarbamate in Synthesis

Dithiocarbamate compounds have been useful in the synthesis of organic interme-
diate as well as chalcogenides of metals. This section presents some of these synthesized
compounds.

5.1. Application of Dithiocarbamate Compounds as Precursors in Material Synthesis

Different synthetic methods have been used to produce metal sulphide nanoparticles
and one of these methods involves the use of metal complexes as single source precursors
(SSP). Among the metal complexes used as SSP, dithiocarbamate complexes have being the
most explored complexes. In our laboratory, we have synthesized some dithiocarbamate
complexes, which were thermolyzed to generate metal sulphides [52]. Some of these
nanoparticles (especially the bismuth based) have been reviewed by Ajiboye et al. [53].
The use of dithiocarbamate complexes for the synthesis of these nanoparticles is preferred
since dithiocarbamate is rich in sulphur; hence, the use of a separate sulphur source
will not be required [54]. Generally, the synthesis from the dithiocarbamate complex
using the solvothermal method requires the use of capping agents such as oleylamine,
octadecene, dodecane thiol, ethylene glycol and hexadecylamine. Their presence in the
system controls the growth of the nanoparticles [55], while some of these capping agents
(such as oleylamine) can also function as reducing agent, solvent or surfactant in the
material synthesis [56]. Table 3 highlights other examples of nanoparticles made from
dithiocarbamates.

Table 3. Application of dithiocarbamates in nanoparticle synthesis.

Dithiocarbamate Precursor Used
Nanoparticle(s)

Obtained
Temp. Used Particle Size and (Band Gap) Ref.

Bis(N-ethylphenyldithiocarbamato)
palladium(II) Palladium sulphide 160, 200 and 240 ◦C resp. 2.01–2.50 nm, 4.00–4.86 nm and

2.53–4.12 nm (4.90–5.02 eV) [57]

Bis(N,N-di(4-fluorobenzyl)dithiocarbamato-
S,S′)M(II).
(M = Cd)

Cadmium sulphide (CdS) - −(3.29 eV) [58]

Cu (II) bis N-methyl-N-phenyl Dithiocarbamate Copper sulphide (CuS and
Cu5S9) ≥240 ◦C 34.7 ± 13.3 nm width size (1.85 eV) [52]

Dithiocarbamate complexes with varied
Ag/In/Ga/Zn ratios

Quinary Ag-In-Ga-Zn-S
quantum dots 220 ◦C 2.0 ± 0.4 nm [59]

Molybdenum dithiocarbamates Molybdenium sulphide
(MoS2) - 40 nm [60]

N-alkyldithiocarbamate copper(II)
complexes with NaBH4

Copper sulphide (Cu9S5 and
Cu2S) 180 ◦C −(3.0 eV) [61]

copper(ii) bis-(2,2′-(dithiocarboxyazanediyl)diacetic
acid) Copper sulphide (CuS) 90 ◦C 8 ± 1 nm [62]

bis(diethyldithiocarbamato)disulfidothioxo
tungsten(VI)

chromium-doped tungsten
disulphide (WS2) 450 ◦C - [63]

tetrakis(N,N-
diethyldithiocarbamato)molybdenum(IV)

Molybdenum sulphide
(MoS2) 450 ◦C flake thickness of ∼10 nm [64]

[V2S4(nBu2dtc)4](dtc=dithiocarbamate) Vanadium sulphide (VS2) 150 ◦C [65]

Manganese diethyldithiocarbamate trihydrate Manganese sulphide (MnS) 290 ◦C (3.3 eV) [66]

Tris-(piperidinedithiocarbamato)
iron(III) and

tris-(tetrahydroquinolinedithiocarbamato)iron(III)

Iron sulphide (Fe0.975S and
Fe3S4 phases) 350–450 ◦C (0.95–2.0 eV) [67]

lead(II) complexes of morpholine dithiocarbamate Lead sulphide (PbS) 160 ◦C (13.86–36.06 nm) [68]
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5.2. Application of Dithiocarbamate Compounds in the Synthesis of Organic Intermediates

The light-catalyzed reaction of dithiocarbamates in cyclohexane or chlorobenzene
solvent leads to the formation of dithiocarbamate-containing lactam. The fact that the
product contains dithiocarbamate makes it suitable for other dithiocarbamate-based appli-
cations [69]. Examples of lactam produced from dithiocarbamate are shown in Figure 4.
Diethyldithiocarbamate has been used for the synthesis of ferrugine through a reaction that
involves refluxing in the presence of cyclohexane and light [70].

Figure 4. Synthesis of lactams (four-eight membered ring). Reprinted from [69]. Copyright (2007),
with permission from Wiley and Sons.

The synthesis of cyanamide, which is an important intermediate for synthesizing
pharmaceutical compounds, has been a serious challenge to researchers because its syn-
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thesis involves the use of highly toxic cyanogen halide. The synthesis is now carried
out in a ‘greener’ way by using dithiocarbamate for its synthesis. Other reactants used
for the synthesis are sodium bicarbonate, molecular iodine and hydrogen peroxide. The
hydrogen peroxide functions as the oxidizing and desulphurizing agent. Other intermedi-
ates such as 1-phenylthiourea and isothiocyanates were formed during the synthesis [71].
The mechanism of the whole process is shown in Figure 5a. Another intermediate that
was synthesized by using dithiocarbamate is thiourea, and synthesis via this procedure
was preferred because toxic reagents such as hydrogen sulphide and thiophosgene were
not needed [72]. Moreover, harsh reaction conditions such as the use of strong base or
acid, elongated time of reaction and high temperature of the reaction are not required,
unlike the other known synthetic routes [73]. In short, the synthesis is carried out by
reacting dithiocarbamate with either ammonia, primary aliphatic or aromatic amine and
a secondary aliphatic amine at 60 degrees Celsius. It could be carried out without using
solvent or catalyst [73]. As shown in Figure 5b, thiazolidine-2-thiones synthesis has also
been achieved from dithiocarbamate through a three-step method involving iodocycliza-
tion, dehydrohalogenation and nucleophilic substitution reactions [74]. The synthesis of
novel amide was also feasible when dithiocarbamate compound was used as the starting
material [75] as shown in Figure 5c.

Aryanasab and co-workers [76] reacted acid hydrazides with S-alkyl dithiocarbamates
for synthesizing 1,3,4-thiadiazoles. The procedure was applauded because its cyclization
step does not involve toxic catalysts or dangerous organic solvents. Apart from this specific
reaction, it has general applicability. For instance, the reaction was used to prepare 2-amino-
1,3,4-thiadiazoles by reacting acid hydrazides with dithiocarbamate.
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Figure 5. (a) Synthesis of cyanamide from dithiocarbamate. Reproduced from [71]. Copyright (2012),
with permission from Taylor and Francis. (b) Synthesis of thiourea from dithiocarbamate and amines.
Reproduced from [73]. Copyright (2009), with permission from Elsevier. (c) Synthesis of amide from
dithiocarbamate. Reproduced from [75]. Copyright (2011), with permission from Royal Society of
Chemistry.
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6. Application of Dithiocarbamate Compounds in Agriculture

One of the uses of dithiocarbamate is in the eradication of diseases of plants and
livestock. They have been used as pesticides to either prevent or eliminate plants’ diseases.
The growth of unwanted plants has also been prevented or eliminated through the use
of dithiocarbamate compounds. Some of the dithiocarbamate compounds that have been
used for these applications are discussed in this section.

6.1. Application of Dithiocarbamate Compounds as Herbicides

Dithiocarbamate-based herbicides contain groups such as dimethyldithiocarba-
mate, ethylenebis(dithiocarbamate) and propylenebis(dithiocarbamates). Examples
of dithiocarbamate-containing herbicides are Metiram, Dazomet, Thiram, Disulfiram,
Propineb, Maneb, Ziram and Zineb [77], although some of them are also used as pesti-
cides. These herbicides are majorly used to prevent the growth of some broadleaf weeds
as well as plants such as crabgrass, cheatgrass, bromegrass and foxtail [78]. Even plant
that generates oxidants (active oxygen species) was successfully eliminated through
dithiocarbamate herbicides [79]. Adjustment of the lipophilic and hydrophilic properties
of dithiocarbamate by introducing groups such as sodium salts of dibutyldithiocarbamic
acids, hexyl (2-(2- ethoxyethoxy) ethyl) dithiocarbamic acid, butyl (2-(2-ethoxyethoxy)
ethyl) dithiocarbamic acid and ethyl (2-(2-ethoxyethoxy) ethyl)-dithiocarbamic acid was
found to aid the action of dithiocarbamate as the pesticide. This is because of better
penetration of plant cuticles compared to when ordinary sodium diethyldithiocarbamate
was used as the herbicide [79]. Diallate, Sulfallate, Dazomet and Triallate are other
common dithiocarbamate-based herbicides (Figure 6). Diallate [S-(2,3 dichloroallyl-
)diisopropylthiocarbamate] is used to control monocotyledon weeds and it acts by
attacking their fatty acids [80].

Figure 6. Examples of common dithiocarbamate-based herbicides. (One of the sulphur in dithiocar-
bamate has been replaced in diallate and triallate).

6.2. Application of Dithiocarbamate Compounds as Pesticides

Pesticides made from dithiocarbamates are used as fungicides for various crops during
processes such as shipment, storage and growth [81]. The structures of some of these
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dithiocarbamate-based pesticides are shown in Figure 7. These pesticides also kill the larva
of some pests that cause plants’ and farm animals’ diseases, thereby boosting food security.
For instance, both tricyclohexyltin and triphenyltin N-n-butyldithiocarbamate have been
used as larvicide against the larva of Aedes aegypti and Anopheles stephensi mosquitoes [82].
These dithiocarbamates were found to be effective against the larva of these mosquito
species. Moreover, Meloidogyne incognita, which is a disease caused by nematode, was
eradicated by using dithiocarbamate derived from chitin oligosaccharide [83]. The derived
dithiocarbamate pesticide has high activities for eliminating the nematode. In addition,
it inhibits the hatching of eggs, thereby decreasing the population of the nematodes [83].
Specific examples of how these pesticides are being used are shown in Table 4.

Figure 7. Examples of dithiocarbamate pesticides.
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7. Medical Applications of Dithiocarbamate Compounds

The use of dithiocarbamate compounds in medicine has been investigated for more
than 40 years [96]. One such application is their use as anti-angiogenic agent and they
are usually evaluated for this application by studying their potential to heal wounds. For
example, thalidomide dithiocarbamate was evaluated for wound healing to confirm its
usage as the anti-angiogenic agent [97]. Dithiocarbamate ligands and complexes have also
been studied for magnetic resonance imaging and other radiopharmaceutical imaging [96].
Gold nanoparticles functionalized with biomimetic amino acid dithiocarbamate were used
as nanoprobe for cell imaging as a result of their negligible toxicity to human cells. This
dithiocarbamate compound showed an enhancement factor of 9.8 × 105 when used for
surface-enhanced Raman scattering imaging [98]. Generally, the medical applications
could be ascribed to their ability to form metal chelate and the high reactivity of dithio-
carbamate anions to other moieties (such as thiol) [98,99]. Other medical applications of
dithiocarbamate, which are discussed in this review, are summarized in Figure 8.

Figure 8. Medical applications of dithiocarbamate compounds.

7.1. Application of Dithiocarbamate Compounds as Enzyme Inhibitor

A hydrolyzing enzyme (α-Glucosidase), which is important in the breaking down of
starch and carbohydrate to glucose, is usually a target enzyme in the treatment of diabetes
mellitus [100,101]. Among the compounds that has been used for the inhibition of this
enzyme, coumarin-dithiocarbamate scaffold has proven to be very effective and this has
made it a useful compound in the treatment of type 2 diabetes. Coumarin-dithiocarbamate
is a competitive inhibitor of α-glucosidase since it binds to its active site as evidenced
by results obtained from molecular docking [101]. Specifically, there is formation of a
hydrogen bond between the amino acid (His279) and coumarin moiety [100]. Pyrrolidine
dithiocarbamate has also been used as an effective inhibitor of enzymes, specifically the
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nuclear factor kappa B [102]. A metalloenzyme, carbonic anhydrase, which is involved in
the reversible reaction of forming bicarbonate from carbon dioxide in the body has also been
inhibited by the derivative of dithiocarbamate-sulfonamide [103]. Its inhibition is usually
required when it starts to display abnormal activities in the body of animals, which may lead
to physiological disorder such as altitude sickness, epilepsy, glaucoma, cerebral and retina
oedema [104]. The treatment of ‘superbug’ infection has been made possible through the
inhibition of metallo-β-lactamases which are responsible for the infection. Dithiocarbamates
play significant roles in the inhibition of this enzyme because the carbonyls and hydroxyl
group in some dithiocarbamate compounds effectively bind to the zinc in the active site of
this enzyme, leading to their inhibition [105]. Dithiocarbamate coupled with phthalimide
is a competitive inhibitor of butyrylcholinesterase and acetylcholinesterase. This inhibitive
property makes it suitable for the treatment of Alzheimer’s Disease [106].

7.2. Application of Dithiocarbamate Compounds in HIV Treatment

Elimination of HIV is very challenging with the current retroviral treatment due to
numerous latently infected CD4T cells. This is because the available treatment requires
placing the patients on drugs for a long period of time and some of these drugs are
associated with known side effects. However, the treatment is active in prolonging the
survival of the patient, thereby reducing the mortality associated with HIV infections
and minimizing the transmission of the disease [107]. The quest for the improvement of
these existing medications has resulted in a continuous search for novel HIV inhibitors.
Dithiocarbamate has been investigated as a possible HIV inhibitor. For instance, zinc-
dithiocarbamate-S,S′-dioxidcyclic zinc-dithiocarbamate-S,S′-dioxide was used to effectively
inhibit HIV. Specifically, HIV-1 was inhibited by mediating a cell-to-cell fusion between anti-
CXCR4 and CXCR4 that is present on the cell’s surface [108]. Dithiocarbamate compounds
have also been used to delay the progression of HIV into AIDS. Diethyldithiocarbamate has
been reported for this purpose and it was found to be active in delaying the proliferation
of the virus [109]. Pyrrolidine dithiocarbamate has also been found to be useful in the
treatment of HIV because it inhibits the nuclear factor-κB [110]. It acts as an antioxidant
to block the activation of HIV-1 and nuclear factor KB (NF-KB) since oxygen radicals
play significant roles in the activation of HIV-1 and NF-KB [111]. Other studies have
also established the link between nuclear factor-κB, immune systems and HIV [2,112].
Lang et al. [113] observed that the HIV symptoms were relieved, the immune function was
enhanced overall and the progression of HIV was retarded when sodium dithiocarbamate
was used as an oral drug for HIV patients. One of the reasons why sodium dithiocarbamate
was found to be useful for this purpose was because of its relatively low toxicity when
compared to other dithiocarbamates and this was further shown by its lethal dose (LD50),
which was measured to be 1.5 g/Kg of body weight from the investigation conducted
with rats and mice [114]. Furthermore, sodium dithiocarbamate drugs did not in any way
initiate any major biological or clinical side effects [115].

7.3. Application of Dithiocarbamate Compounds in the Treatment of Other Diseases

Dithiocarbamates are also useful antiglaucoma agents, even better than sulfonamide
dorzolamide which is a clinically-recognized drug for treating glaucoma [116]. That dithio-
carbamate compounds are easy to prepare, coupled with their ability to lower the intraocu-
lar pressure, made them the preferred compounds compared to the sulfonamides [116]. The
fact that dithiocarbamate compounds could inhibit carbonic anhydrase make them more
suitable for treating glaucoma [117]. They can also inhibit carbonic anhydrase, which leads
to the treatment of several diseases/disease conditions. Some of these diseases are edema,
epilepsy, obesity, hypoxic tumor, inflammatory diseases, neuropathic pain, Alzheimer dis-
eases and cerebral ischemia [117]. Pyrrolidine dithiocarbamate was reported for the repair
of damaged lungs (lung edema) instead of lung transplant. Pyrrolidine dithiocarbamate
acted by inhibiting NF-Kb, thereby suppressing the activation of immunity during lung
reconditioning via ex vivo lung perfusion [118]. In addition to lung treatment, this dithio-
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carbamate compound was used for the treatment of epilepsy by protecting the piriform
cortex of the cerebrium without causing loss of hilar neuronal [119]. There was an increase
in the generation of reactive oxygen species in the renal cortical and a decrease in the
lipoprotein level of the tested animals that were fed with water containing pyrrolidine
dithiocarbamate [120]. In fact, some dithiocarbamate compounds are under clinical trial for
the treatment of corona virus (SARS-CoV-2) [9]. Examples of the common dithiocarbamates
used for the treatment of various diseases are shown in Figure 9.

Figure 9. Representative of dithiocarbamate compounds used for the treatment of diseases.

Dithiocarbamate drugs (Propineb, Zineb and Maneb) were also found to be useful in
the treatment of leishmaniasis, a protozoan disease [121]. The disease is common in the
subtropical and tropical countries and has claimed several lives [122]. Before the discovery
of dithiocarbamate drugs, miltefosine, paromomycin and amphotericin, which are expen-
sive, were used but it was discovered that the disease had developed resistance against
these drugs and some side effects were also reported [123]. The dithiocarbamate-based
drugs were found to be particularly useful because they have no significant effect on the
mammalian cells as they lead to the death of Leishmania cell with a lethal dose of 50% [121].
Bromine-containing ethylsarcosinedithiocarbamate of gold complex has been used to treat
trypanosomiasis caused by Trypanosoma brucei rhodesiense and other parasites [124]. Apart
from the fact that gold itself has inhibitory properties against these parasites, the amine-
end of the dithiocarbamate compound also initiates the generation of reactive oxygen
species leading to the death of the parasites [125]. Brassinin, which is a dithiocarbamate
compound, and its derivatives have been found to be active against Trypanosoma cruzi
(trypanosome that cause Chagas diseases). It has displayed a good antiproliferative ef-
fects that is similar to benznidazole and nifurtimox, which are well known antichagasic
agents [126]. Apart from brassinin, Ochoa et al. [127] synthesized 34 dithiocarbamate
compounds (3,5-disubstituted-tetrahydro-2H-1,3,5-thiadiazine-2-thione derivatives). Some
of these compounds were reported for the treatment of Chagas diseases. They have the
ability to generate reactive oxygen species, leading to oxidative damage of Trypanosoma
cruzi. One of the psychological implications of diabetes 1 and 2 is anxiety [128]. Studies
conducted by using mice showed that pyrrolidine dithiocarbamate showed anxiolytic-like
effects [129]. Table 5 presents some of the diseases in which the use of dithiocarbamate
compounds have found relevance.
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7.4. Anti-Inflammatory Application of Dithiocarbamate Compounds

Aspirin and the non-steroidal anti-inflammatory drugs have side effects [141]. As a
result of the side effects, alternative anti-inflammatory drugs that have minimal toxicity and
side effects without compromizing the efficiency are required [142]. The dithiocarbamate-
based compounds have also been discovered to possess anti-inflammatory properties.
Song et al. reported the replacement of nitrogen position of indoles with dithiocarbamate
groups at room temperature, which were found to inhibit the release of interleukin-6 and
tumor necrosis factor alpha, thereby displaying anti-inflammatory properties [143]. This
anti-inflammatory property was found to be useful in the treatment of acute lung injury
because it perpetuates, amplifies and mediates anti-inflammatory injury, thereby leading
to inflammatory response blockage [144,145]. Another dithiocarbamate compound that
has been utilized for anti-inflammatory properties is pyrrolidine dithiocarbamate and
one of the reasons why it is considered for this application is its stability at physiological
pH in solution, in addition to its ability to traverse the cell membrane [146]. Pyrrolidine
dithiocarbamate was effective against chronic and acute inflammation [147].

7.5. Anticancer Application of Dithiocarbamate Compounds

There are more than 10 million cases of cancer every year around the world [148],
and it is one of the leading causes of death [149]. Hence, there is need for the synthesis of
novel anticancer agents to complement the existing anticancer drugs. Several compounds
containing dithiocarbamate have been investigated as anticancer agents and they act by
inhibiting enzymes responsible for cancer growth (such as catalase), alter the production of
reactive oxygen species or trigger the induction of apoptosis at the mitochondria [150]. For
example, the ability of diethyldithiocarbamate to chelate copper was utilized in treating
both breast and prostate cancer. This chemotherapeutic cancer treatment worked through
the accumulation of copper in the cancerous tissues and cells [109]. The copper complexes
also have the ability to initiate the inhibition of proteasome and cause apoptosis in the
cancer cells of humans. Similar to copper dithiocarbamate, zinc dithiocarbamate was also
found to have a similar effect on cancer cells but it occurs through a different mechanism.
Despite the difference in mechanism, caplain is involved in the apoptotic cell death process
of dithiocarbamate of both zinc and copper [151]. Dithiocarbamate complexes of trivalent
gold have also been found to be effective against cancer cells [152]. Similarly, derivatives
of benzoxazole with dithiocarbamate moieties were found to be active in the treatment
of breast cancer [153]. Gamma glutamyl transferase was used as trigger for copper di-
ethyldithiocarbamate prodrug and it was used for the treatment of prostate cancer, which
is the second most common cancer among men. The drug showed high antiproliferative
efficiency within 24 h in prostate cancer cells [154]. Thiocarbonylthiol compounds have
been found to be a good anticancer agent with reduced toxicity when compared to cis-
platin, a very known anticancer agent. The anticancer activity of thiocarbonylthiol occurs
by inducing apoptosis and induction of DNA damage [155]. The anticancer activities of
dithiocarbamate often occur via unrestrained cell death as a result of inflammation, hypoxia
or other external damage leading to the release of the content of the cytoplasm into the
surroundings. This cell damage through these means is termed necrosis [156].

7.6. Antimicrobial Applications of Dithiocarbamate

The presence of donor atom (sulphur) in dithiocarbamate compounds makes them
possess good antimicrobial properties. So, they are able to form a chelate with positively
charged metal ions. The sulphur atom reduces the polarity of the binding metal through the
delocalization of electrons over the entire chelate ring. This process makes the permeability
of the microbes feasible [157,158]. In some cases, there is formation of a hydrogen bond
between the active center of the microbe and the –N_ (S)SH group of the dithiocarbamate,
leading to an interference of the physiological processes of the cells [157,158]. The common
micro-organisms that dithiocarbamate compounds have been used against are bacteria,
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fungi and virus. Different dithiocarbamate compounds that have acted against these
microbes will be discussed in this section.

7.6.1. Antibacterial Application of Dithiocarbamate Compounds

There is increased interest in the development of novel antibacterial substances as a
result of the increase in the number of drug-resistant bacteria. Silver(I) dithiocarbamate
triphenylphosphine complexes have showed better antibacterial properties, greater than
ciprofloxacin against Gram (−) and Gram (+) bacteria. The bacteria used for the investiga-
tions are Staphylococcus aureus, Salmonella typhimurium, Escherichia coli, Klebsiella pneumoniae
and Pseudomonas aeruginosa. It was observed that this dithiocarbamate complex displayed
better antibacterial activity against Gram (+) positive bacteria than the Gram (−) negative
bacteria with the exemption of K. pneumonia. The reduced activity of the dithiocarbamate
complex could be linked to the fact that the cell wall of Gram (−) is made of several layers
unlike the cell wall of Gram (+) bacteria, which is made of a single layer. Hence, the
penetration of dithiocarbamate is hampered by multiple cell walls [159]. Another novel
compound, 1,2,3-triazole-dithiocarbamate-naphthalimides, showed good antibacterial ac-
tivity against Staphylococcus aureus, Bacillus subtilis, Escherichia coli and Candida albicans.
Notably, this novel compound showed a better antibacterial performance than a common
antibacterial drug (Cefuroxim) when it was tested against B. subtilis [160]. Derivatives
of isatin dithiocarbamate have also been investigated as an antibacterial agent against
both Gram (+) bacteria (Strep. Pneumonia and Staph. aureas) and Gram (−) bacteria (Pseud
aeruginosa and Escherichia coli). It also showed satisfactory antibacterial activities against
these bacteria when compared to antibacterial activities of some common drugs [161]. In
all the antimicrobial investigations, the methods used were broth dilution, disc diffusion,
zebrafish model, well diffusion, tube diffusion, agar dilution, broth micro-dilution methods
or the combination of the methods. Other dithiocarbamate investigated for antimicrobial
activities are shown in Table 6.

Table 6. Specific examples of antibacterial properties of dithiocarbamates against some bacte-
rial strains.

Dithiocarbamate
Compounds

Bacteria Conc. of Isolation
Min. Inhibitory Conc.

Range
Ref.

Phenyl dithiocarbamate mixed
ligand metal complexes

Escherichia coli, Proteus valgaris,
Salmonella typhii, Shigella flexneri,

Staphylococcus aureus, Bacillus
subtilis, Streptococcus pneumonia,

Psendomonas aeruginosa, Vibro
chlolerae and Klebseilla pneumonia

10 mg/mL 6–8 nm [6]

sodium
cyclohexyldithioc-arbamate and
sodium phenyldithiocarbamate

Salmonella typhi, Proteus mirabilis,
Pseudomonas aeruginosa, Bacillus

cereus and Bacillus subtilis
15–30 mg/mL

(7.7–16.3 mm) and
(8.5–19 mm)
respectively

[162]

tris(ephedrinedithiocarbamate)
complexes

Pseudomona aeruginosa,
Staphylococcus sciuri, Enterococcus

caseofluvialis, Staphylococcus
aureus, Enterobacter cloacae,
Salmonella dublin, Klebsiella

pneumonia and Escherichia coli

25–100 μg/mL 14.6–126.5 μM [163]

N-ethyl-N-
phenyldithiocarbamate

complexes

Staphylococcus aureus, Salmonella
typhi, Pseudomonas aureginosa

and Escherichia coli
100 μg/mL - [164]

Dibenzyldithiocarbamate

Mycobacterium smegmatis
Staphylococcus aureus,

Pseudomonas aeruginosa and
Escherichia coli

0.5 mg/mL 64–1000 μg/mL [165]
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Table 6. Cont.

Dithiocarbamate
Compounds

Bacteria Conc. of Isolation
Min. Inhibitory Conc.

Range
Ref.

Rh(III)-morpholine-4-
dithiocarbamate

Salmonella typhai, Pseudomunas
aeroginosa, Proteus mirabilis,

Yersinia enterocolitica, Enterococcus
faecalis Staphylococcus aureus

50 ppm 5–28 mm [166]

silver(I) dithiocarbamate
triphenylphosphine

Escherichia coli, Salmonella.
typhimurium, Pseudomunas

aeruginosa, Klebsiella pneumonia,
Staphylococcus aureus

1000 μg/mL 0.19–75.45 μM/mL [159]

N-methyl-N-phenyl
dithiocarbamate complexes of

Cu(II), In(III) and Sb(III)

Bacillus cereus, Enterococcus
faecalis, Enterococcus gallinurium,
Listeria monocytogenes, Listeria
monocytogenes, Staphylococcus

aureus, Escherichia coli, Klebsiella
pneumonia, Salmonella enterica
and Salmonella Typhimurium

0.022–2.522 μg/mL 7.00–19.33 mm [167]

7.6.2. Antifungal Application of Dithiocarbamate Compounds

The reduction in the plant yield as a result of fungal infections coupled with the nega-
tive impacts of fungi on the health of plants and animals makes the synthesis of efficient
antifungal compounds of utmost priority. Dithiocarbamates are one of the numerous com-
pounds that have been investigated as antifungal drugs. For example, two fungi (Candida
albicans and Candida tropicalis) extracted from HIV patients that are also suffering from
oral candidiasis were rendered passive in the presence of organotin(IV) dithiocarbamates.
The organotin dithiocarbamate was able to achieve this by suppressing the ergosterol
synthesis without cytochrome deactivation [168]. Plant pathogenic fungi have also been
eradicated by using dithiocarbamate compounds as antifungal agents [169]. Alternaria porri
and Fusarium oxysporum, which are plant pathogens were inhibited by using ammonium
dithiocarbamate coupled with chitosan [170]. The inhibitory effect of this dithiocarbamate
compound was clearly better than when chitosan alone was used as the antifungal agent.
From the investigation conducted by Ferreira et al. [171] dithiocarbamate complexes con-
taining nickel, platinum and palladium were found to be effective against several fungi
(Penicillium citrinum, Aspergillus niger, Aspergillus flavus and Aspergillus parasiticus). The
antifungal activities of these dithiocarbamates were found to be better than some known
antifungal drugs (nystatin and miconazole nitrate). When the antifungal activities of dithio-
carbamate complexes of nickel and palladium were compared by this same group [171],
the nickel complexes were more effective against Aspergillus parasiticus, whereas palladium
complexes were more effective against Aspergillus flavus. Three organotin dithiocarbamate
compounds (tributyltin dithiocarbamate propionates, tributyltin dithiocarbamates and
dibutyltin dithiocarbamates) have been reported to possess antifungal activities against
fungi that destroy woods (Coriolus versicolor, Coniophora puteana and Serpula lacrymans).
The antifungal activities of these dithiocarbamate compounds is comparable with that of
tris-(benzyltriazolylmethyl)amine, a common antifungal compound [172].

7.6.3. Antiviral Application of Dithiocarbamate Compounds

The treatment of several viral infections have been carried out via dithiocarbamate-
containing ligands and complexes. One of the common dithiocarbamates that has been
utilized for this purpose is pyrrolidine dithiocarbamate. It was used to alter the pathogene-
sis of cells infected with dengue virus and its high replication ability was inhibited. In fact,
this dithiocarbamate was observed to be more active against dengue virus than gefitinib,
which is a receptor inhibitor [173]. Enterovirus 71, which is a viral disease that affects
the mouth, foot and hand of animals have been treated with pyrrolidine dithiocarbamate.
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There was significant reduction in the yield of the virus after cell culture was treated with
this dithiocarbamate [174]. Antiviral properties of pyrrolidine dithiocarbamate have also
been investigated against herpes simplex virus, influenza virus, rhinovirus and cox sackie
virus B3 [174].

7.7. Application of Dithiocarbamate in Medical Imaging

Two dithiocarbamate ligands, (methoxyisobutyl dithiocarbamate) and tert-butyl dithio-
carbamate, were radiolabeled with 99mTc-nitrido core and used for myocardial imaging.
These dithiocarbamate ligands performed better than 99mTcN(NOEt)2, which was already
on phase III clinical trial for the same imaging application [175]. The synergistic applica-
tion of magnetic resonance imaging (MRI) and positron emission tomography (PET) was
achieved with radio-labelled copper dithiocarbamate bonded to iron trioxide. This dual
modality imaging (Figure 10) was possible due to the accumulation of this dithiocarbamate
compound in the lymph nodes without translocation of radioactivity to other parts of the
tissues. The results were also obtained faster with less dose of radiation required compared
to other common dual MRI-PET agents [176].

Figure 10. In-vivo dual MRI-PET images obtained from mouse using isotopic-labelled copper dithio-
carbamate complex. (A,B) Popliteal nodes of coronal (top) and short axis (bottom) MR images of the
lower abdominal area and upper hind legs before (A) and after (B) injecting dithiocarbamate imaging
agents. (C) Coronal (top) and short-axis (bottom) images showing the uptake of the dithiocarbamate
(D) image of the whole body of the mouse. Reprinted from [176]. Copyright (2011), with permission
from Wiley and Sons.

Ciprofloxacin dithiocarbamate has been radiolabeled with 99mTcN complex and used
for imaging infections in mice. The binding affinity of the complex significantly improved
compared with similar compounds without dithiocarbamate. Moreover, the complex was
stable for more than 6 h at room temperature [177]. Dithiocarbamate compounds have also
been useful in imaging tumor tissues and this is as a result of the good tumour/muscle
ratios of these compounds. In addition, their high tumour uptake leading to their ac-
cumulation in the site containing tumors makes them suitable for imaging applications.
An example of such a compound is 99mTc(V)-glucoheptonate radiolabeled deoxyglucose
dithiocarbamate [178].
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8. Application of Dithiocarbamate Compounds in the Industries

Several industries are using dithiocarbamate as the starting materials in different
industrial processes and this has spiked the consumption of dithiocarbamate compounds.
Some of the industrial uses of dithiocarbamate compounds that will be discussed in this
section are shown in Figure 11.

Figure 11. Industrial applications of dithiocarbamates.

8.1. Application of Dithiocarbamate Compounds as Vulcanization Accelerator

Vulcanization accelerator is required for large scale production of rubber becaused it
improves the state and rate of crosslinking of rubber during the process [179]. Thiocarban-
ilide, guanidine and aniline have been used as accelerators, and the vulcanization process
(in their presence) was found to be faster than sulphur vulcanization. However, these
accelerators showed different levels of toxicity [179,180]. Vulcanization of nitrile butadiene
and other types of rubber are now speeded up by dithiocarbamate. This is due to its ability
to simultaneously enhance the state and rate of vulcanization [179]. Wang et al. [181] inves-
tigated the effect of using sodium, zinc and lanthanium dithiocarbamate as a vulcanization
accelerator. The vulcanization carried out with these dithiocarbamates was fast compared
to the investigation without dithiocarbamate. Among the metal dithiocarbamates used for
the investigation, lanthanium diethyldithiocarbamate was observed to perform better in
accelerating vulcanization process. The rate of rubber acceleration further increased when
rubber black was also added as an additive to assist dithiocarbamates. The carbon black
has functional groups such as lactones and phenolic, which allows it to react with sulphur
to form a network during vulcanization [182]. In a similar investigation, samarium lysine
dithiocarbamate was reported to accelerate the vulcanization process and also boosted the
crosslink of the network. The introduction of stearic acid and zinc oxide as the activators
further enhanced the properties of the rubber produced [183].

Amine-containing zinc dithiocarbamates were also found to be effective as a vulcan-
ization accelerator. Some of these dithiocarbamates are zinc (N-ethyl piperazino) dithiocar-
bamate and zinc (N-benzyl piperazino) dithiocarbamate. They were found to be safer and
were able to improve the ability of rubber to withstand aging unlike zinc dimethyl dithiocar-
bamate [184]. Apart from using dithiocarbamate directly for accelerating vulcanization, the
dithiocarbamates have also been found to be good precursors for preparing other materials
that were used as the vulcanization accelerator. For instance, molybdenum dialkyl dithio-
carbamate was used as a precursor for preparing molybdenium sulphide nanoparticles,
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which were then used as catalysts for speeding up the rate of vulcanization [185]. Some-
times, dithiocarbamates could be useful as a bridge for other structures, thereby resulting
in a composite with improved vulcanization kinetics. This was demonstrated by using
lanthanum glutamic dithiocarbamate to bridge silica with styrene butadiene rubber and
the resulting composite was used as a vulcanization accelerator. Other examples of dithio-
carbamates that were used as vulcanization accelerator are zinc diisononyldithiocarbamate,
zinc isobutyldithiocarbamate, zinc dibenzyldithiocarbamate, zinc dibutyldithiocarbamate
and zinc diethyldithiocarbamate [186]. Several modifications have been carried out to
improve the performance of these dithiocarbamates as vulcanization accelerator. One
such attempt is the use of zinc salts of butyl, isopropyl and ethyl xanthates along with
these dithiocarbamates and it has yielded a positive outcome [182]. The introduction of
phosphorus into dithiocarbamate to form phosphorylated dithiocarbamates has also been
reported as a vulcanization accelerator and this was also discovered to give more positive
results compared with ordinary dithiocarbamates [187].

The studies carried out by Nieuwenhuizen et al. [188] showed the use of zinc dithiocar-
bamate as a vulcanization accelerator. The complex acts as a mediator between the rubber
and sulphur. It brings the sulphur atom in the ring of zinc dithiocarbamate and introduces it
into the carbon–hydrogen bond through a reaction involving a double bond. The resultant
product of this reaction is polythiothiol and some of them further undergo methathesis
reaction leading to the formation of polysulphide. Desulfhydration of polythiothiols may
also occur, leading to the formation of hydrogen peroxide and sulphides. These reactions
and products lead to the increase in the speed of vulcanization.

8.2. Application of Dithiocarbamate Compounds as Froth Flotation Collector

In froth flotation, a collector is needed to capture the mineral that is needed. The
principle upon which the collector acts is that the active sites of the mineral interact with the
polar region of the collector, while the non-polar region of the collector binds to the bubbles.
The combination of adsorbed mineral particles and the collector binds to the surface of the
slurry, leading to efficient separation [189]. Several mineral (such as sulphides of lead, zinc
and tin) ores have been obtained via the use of collectors as the flotation agent. Xanthates
are common collectors that are used for this purpose, but it has been discovered that
oxidized mineral ores showed insufficient response to xanthate collector [190]. This slow
response necessitated the sulphidation of the oxidized minerals prior to conditioning with
the collector so as to improve the performance of the process [191]. The sulphidations are
carried out by using ammonium sulphide, sodium hydrosulphide or sodium sulphide [192].
To carry out flotation without sulphidation, hydroxamic acids were used as froth flotation
collectors but their performance depends on the nature of the ore [192]. So, there is a need
for a more efficient flotation collector.

Dithiocarbamate compounds have been investigated as a possible replacement for
these known collectors. For example, 2-hydroxyethyl dibutyldithiocarbamate has been
used as surfactant collector for the removal of galena from sphalerite. This was achieved
by using 4 × 10−4 mol·L−1 of the dithiocarbamate compound. Its effectiveness was proven
through the adsorption mechanism, which revealed that the presence of this dithiocarba-
mate improved the hydrophobicity of the surface of galena via the process of chemisorption.
S-benzoyl-N,N-diethyldithiocarbamate is another flotation surfactant collector and its per-
formance was better than that of isobutyl xanthate and diethyldithiocarbamate. Similar
to 2-hydroxyethyl dibutyldithiocarbamate, S-benzoyl-N,N-diethyldithiocarbamate also
displayed enhanced selectivity for galena in the presence of aphalerite [193]. In some cases,
dithiocarbamates are used as co-collector along with other known collectors. Ngobeni et al.
used both xanthates and sodium di-methyl-dithiocarbamate to separate nickel ores from
pentlandite in a South African mine. Their study showed an enhanced nickel recovery
when these co-collectors were used together. This indicated that selectivity of the collector
improved in the presence of dithiocarbamate [194]. In another investigation, varied ratios
of di-n-propyl dithiocarbamates and cyclo-hexyl dithiocarbamates were used as collectors
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along with other sulphur-containing collectors. The presence of dithiocarbamate resulted
in the recovery of more than 80% of the ore. Finally, the recovery of galena from the
ore containing several metallic sulphides was enhanced when S-benzyl-N-ethoxycarbonyl
thiocarbamate was used as the collector. Its performance was even better than that of ammo-
nium dibutyl dithiophosphate and sodium diethyl dithiocarbamate which are conventional
collectors [68]. The same performance was observed when N-[(3-hydroxyamino)-propoxy]-
N-octyl dithiocarbamate was used as the collector for extracting cassiterite [195].

Dithiocarbamate compounds also found application in the extraction of precious
metals from their ores. This is connected to their usefulness as froth flotation collectors. S-
cyanoethyl N,N-diethyl dithiocarbamate and S-cyanoethyl N,N-diethyl dithiocarbamate are
two dithiocarbamate compounds that have the ability to form an undegraded compound
with gold when it is in aqueous form. This ability qualifies them as collector for recovering
gold from their ores. In addition, S-cyanoethyl N,N-diethyl dithiocarbamate also enhances
the floatability of chalcopyrite, which makes it useful in the extraction of high quality
copper with minimal arsenic contaminant [196]. Modified dibutyldithiocarbamate and
diethyldithiocarbamate performed the same function in the extraction of gold from its ore
with a better gold recovery [197].

8.3. Application of Dithiocarbamate Compounds as Antifouling/Electroplating Agents

The control of organisms responsible for fouling in the marine environment has been a
subject of research, which has led to the use of dichlorodiphenyltrichloroethane/tributyltin,
8-methyl-N-vanillyl-6-nonenamide and triphenylborane pyridine as antifouling agents.
Further research has shown that zinc ethylene(bis) dithiocarbamate can also perform a
similar function [198]. Zinc dithiocarbamate was added to some known antifouling agents
and the overall effect was discovered to be synergistic, which implies that the dithiocar-
bamate could be used alone or in a mixed form as antifouling agent [199]. Zwitterionic
phenyl phosphorylcholine dithiocarbamate was able to lower the adsorption of protein
into the surface of the gold electrode, thereby reducing fouling in these electrodes. The
dithiocarbamate-containing zwitterionic phenyl phosphorycholine performed better than
when diazonium salt was used to replace dithiocarbamate in the same compound [200].

8.4. Application of Dithiocarbamate Compounds in Coatings

The formation of coatings that is rich in phosphophyllite is possible when phosphate
is being used for coating with the addition of long-chain dithiocarbamates. The effect is
the rise in the soluble iron, wet adhesion and alkaline stability of the phosphate coatings.
In short, the presence of dithiocarbamate as the additive makes electrophoretic deposi-
tion feasible [201]. The corrosion resistance and porosity of zinc-phosphated steel was
also enhanced when dithiocarbamate compounds such as octadecyldithiocarbamate, hex-
adecyldithiocarbamate and dodecyldithiocarbamate were used as additives during the
coating process [202]. The need to minimize acid mine drainage or acid rock drainage,
which cause problems in the environment, led to the coating of the pyrite [203]. Some of
the chemical species that have been used for this purposes are oxalic acid, natural lignin,
fatty acid, humic acid and acetyl acetone and they all act by slowing down the oxidation
of pyrite. However, their usage requires the use of hydrogen peroxide which also has a
negative impact on the environment. Besides, coating involving phosphate and silicate
has little stability when the pH is too low [204]. To overcome these challenges, sodium
triethylenetetramine-bisdithiocarbamate has been used to coat pyrite. It acts by forming
a passivating cross-link on the surface of the pyrite and the formed crosslink is not only
hydrophobic but it also prevents the release of metals even at a low pH [204].

8.5. Application of Dithiocarbamate Compounds as Lubricant Additives

Improvement of lubricants is vital for the durability and efficiency of energy generated
in the machines [205]. One of the strategies adopted to enhance the quality of lubricants is
to introduce additives. Other reasons for introducing additives to lubricants are to cut down

358



Int. J. Mol. Sci. 2022, 23, 1317

the gas environmental pollutants and to minimize the consumption of fuels [206]. Dithio-
carbamates are also a known sulphur-containing lubricant additive and antiwear agent.
Depending on their chemical properties and structures, dithiocarbamate additive promotes
the economy of the fuel, boosts its load-carrying potential and reduces the possible wear
and tear [207]. Tribological applications of several metal dithiocarbamate complexes have
been investigated. Among the tested lubricant additives, molybdenum dialkyl dithiocarba-
mate was reported to be the most effective among the dithiocarbamate complexes based
on the fuel economy, lubricant viscosity and driving cycle results [208]. Introduction of
zinc dialkyldithio-phosphate to molybdenium dialky dithiocarbamate further improved
the tribological properties of molybdenium dialky dithiocarbamate [209]. Shah et al. [210]
investigated the comparative efficiencies of S-hydroxyethyl-N,N′-dibenzyldithiocarbamate
(HE-BzDTC), S-(Di-n-butyl-borate)-ethyl-N,N′-dibenzyldithiocarbamate (DBB-EBzDTC),
S-(Di-n-octyl-borate)-ethyl-N,N′-dibenzyldithiocarbamate (DOB-EBzDTC) and S-(Di-n-
octyl-borate)-ethyl-N,N′-di-n-ethyldithiocarbamate (DOB-EEDTC) as lubricant additives.
The performances of these dithiocarbamate compounds were compared with those without
dithiocarbamate, and remarkable performance was observed compared to the additives
without dithiocarbamates (as shown in Figure 12).

Figure 12. (a) The lubricating performance of oil without dithiocarbamate additives compared with
the oil incorporated with dithiocarbamates (b) DBB-EBzDTC (c); DOB-EBzDTC and (d) DOB-EEDTC.
Reprinted with permission from Springer Nature, Tribology letters [210]. Copyright (2011).

8.6. Application of Dithiocarbamate Compounds as Sensor

Chromogenic properties of dithiocarbamate anions are utilized in detecting both or-
ganic and inorganic pollutants. In some cases, dithiocarbamates are attached to other
fluorescent moieties to sense pollutants even at a very low pollutant concentration [211].
Dithiocarbamate modified with gold was reported as sensor for divalent zinc through
trimodal techniques. This sensor is significant because it can perfectly distinguish divalent
cadmium from divalent zinc on the spot [212]. The ability of nickel dithiocarbamate-
containing ortho isomer of sulforhodamine B to show a fluorescence increase when it
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reacts with nitrogen dioxide makes it a good sensor for nitrogen dioxide [213]. Apart from
using dithiocarbamates alone as sensor, they have also been used to functionalize other
materials used as sensor. For instance, the sensing of series of polyaromatic hydrocarbons
has been made possible through the use of silver nanoparticles functionalized with dithio-
carbamates [214]. Moreover, sensing of dithiocarbamate fungicide that is present in water
and fruit juice was achieved through the use of silver nanoparticles functionalized with
dopamine dithiocarbamate [215]. In addition to sensing metals, polyaromatic hydrocarbon,
fungicides and gas, and dithiocarbamates have also found use in the sensing of anions.
Bromide anion was detected when homoleptic cobalt(III) dithiocarbamate was used as
sensor [216]. However, the lability of some of the dithiocarbamate complexes when they
are in solution limited their use as sensor, but they become more applicable when they are
attached to fluorescent moieties. This was adopted when organotin(IV) dithiocarbamate
was added to antracene, which is a good fluorescent moiety to detect O-donor anions
even when the concentrations of these anions were very low [211]. Other investigations
involving the use of dithiocarbamate compounds as sensors are shown in Table 7.

Table 7. Application of dithiocarbamates in sensing.

Dithiocarbamate Compound Substance Sensed Detection Limits Ref.

Chitosan dithiocarbamate Divalent cadmium 63 nM. [217]

Dithiocarbamate
functionalized silver

nanoparticles
Divalent cobalt 14 μM [218]

ZnS quantum dots doped
with glycine dithiocarbamate

-functionalized Mn.
Trivalent cerium 2.29 × 10−7 mol.L−1 [219]

Nickel(II) dithiocarbamate
complexes Halide ions - [220]

Gold nanoparticles
functionalized with

Malonamide dithiocarbamate
Divalent mercury and copper 45 nM and 41 nM for Hg2+ and Cu2+ions

respectively.
[221]

Silver nanoparticles
functioalized with Cyclen

dithiocarbamate

Paraquat and thiram
pesticides

7.21 × 10−6 M and 2.81 × 10−6 M for
paraquat and thiram respectively

[222]

Gold nanoparticles
functionalized with p-amino

salicylic acid dithiocarbamate
Trivalent iron 14.82 nM [223]

Gold nanoparticles decorated
with Ractopamine-

dithiocarbamate
Pendimethalin herbicide 0.22 μM [224]

Gold nanoparticles decorated
with dithiocarbamate-p-

tertbutylcalix[4]arene
Metsulfuron-methyl herbicide 1.9 × 10−7 M [225]

9. Challenges Associated with the Utilization of Dithiocarbamates

Dithiocarbamates that possess aliphatic chains are vulnerable to acid hydrolysis and
liberate CS2 under acidic or neutral conditions. In a very strong alkaline condition, the
aliphatic dithiocarbamates degrade to give mixtures of sulphur-containing compounds
such as sulfonates and disulphides [8]. Catalytic oxidation of thiols by dithiocarbamate
compounds, leading to the inhibition of pro-apoptotic enzymes, has been reported [226].
Dithiocarbamate compounds also play significant roles in the disruption of the developmen-
tal stage of aquatic animals [227]. The product of metabolic degradation of dithiocarbamate
(carbon disulphide) also causes notochord distortions in zebra fish [228]. Dithiocarbamate
compounds have been found to possess biocidal and cytotoxic properties. Their cytotoxity
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was discovered to be related to their structures [229]. Disulfiram, thiram and mancozeb
cause changes in the cell membrane and block glutamate from binding to the receptor,
which results in toxic effects on the brain [230].

10. Conclusions and Future Perspectives

Dithiocarbamate may simply be the solution to the many environmental, medical, agri-
cultural and industrial challenges based on their applications that have been highlighted in
this review. The discussion presented herein is believed to inspire more studies and investi-
gations into new applications of dithiocarbamate compounds. For future research, the use
of dithiocarbamate complexes in medical imaging is still at the infant stage and it needs
to be further explored. For instance, the possibility of using dithiocarbamate compounds
to solve the problem of scattering, sensitivity and absorption in medical imaging should
be investigated. Toxicity of the metal dithiocarbamate complexes should be thoroughly
investigated prior to their use for these applications, so that any possible cytotoxic effect
that could emanate from the introduction of dithiocarbamate into the ecosystem could
be mitigated for the protection of aquatic and terrestrial lives. Moreover, the fate of the
unused dithiocarbamate in the environment and their degradation mechanism through
the use of photocatalysis and other removal methods should be studied. Furthermore,
the effect of dithiocarbamate on the root exudates of common food crops such as maize
and soy bean should be investigated so as to enhance food safety and productivity. While
iron dithiocarbamate has been investigated for the removal of nitrogen oxides from air
samples [231], this investigation needs to be carried out on other air pollutants. Finally,
renewed efforts should be geared towards the synthesis of novel dithiocarbamate ligands
and complexes.
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Abstract: In recent years, some exogenous bioactive peptides have been shown to have promising
anti-aging effects. These exogenous peptides may have a mechanism similar to endogenous peptides,
and some can even regulate the release of endogenous active peptides and play a synergistic role
with endogenous active peptides. Most aging studies use rodents that are easy to maintain in
the laboratory and have relatively homogenous genotypes. Moreover, many of the anti-aging
studies using bioactive peptides in rodent models only focus on the activity of single endogenous or
exogenous active peptides, while the regulatory effects of exogenous active peptides on endogenous
active peptides remain largely under-investigated. Furthermore, the anti-aging activity studies
only focus on the effects of these bioactive peptides in individual organs or systems. However, the
pathological changes of one organ can usually lead to multi-organ complications. Some anti-aging
bioactive peptides could be used for rescuing the multi-organ damage associated with aging. In
this paper, we review recent reports on the anti-aging effects of bioactive peptides in rodents and
summarize the mechanism of action for these peptides, as well as discuss the regulation of exogenous
active peptides on endogenous active peptides.

Keywords: bioactive peptide; anti-aging; rodents

1. Introduction

In modern society, the extension of average life expectancy and the decreased birth rate
have led to aging-related burdens across many regions [1,2]. Aging is a dynamic process
associated with accumulated cell damage, a decline in biological function, and susceptibility
to disease occurring over time [3]. A common and widely recognized mechanism for aging
is oxidative damage caused by the accumulation of reactive oxygen species (ROS) [4], result-
ing from decreased antioxidant capacity, mitochondrial dysfunction, inflammation, etc. [5].
Aging can lead to multiple age-related diseases (ARDs) [6], such as cancer, Alzheimer’s
disease (AD), cardiovascular disease (CVD), metabolic syndrome, obesity, fatty liver, and
many other chronic diseases. The aging process inevitably involves the aging of cells, which
is usually caused by damage at the molecular and cellular level by long-term exposure to
endogenous and exogenous stressors. These damaged cells eventually lose their prolifera-
tive capacity and promote aging at an organism level [7]. These senescent cells can release
a variety of pro-inflammatory factors and chemokines to promote cellular dysfunction,
causing senescence-related diseases. In the process of skin aging, oxidative stress and
inflammation can increase the activity of matrix metalloproteinases (MMPs) and increase
the degradation of collagen, resulting in skin sagging and wrinkle formation. In some
neurodegenerative diseases, such as AD, oxidative stress and inflammation can increase
the accumulation of amyloid plaques (Aβ) and promote lesions in the brain. Oxidative
stress and inflammation also play an important role in the aging of several other organs,
such as the heart, liver, and kidneys. Collectively, these pathological changes can cause a
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variety of complications that affect multiple systems in the body. Thus, ARDs seriously
impact the quality of life, shorten the lifespan, and bring a heavy burden to families and
society. Therefore, in-depth studies of aging are particularly important.

Bioactive peptides are short peptides consisting of 2–20 amino acid residues. They
have positive effects on body functions and generally have antibacterial, antihyperten-
sive, antioxidant, and anti-inflammatory effects [8]. Natural bioactive peptides can be
generally divided into two categories: endogenous peptides, which are naturally released
from precursor proteins and secreted from cells, and exogenous peptides, which are pro-
duced by enzymatic hydrolysis of proteins or by biosynthesis or organic synthesis [9,10].
Bioactive peptide resources have been found in plants (soybeans, walnuts, rice bran, etc.),
animals (some fish, dairy products, etc.), and some fungi and bacteria (yeast, lactic acid
bacteria, etc.). The bioactive peptides used in early research were mainly derived from milk,
cheese, and other dairy products. As research has progressed, active peptides have also
been derived from other foods, including animal products as well as plant products [11].
They have been widely used in animal research, especially in rodents, but with limited
research in humans. This is because rodents are easy to breed in the laboratory setting,
have a short life cycle, and can be rapidly bred. Rodents also share similar genes and physi-
ological functions with humans, making them ideal experimental animal models [12,13].
In this paper, we review the recent progress in anti-aging research involving the use of
bioactive peptides in animal models, especially in rodents. In addition, we also highlight
that aromatic residue, such as Trp, in some of the reported active peptides, can confer their
anti-inflammatory and antioxidant activity. Moreover, many studies on active peptides
mainly focus on the direct effects of these exogenous active peptides but ignore their indi-
rect effects through regulating endogenous antioxidants in vivo. For example, exogenous
active peptides can enhance endogenous antioxidative activity by increasing the levels of
glutathione (GSH), superoxide dismutase (SOD), and bone-derived neurotrophic factor
(BDNF) [14–16].

We divide this review into several sections based on the anti-aging effects on different
organs. In each section, we review the mechanism of aging and the mechanism of action
for the anti-aging effect of these bioactive peptides in each organ. We also summarize their
common mechanism of action in different organs and the synergistic regulatory effects
between endogenous and exogenous active peptides.

2. Bioactive Peptides Delay Skin Aging

2.1. Skin Aging

Skin is the largest organ and the body’s first barrier of defense against external
pathogens. The skin protects the body from environmental damage and invasion of
pathogens, and it is responsible for managing body temperature, sensation, and secretion
function. Aging can cause different degrees of skin damage and interfere with the normal
physiological function of other organs in the body [17]. The etiology of skin aging includes
many factors. Among them, internal aging and photoaging are most common. Aging
can alter the structure, function, and appearance of the skin, eventually leading to the
increase of wrinkles, loss of elasticity, sagging, and pigment precipitation [18]. The main
mechanisms of skin aging are the decrease of antioxidants in the skin, inflammation, and
the degradation of collagen by increased MMPs [19]. Anti-aging bioactive peptides often
act on these aging mechanisms. For example, oral collagen hydrolysates (CHs) can inhibit
the activity of MMPs to reduce the degradation of collagen fibers [20]. Active peptides
can reduce skin photoaging by scavenging free radicals [21]. Some bioactive peptides can
reduce inflammation. In general, both endogenous and exogenous active peptides can
down-regulate the factors causing skin aging. We discuss these in detail below.

2.2. Antioxidant Peptides in Delaying Skin Aging

Bioactive peptides derived from some animal proteins have antioxidant activity. These
bioactive peptides can delay skin aging by regulating oxidative stress (Figure 1). For
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example, the collagen peptide extracted from the swim bladder of Sturgeon can increase the
activities of catalase (CAT), SOD, and GSH peroxidase (GSH-PX) and decrease the activity
of MMPs in skin tissue from Sprague-Dawley rats, as well as reduce the degradation
of collagen by MMPs [22]. In recent years, some insect proteins with biological activity
have also been found. For example, Eupolyphaga sinensis walker polypeptides (EPs)
is a polypeptide mixture with a molecular weight of less than 3.3 kDa obtained from
enzymatic digestion that can significantly improve the activity of antioxidant enzymes and
reduce the generation of harmful free radicals. Thus, EPs can reduce the UV-irradiation-
induced increase in epidermal thickness and elastic fiber breakage and restore the content
of collagen [23]. In both cases, the mechanism of action of these exogenous active peptides
is mainly to improve the activity of antioxidant enzymes in the skin and reduce the activity
of MMPs and the degradation of collagen.

Figure 1. Mechanism of bioactive peptides in delaying skin aging. (A) Antioxidant peptides can
increase the activity of antioxidant enzymes. (B) Bioactive peptides retard skin aging through the
TGF-β/Smad pathway. (C) Active peptides inhibit inflammation and MMP activity. This figure
cannot be reproduced without author permission.

2.3. Anti-Inflammatory Peptides in Delaying Skin Aging

Some endogenous peptides with anti-inflammatory effects have been used to delay
skin aging. The tripeptide TNFR2-SKE (362.4 Da) derived from the tetrapeptide of TNF
receptor-associated factor 2 (TNFR2) showed a good protective effect against skin pho-
toaging. TNFR2-SKE can block the interaction between TNFR1 and TRAF2 and inhibit the
inflammation induced by TNF-2 (Figure 1). Intraperitoneal administration of TNFR2-SKE
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to UVB-irradiated six-week-old male DBA/2 mice was shown to significantly improve
epidermal thickness and pigment cell proliferation [24]. MOTS-C is a 16-peptide from
the MDP family derived from mitochondria with a molecular weight of 2174.61 Da. This
bioactive peptide can regulate cell metabolism and inflammation [25,26]. In a D galactose-
induced aging mouse model, treatment with MOTS-c was shown to increase collagen fiber
content in the dermis by increasing NRF2 and MFN2 and decreasing interleukin-6 (IL-6).
The anti-aging activity of MOTS-c is likely achieved by reducing inflammation [27]. Thus,
both TNFR2-SKE and MOTS-C active peptides showed good performance in significantly
alleviating skin inflammation and increasing collagen fiber content in mice. These en-
dogenous active peptides can delay skin aging through their anti-inflammatory effects.
However, there are many endogenous anti-inflammatory polypeptides in the body, and
their anti-aging effects on the skin remain to be explored.

2.4. Peptides in Reducing Collagen Hydrolysis

Collagen is the main component of the dermis, and its content decreases with age.
Skin sagging and wrinkles are caused by a decrease in collagen content. It is noteworthy
that oral CHs can reduce skin laxity and wrinkles [28] and delay skin aging. Fish skin
and fish scales are generally rich in collagen. Two collagen hydrolysates (ACH and CCH)
prepared from fish skin can up-regulate the transforming growth factor β (TGF-β)/Smad
signaling pathway related to collagen synthesis and increase the amount of collagen. CHs
have a good protective effect on skin laxity, as shown in 13-month-old female KM mice [29].
Collagen hydrolysate CPNS (Gly-Pro and Pro-Hyp) [30] and CP [31] prepared from fish
scales can significantly attenuate the increase in epidermal thickness and water loss and the
decrease in dermal hyaluronic acid (HA) induced by UVB irradiation, as well as recover
HA loss by regulating hyaluronan synthases 1 (HAS1), hyaluronan synthases 2 (HAS2),
and hyaluronidase 2 (HYAL2). Another elastin hydrolysate (EH) prepared from the bovine
artery is composed of four polypeptides: Gly-Leu-Pro-Tyr (GLPY), Pro-Tyr (PY), Gly-Leu-
Gly-Pro-Gly-Val-Gly (GLGPGVG), and Gly-Pro-Gly-Gly-Val-Gly-Ala- Leu (GPGGVGAL).
EH can inhibit UV-induced skin thickening and sebaceous gland hyperplasia in mice and
promote moisturizing of the skin. GLPY and GPGGVGAL have better inhibitory effects
on elastase and thus can reduce extracellular matrix (ECM) degradation and improve
the activity of UV damaged fibroblasts [32]. Collagen hydrolysis is the main cause of
skin sagging, and the supplement of some collagen hydrolytic peptides can reduce the
hydrolysis of collagen by MMPs. However, the detailed underlying mechanism is still
unclear and needs to be further explored.

3. Bioactive Peptides and Brain Aging

3.1. Brain Aging

In the process of aging, brain function will gradually decline, which is manifested by a
decline of learning ability and memory, as well as attention, decision-making ability, sensory
perception, and motor ability. The prevalence of some neurodegenerative diseases, such
as AD, Parkinson’s disease (PD), and stroke, also increases with age. The development of
these diseases is related to mitochondrial dysfunction, accumulation of oxidative damage,
and increased inflammation [33]. AD is the most common neurodegenerative disease.
Currently, abnormal folding of Aβ1-42 produced by the metabolism of amyloid precursor
protein (APP) is considered to be the main cause of AD pathology [34]. Iron is involved in
many biological processes in the brain and plays an important role in maintaining normal
brain function. However, an iron imbalance can cause toxic effects on the brain. When
the iron concentration is too high, it can increase the misfolding of Aβ and promote the
development of AD [35]. The role of oxidative stress and inflammation in the development
of AD is well known, and some new therapeutic targets have become research hotspots.
Serotonin receptors (5-HT4R) have been found to reduce Aβ production. Many 5-HT4R
agonists have been studied, but their potential therapeutic effect on AD has rarely been
studied in vivo [36]. Glycosylation of proteins produces advanced glycation end products
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(AGEs) that can cause neurodegeneration. When glyoxalase activity is reduced, the ability
of these toxic glycosylated proteins to be eliminated is significantly reduced, leading to
neurological disease [37]. The relationship between the gut microbiome and aging and
the development of AD has been confirmed, but no clear mechanism has been elucidated.
In a recent report, we found that intestinal dysregulation of Firmicutes and Bacteroidetes
promotes T helper 1 (Th1) cell infiltration and promotes microglia differentiation in a
pro-inflammatory direction. This may be related to the development of AD [38]. Bioactive
peptides can exert their anti-aging effect on the brain through various mechanisms. They
can increase antioxidant enzyme activity, reduce inflammation, increase the removal ability
of iron and AGEs, increase expression of 5-HT receptors, and regulate the gut microbiota.

3.2. Antioxidant Peptides in Delaying Brain Aging

Carnosine (CAR) is an endogenous dipeptide (β-Ala-L-His) existing in muscle, blood,
and the brain. CAR has good antioxidant activity and can attenuate neurological diseases
caused by aging; CAR supplementation reduces the accumulation of Aβ in the hypothala-
mus and prefrontal cortex of aging rats and has potential therapeutic effects on AD [39].
After CAR treatment, GSH levels and SOD and GSH-Px activity were increased, whereas
acetylcholinesterase (AChE) activity was significantly decreased (Figure 2), and there was a
significant reduction in neuronal apoptosis, brain edema, and inflammation in D-galactose
treated rats [40]. With aging, iron gradually accumulates and induces the generation of
free radicals, promoting the formation of Tau and Aβ oligomers, which are neurotoxic and
the main cause of AD [41]. The amount of iron found in the brains of AD patients is much
higher than that of normal brains, suggesting that excess iron may be one of the causes
of AD [35,42]. To better understand the effects of iron, researchers have synthesized the
peptides with the ability to remove iron ions. Pentapeptide YHEDA (Tyr-His-Glu-Asp-Ala)
and polypeptide mixture HAYED (5) Five (His-Ala-Tyr-Glu-Asp) repeat sequences are two
synthetic active peptides with good iron ion scavenging ability (Figure 2). They can prevent
the decrease of blood oxygen metabolism, inhibit the generation of free radicals, and reduce
the damage in brain tissue, effectively improving cognitive impairment in senescent (SN)
mice (25 months old) [43,44]. However, many high-quality natural antioxidant peptides
have yet to be discovered and utilized in anti-aging studies. For example, many plant-
derived bioactive peptides have antioxidant activities, and the research and development
of these active peptides in aging studies will be of great significance in delaying brain
aging [45].

3.3. Anti-Inflammatory Peptide in Delaying Brain Aging

Synthetic bioactive peptides are being increasingly produced for the treatment of dif-
ferent diseases. Liraglutide, a synthetic long-acting glucagon-like peptide 1 (GLP-1) analog,
is widely used in the treatment of diabetes mellitus and CVDs. Recently, it has been specu-
lated that liraglutide may have neuroprotective effects [46,47]. In senescence accelerated
mouse P8 (SAMP8) mice (model of AD-like dementia), liraglutide treatment can improve
spatial long-term memory and increase the number of hippocampal neurons [48,49]. The
active peptides in dairy products have been long known, and there have been some reports
that these active peptides can delay brain aging, mainly with the improvement of AD symp-
toms. The Whey protein hydrolysate tryptophan-methionine and tryptophan-tyrosine,
extracted from fermented dairy products, can improve the cognitive impairment of AD
mice. Inflammation and Aβ1-42 deposition in the cerebral cortex and hippocampus are also
significantly reduced in 5 × FAD transgenic mice fed tryptophan-tyrosine [50]. Notably,
Tryptophan-Tyrosine dipeptide and whey protein hydrolysate GTWY (Gly-Thr-Trp-Tyr)
can increase dopamine (DA) content in the hippocampus and frontal cortex of AD mice
by inhibiting the activity of monoamine oxidase B (MAO-B) [51–53]. β-lactolin, an ac-
tive polypeptide extracted from whey protein hydrolysate, has been shown to improve
cognitive impairment. Specifically, β-lactolin can reduce amyloid plaque deposition and
phosphorylated Tau protein content in the cerebral cortex of 5 × FAD transgenic mice
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(AD mice), as well as increase DA and BDNF levels, thereby improving the cognitive
impairment [54]. BDNF is one of the most widely distributed neurotrophic factors in the
brain, and it plays an important role in regulating synaptic growth, neuroprotection, and
affecting memory and cognition in vivo [55]. β-lactolin can increase the expression of
BDNF in vivo (Figure 2). This is an example of how exogenous active peptides have a
regulatory effect on endogenous active substances. Thus, exogenous active peptides not
only play a therapeutic role in some antioxidant and anti-inflammatory pathways but
also enhance the expression of endogenous active peptides to treat some diseases. The
mechanism of action of exogenous active peptides may differ from endogenous ones, but
they can supplement the body’s defense system.

Figure 2. The main mechanism of bioactive peptides in delaying brain aging. (A) Bioactive peptides
reduce Aβ accumulation by regulating oxidative stress. (B) The bioactive peptides inhibit the activity
of MAO-B, up-regulate BDNF, and reduce the aggregation of Aβ. (C) Bioactive peptides reduce brain
damage caused by toxic substances in the brain. (D) Bioactive peptides reduce Aβ aggregation by
regulating intestinal microbiota. This figure cannot be reproduced without author permission.

3.4. Regulation of Peptide Receptors in Delaying Brain Aging

Serotonin (5-HT) is an important neurotransmitter that is involved in a variety of
brain activities and functions. 5-HT receptors decrease gradually in the aging process.
Serotonergic neurons are widely distributed in the brain. Reduction of 5-HT receptors can
cause functional impairment of these neurons and lead to cognitive impairment. CAR
is a dipeptide extracted from the meat. It can enhance 5-HT binding to its receptor and
restore the regional senage-induced decrease in serotonin to normal levels [56,57]. Pituitary
adenylate cyclase activated polypeptide (PACAP) is an endogenous active polypeptide
with 38 amino acid residues and has a neuroprotective effect. It is widely distributed in the
brain, pancreas, gonad, and respiratory tract. PACAP38 can be cleaved to form a 27 amino
acid polypeptide, PACAP27 [58]. The level of PACAP gradually decreases in the normal
aging process, and decreased PACAP levels have been found in the brain tissues of AD
patients [59]. PACAP27 and PACAP38 can reduce the accumulation of Aβ in the brain
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by activating pituitary adenylate cyclase-activating polypeptide (PAC1), which causes the
shedding of the receptor for advanced glycation end products (RAGE) of late glycation end
products on the cell surface [60]. In summary, these peptides act on receptors, promoting
the binding of beneficial receptors in neurons but reducing the binding of toxic substances.

3.5. Intestinal Microbiota Regulation by Peptides in Delaying Brain Aging

The link between the gut microbiota and AD is widely recognized, and many sub-
stances, including bioactive peptides, have been reported to regulate the gut microbiota.
Some active peptides can regulate the intestinal microbiota in a beneficial direction by
reducing Aβ aggregation, which has a potential role in the treatment of AD by regulating
the intestinal microbiota [61]. The walnut protein hydrolysate PW5 (Pro-Pro-Lys-Asn-Trp)
identified from walnut protein can reduce Aβ aggregation and improve cognitive impair-
ment in mice by regulating intestinal microbiota (Figure 2). PW5 fed to APP/PS mice (AD
mice) can increase firmicutes in the intestinal microbiota, which may be associated with
reduced Aβ aggregation in mice [62]. The association between intestinal microbiota and
AD has been widely recognized, and many bioactive peptides have been used to regulate
intestinal microbiota to improve AD symptoms, but the mechanism is still not deeply
studied, and further exploration is needed.

4. Bioactive Peptides and Aging in Other Organs

Aging is an irreversible biological process. Organs in the body cannot avoid aging.
This leads to a variety of chronic diseases, including CVD, chronic obstructive pulmonary
disease (COPD), intermittent lung disease, and asthma [63,64]. The aging processes of these
important organs are correlated, and complications of one organ often lead to multi-organ
disease. For example, lung aging causes COPD, which causes systemic inflammation and
increases the risk of non-alcoholic liver disease. Moreover, people with non-alcoholic liver
disease are more likely to have chronic kidney disease (CKD) and CVD. Oxidative stress
and inflammation play an important role in the pathogenesis of these diseases. Many
bioactive peptides with antioxidant and anti-inflammatory activities have been used in the
prevention and treatment of these diseases. However, the role of a peptide in a disease is
often limited, and there is still a lack of research on the complications of these diseases.

4.1. Lung Aging

COPD is a major form of lung disease characterized by chronic inflammation of the
windpipe. Aging and smoking are the main causes of COPD. People over the age of 65 are
five times more likely to develop the disease than younger people [65,66]. COPD is often
associated with metabolic abnormalities, CVD, skeletal muscle atrophy, and other chronic
diseases. In the later stages of COPD, arteriosclerosis, oxidative stress, and inflammation
are the main mechanisms of its progression. Persistent inflammation disrupts the normal
function of the lungs and is one of the causes of other complications [67]. Other researchers
point to systemic inflammation from COPD as a major cause of non-alcoholic fatty liver
disease (NAFLD) [68].

4.1.1. Antioxidant Peptides in Delaying Lung Aging

The human body is rich in peptides that play various biological activities in the
body to adapt to different needs. The tripeptide GHK (glycyl-L-histidyl-L-lysine) is an
active peptide existing in the human body, which has a high affinity for copper and can
form a GHK-Cu complex. GHK-Cu has anti-inflammatory and antioxidant functions and
can promote blood vessel growth and increase neural nutrition [69]. GHK-Cu has been
shown to improve the symptoms of acute lung injury (ALI), which is usually accompanied
by severe oxidative stress and inflammation. In ALI mice treated with GHK-Cu, SOD
activity and GSH levels were significantly increased, and the NF-κB signaling pathway
was blocked to reduce the release of inflammatory factors [70]. GHK-Cu is also a potential
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drug candidate for treating some chronic lung diseases such as COPD, asthma, and lung
cancer [71].

4.1.2. Anti-Inflammatory Peptide in Delaying Lung Aging

Since many plants are rich in active substances, they are widely studied for use in
drug development. The cyclic peptide CPE extracted from hydrolysates of Pseudostellariae
can effectively relieve the symptoms of COPD. CPE treatment can significantly reduce
the degree of alveolar destruction and lung inflammation, increase alveolar space, and
regulate various cytokines. CPE treatment also reduces several mRNAs for TLR4, the
adaptor protein MyD88 and activator protein-1 (AP-1), and active phosphorylated forms of
proteins (P-JNK, P-P38, and P-TAK1) in alveolar macrophages in a COPD rat model [72].
These results suggest that CPE can act on the TLR4-MyD88-JNK/P38 signaling pathway
and inhibit the release of important inflammatory factors to reduce lung inflammation.
Thus, CPE has therapeutic potential for treating COPD. As an exogenous active peptide,
CPE has a similar mechanism of action as GHK-Cu; both can block inflammatory pathways
and reduce the release of inflammatory factors to attenuate lung inflammation. However, it
would be interesting to explore whether CPE plays a synergistic role with GHK-Cu in vivo.

4.2. Liver Aging

A high-fat diet can cause NAFLD and non-alcoholic hepatitis (NASH), which is one of
the major causes of cirrhosis and hepatocellular carcinoma (HCC). According to research,
older people are more likely to develop NAFLD [73]. The liver is an important organ
in the body. Dysfunction of antioxidant enzymes can reduce the ability of liver cells
to remove peroxides, leading to the damage of mitochondrial DNA and mitochondrial
dysfunction, resulting in liver aging [74,75]. Changes in the gut microbiome can also cause
liver disease. For example, chronic inflammation, known as “metabolic inflammation”,
caused by changes in the microbial metabolites of the gut microbiome, can lead to NAFLD.
Analysis of these altered gut microbes has revealed a significant increase in Proteobacteria,
a group of microbes that may be responsible for NAFLD [76]. NAFLD, in turn, can increase
the risk of atherosclerosis and accelerate the development of atherosclerosis symptoms.
This is supported by a correlation in lesions of several organs [77]. Internal organs also
interfere with each other as the body ages. This is exemplified by the fact that the severity
of NAFLD increases the risk and severity of CKD [78].

4.2.1. Antioxidant and Anti-Inflammatory Peptides in Delaying Liver Aging

The body secretes some active polypeptides when maintaining normal physiological
functions. Adropin is a peptide hormone that is expressed in the liver and can regulate
blood glucose and lipid homeostasis. Studies have shown that adropin knockout can in-
crease liver inflammation, liver steatosis, and fibrosis in mice, promoting the development
of NASH. The underlying changes due to the knockout, such as reduction of Nrf2 transcrip-
tional activity, GSH level, and mitochondrial membrane potential, can be normalized by
adropin supplementation. These results indicate that adropin can delay the development
of NASH by maintaining mitochondrial homeostasis and increasing antioxidant enzyme
activity [79]. This is an example of how the liver can secrete beneficial active peptides to
maintain normal physiological function. However, in the aging process, when the liver
has reduced ability to produce such peptides, there is subsequent liver damage. Thus, the
supplementation of these active peptides in an aging individual can maintain the normal
function of the liver and prevent liver damage. It is worth mentioning that after long-term
research on the anti-aging of active peptides, our research group has found that the mice
treated with the active peptide derived from rice bran have reduced aging characteristics
caused by galactose. This peptide is extracted from rice bran protein hydrolysate, named
KF-8 (Lys-His-Asn-Arg-Gly-Asp-Glu-Phe), can reduce oxidative stress in D-gal-treated
mouse livers by inhibiting the NF-κB/p38 signal transduction pathway and delaying liver
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aging [80]. This suggests that some exogenous active peptides with antioxidant activity
could be added to the diet as anti-aging supplements.

4.2.2. Intestinal Microbiota Regulation by Peptides in Delaying Liver Aging

Liraglutide (discussed above) can improve the symptoms of NAFLD by regulating the
gut microbiome. Specifically, liraglutide treatment can reduce Proteobacteria, a common
factor in many diseases, and increase Verucommicrobia, which contributes to intestinal
health and glucose homeostasis in the intestines of obese mice. Changes in the abundance
of gut microbiota by liraglutide are associated with improvement of NAFLD symptoms and
a reduction in inflammatory cell infiltration in the cecum and liver [81]. Mechanistically,
liraglutide regulates the gut microbiome to reduce liver inflammation. There are many
other bioactive peptides that can regulate the intestinal microbiome; however, the detailed
mechanisms of their effects have not yet been elucidated.

4.3. Kidney Aging

The physiological function of the kidneys gradually deteriorates with aging, causing
some kidney diseases [82]. With the increase of age, kidneys are also more vulnerable to
oxidative damage, especially in the mitochondria of the kidney cells. Impaired mitochon-
drial function and cellular metabolism eventually lead to chronic renal failure [83]. CKD is
an important cause of CVD because it can lead to high blood pressure and a decrease in
the capillary density of the cardiac tissue. In addition, CKD reduces nitric oxide synthase
expression in the vascular endothelium and increases renin–angiotensin system activity,
resulting in increased release of superoxide and inflammatory cytokines and subsequent
CVD [84].

4.3.1. Antioxidant Peptides in Delaying Renal Aging

In the aging process, increased oxidative stress and chronic inflammation can lead to
some kidney diseases. Most of the endogenous active peptides in the endocrine system
can reduce oxidative stress and inflammation, and thus, these peptides have potential
therapeutic for alleviating kidney diseases. Mitochondrial targeted peptide SBT-20 (also
known as SS-20) is a synthetic tetrapeptide that can reduce ROS and maintain the normal
production of the electron transport chain and ATP. SBT-20 can reduce the expression of
mitochondrial mitotic protein Drp1 and increase the expression of mitochondrial fusion
protein 2 (Mfn2) to maintain the normal structure and function of mitochondria. SBT-20
treatment can decrease the expression of inflammatory cytokines IL-1β, IL-6, NF-κB1, and
NF-κB2 in the kidney and alleviate the symptoms of chronic renal failure (CRF) in CRF
mice [85]. Compared with endogenous active peptides, SBT-20 also has regulatory effects
on inflammation and oxidative stress. With the technological development of peptide
synthesis in vitro, the synthesis of these active peptides to meet the therapeutic needs of
different diseases would be a powerful and desirable approach in the future.

4.3.2. Anti-Inflammatory Peptides in Delaying Renal Aging

Compared with endogenous active peptides produced in animals, exogenous active
peptides from plants can also reduce the symptoms of CRF through similar mechanisms.
Soy is rich in proteins that can be hydrolyzed into some bioactive peptides. The soybean
protein hydrolysate (SPH) can lower blood pressure and maintain normal renal function.
We showed that feeding rats (5/6 nephrectomized model) SPH can reduce ACE activity
and TNF-α levels. These results suggest that SPH can reduce renal inflammation in CRF
by down-regulating TNF-α activity [86]. Thus, exogenous active peptides are similar to
endogenous active peptides in slowing CRF progression. Since exogenous active peptides
are more widely derived, they hold great promise for providing therapeutic effects for
many diseases.
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4.4. Aging of the Heart and Blood Vessels

Complications of many diseases can increase the risk of CVD, and CVD can also pro-
mote lesions in other organs. The impaired endothelial cell function that is associated with
aging can lead to vascular dilation and decreased anti-thrombotic ability, and eventually
CVD. The main causes of CVD are activation of inflammatory signals induced by NF-κB,
increases in MMP-9, and changes in TGF-β [87,88]. In addition, increased inflammation
with aging can induce the expression of vascular endothelial growth factor (VEGF) family
proteins. Although VEGF plays a beneficial role in some CVDs, over-expression of VEGF
promotes the formation of new blood vessels, which in turn contributes to the development
of atherosclerotic pathology [89].

4.4.1. Antioxidant Peptides in Delaying Cardiovascular Aging

Some active peptides extracted from animals and plants have potential therapeutic
effects on CVD. For example, some exogenous active peptides extracted from grains may
improve CVD [90]. Rice α-globulin hydrolysate Try-Try-Gly-Gly-Glu-Ser-Ser-Ser-Glu-Gln-
Gly (YYGGESSSEQG) and Ser-Glu-Ser-Glu-Met (SESEM) extracted from rice can improve
the symptoms of atherosclerosis in mice. They can down-regulate the TNF-α pathway
and NF-κB in the aorta and aortic root tissues and reduce oxidative stress levels and
inflammatory factors in apolipoprotein E-deficient mice [91]. Another exogenous active
peptide, zebra blenny protein hydrolysates (ZBPHs), extracted from zebrafish protein, has
a good antioxidant effect and can reduce the lipid deposition and apoptosis of cardiac
cells induced by a high cholesterol diet in hypercholesterolemic rats. This is a potential
therapeutic agent for CVD [92]. Since these two exogenous active peptides are isolated
from rice and zebrafish proteins, respectively, they are widely available and can easily be
incorporated into the diet.

4.4.2. Anti-Inflammatory Peptide in Delaying Cardiovascular Aging

In normal conditions, the heart can secrete some active peptides to maintain the phys-
iological functions of the cardiovascular system. Natriuretic peptide (NP) is a kind of
polypeptide that can maintain normal function of the heart, blood vessels, and kidney,
and is associated with some CVDs [93]. NPs mainly exist in two forms: atrial na-triuretic
peptide (ANP) and cerebral natriuretic peptide (BNP). BNP has been reported to treat my-
ocardial infarction in mice. BNP can promote endothelial cell proliferation and myocardial
vascularization in the infarcted and non-infarcted areas in the hearts of mice following
myocardial infarction. The action of BNP is mediated by P38 MAP kinase [94]. Adropin, a
peptide used to treat the non-alcoholic liver disease, can also be used to treat CVDs. It can
reduce inflammation and migration of vascular smooth muscle cells, improve symptoms,
and reduce intravascular plaque significantly [95]. Since adropin can be used to treat
liver aging and atherosclerosis, it would have an added therapeutic potential to treat the
cardiovascular complications of NASH.

5. Conclusions

Continuous improvement of biomedical research and healthcare has resulted in a
significant increase in life span and the aging population. However, this has created a
subsequent problem because aging is associated with many diseases. Therefore, great
efforts have been made in anti-aging research, and many bioactive peptides have been
discovered to have anti-aging activity. Bioactive peptides can be endogenously produced
in the body, but more and more bioactive peptides are being exogenously produced from
natural products or biosynthesis. The mechanisms of action of these bioactive peptides
mainly involve their antioxidant and anti-inflammatory activities. Interestingly, some
exogenous and endogenous active peptides have synergistic effects. Several organs in the
body share similar aging mechanisms, and one organ disease can affect multiple organs.
Thus, bioactive peptides can have anti-aging effects on multiple organs.
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Although bioactive peptides have been widely used in anti-aging studies of rodents, it is
not clear whether these active peptides exert their anti-aging effects in humans through similar
mechanisms. Therefore, anti-aging research using genetically similar animal models, such as
primates, is needed before many bioactive peptides can be tested in human clinical trials.

Here, we have reviewed the anti-aging activity of bioactive peptides, most of them
from the hydrolysate of some food, as well as some synthetic active peptides and endoge-
nous active peptides. These peptides were ingested by mouth, gavage, and injection in
rodent models, and behavioral and physiological changes in these animals demonstrated
the protective benefits of these peptides (reduced disease symptoms). It is worth mention-
ing that these active peptides have no adverse side effects and toxicity to experimental
animals within the range of experimental concentrations, which also indicates that bioactive
peptides are non-toxic and hypoallergenic active substances.

In this paper, we have introduced some of the anti-aging activities of active peptides,
but there is additional research in the literature on other peptides. In view of this, Table 1
provides more information on other active peptides that are not discussed in detail in the
text, as well as summarizing the animal models used in the studies of these active peptides
and methods and dosages of peptide administration for reference of interested scholars.
In addition, the main abbreviations that appear in this article are given in Table A1 of the
Appendix A.

Table 1. Bioactive peptides with anti-aging activity.

Classif-
ication

Name and Delivery
Way

Source Rodent Model
Target
Organ

Mechanism

Food-
derived
active

peptide

Walnut protein
hydrolysates(WPH)

Oral gavage for 21 days
Low: 333 mg/kg
High: 666 mg/kg

Walnut

Alzheimer’s
disease model

mice
aged 6–8 weeks

scopolamine
solution

(1.0 mg/kg)

Brain

SOD↑ GSH-Px↑ CAT↑ Nrf2↑ BDNF↑
CREB↑ MDA↓ TNFα↓ AchE↓

Trp-, Tyr-, or Phe-containing peptide has
high affinity to Keap1 and Ache, so it can
increase the activity of NRF2 and reduce

the activity of Ache, which ultimately
increases antioxidant capacity and

anti-inflammatory ability and leads to
increased BDNF, CREB transcription [15]

Walnut protein
hydrolysate and its

low-molecular-weight
fraction (WPH/WPHL)
Oral gavage for 21 days

WPH: 666 mg/kg
WPHL: 666 mg/kg

Walnut

Alzheimer’s
disease model

mice
aged 6–8 weeks
LPS (300 μg/kg

bw)

Brain

SOD↑ GSH-Px↑ CAT↑ MDA↓ TNFα↓
TNFα↓ IL-6↓ IL-1β↓

Trp, Gly, Leu residues, hydrophobic amino
acids, and aromatic amino acids in

polypeptides can inhibit the expression of
pro-inflammatory factors TNF-α, IL-1β,
and IL-6 and reduce inflammation [16]

Tyr-Val-Leu-Leu-Pro-
Ser-Pro-Ly (walnut

protein hydrolysates)
Continuous injection for

4 weeks
60 mg/kg bw

Walnut

Alzheimer’s
disease model

mice (C57BL/6)
5–6 week

oldscopolamine
solution

(1 mg/kg bw)

Brain

ATP↑ PINK1↑ Parkin↑ NRF2↑ LC3 II/LC3
I↑ Beclin↑ KEAP1↓ p62↓

It can increase antioxidant capacity
through Nrf2 signaling pathway and

increase the expression of Beclin-1, Parkin,
and PINK1 to enhance mitochondrial

autophagy capacity [96]

Alcalase potato-protein
hydrolysates (IF)

Oral administration
3 weeks

1 mg/kg bw

Potato

Senescence-
Accelerated mice

(SAMP8)
6 months

high-fat diet

Liver/heart

pAKT↑ Sirt1↑ pAMPK↑ PGC1α↑
pFOXO3a↑ Bax↓ GOT↓ GPT↓ LDL↓ ANP↓

BNP↓ pGATA4↓
It can down-regulate cardiac hypertrophy

markers ANP and BNP, reduce
inflammation in the heart and liver, and

reduce apoptosis by stimulating the
activity of Sirt1 [97]
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Table 1. Cont.

Classif-
ication

Name and Delivery
Way

Source Rodent Model
Target
Organ

Mechanism

Alcalase potato protein
hydrolysate (APPH)
Oral administration

4 weeks
Low: 15 mg/kg/day

Middle: 45 mg/kg/day
High: 75 mg/kg/day

Potato

Sprague-Dawley
(SD) rat

23 months old
high-fat diet

Heart

p-p38/p38↓ GSN↓ p-Gata4↓ TGFβ↓
APPH has good lipid solubility and can

reduce myocardial hypertrophy and
fibrosis in aging rats through TGF-β/GSN

pathway [98]

Casein hydrolysates
Continuous injection

10 weeks
200 mg/kg

Casein Diabetic rat
high-fat diet Liver

NRF2↑ HO-1↑ SOD↑ GSH↑ MDA↓
By enhancing Nrf2 translation, the activity
of antioxidant enzymes was enhanced, and

the activities of DPP-IV and ACE were
inhibited, among which dipeptide WM

could inhibit Keap1/Nrf2 interaction [99]
Wheat germ albumin

hydrolysates
((Ala-Asp-Trp-Gly-Gly-

Pro-Leu-Pro-His))
Continuous injection

1 week
4 mg/kg

Wheat Diabetic mice
6 weeks old Vascular

pAMPK/AMP↑ pPKCζ/PKCζ↓ NOX4↓
ROS↓ pAKT/AKT↓

Inhibition of NOX4 expression through the
PKCζ/AMPK signaling pathway reduced
oxidative stress levels and the release of

inflammatory factors [100]

Collagen hydrolysate
Pro-Hyp

Oral administration
4 weeks

210 mg/kg

Porcine
skin

Chronic kidney
disease mice
6 weeks old

Kidney

Liver iron content↑ EPO↑ HIF-2α↑
Hepcidin↓ TNF-α↓ IL-1β↓ IL-6↓ NF-κB↓

COX2↓
It reduces inflammation by regulating
inflammatory pathways and plays a

protective role in regulating HIF-2α, EPO,
and Hepcidin [101]

Anchovy hydrolysates
Pro-Ala-Tyr-Cys-Ser

(PAYCS)
20 days

0.2 mM/kg/day

Anchovy

Alzheimer’s
disease

model mice
6 weeks old
Scopolamine

solution
(1 mg/kg bw)

Brain

Ach↑ AchR↑ Nrf2↑ BDNF↑ SOD↑
The antioxidative effects of PAYCS and PAY
may be related to the Try active phenolic

structure in the sequence and the hydrogen
donor of the sulfhydryl group in Cys. Both
active peptides have the ability to promote

the binding of Ach and AchR [102]

Soy protein isolate (SPI)
Oral administration

8 weeks
Soy Obese rat

6 weeks old Liver

NPTX2↑ GPT↑ INMT↑ HAL↑
The increased expression of NPTX2

reduced the inflammation of the rat liver,
the increased expression of GPT may be

related to mitochondrial energy
metabolism, the increased expression of

INMT may be related to the relief of
NAFLD symptoms, and the increased
expression of HLT can consume excess

protein in the liver [103]
Walnut protein

hydrolysate
Oral administration

Low: 0.32 g/L
Middle: 0.96 g/L
High: 2.88 g/L

Walnut
Skin-aging
model rat

Exposed to UV-R
Skin

Elastin↑ Fibrillin-1↑ MMP-1↓
Increasing the expression of Col I, Col III,

HYP, and HA and significantly attenuated
the activity of MMP-1 [104]

Eucheuma hydrolysate
(EZY-1)
28 day

0.25 mg/kg
0.5 mg/kg
1 mg/kg
50 mg/kg

Eucheuma

Pulmonary
fibrosis mice
(C57BL/6J)
8 weeks old

injected with
3.5 mg/kg of

bleomycin

Lung

T-SOD↑ GSH-Px↑ HYP↓ MDA↓ pSmad3↓
EZY- 1 is easily absorbed in the intestinal
tract, and its hydrophobic point facilitates
the entry of EZY-1 into cells, while EZY-1
can reduce pulmonary fibrosis through
TGF-β/Samd signaling pathway. [105]
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Table 1. Cont.

Classif-
ication

Name and Delivery
Way

Source Rodent Model
Target
Organ

Mechanism

Egg white protein
hydrolysate (EWPs)

Gavage 14 days
Low: 50 mg/kg

Middle: 100 mg/kg
High: 200 mg/kg

Egg

Colitis model
mice (BALB/c)

administered 3%
(w/v) DSS

Gut

Candidatus_Sacchar-imonas↑
norank_f_Ruminococcaceae↓

Ruminiclostridium↓ TNF-α↓ IL-6↓ IL-8↓
EWPs contain Trp, Try, His, and Met,
which make it have good antioxidant
activity and can reduce the release of

inflammatory factors by increasing the
content of Lactobacillus and

Candidatus-Saccharimonas in the gut [106]

Whey protein
hydrolysate (WHP)

Gavage 30 days
Low: 0.3 g/kg

Middle: 1.5 g/kg
High: 3.0 g/kg

Egg

D-galactose-
treated mice
(C57BL/6N)

6 months
100 mg/kg

Brain

SOD↑ GSH-Px↑ AChE↑ p-CaMKII↑ MDA↓
TNF-α↓ IL-1β↓ TNF-α↓

WHP can reduce the release of
inflammatory factors, increase the activity
of antioxidant enzymes, and enhance the
activities of AchE and P-CamKII, which
play an important role in maintaining

synaptic plasticity [107]
A peptide

en-
crypted
from the
venom of
Tityus ser-

rulatus
scorpion

Lys-Pro-Pro (KPP) Scorpion Mice
10 weeks old Heart

pPLN/PLN↓ pERK/ERK↓
KPP regulates cellular stress-related

proteins and exerts cardioprotective effects
through PLN dephosphorylation [108]

Secretory
bioactive
peptide

Humanin (HNG)
Injections 14 months

4 mg/kg
Mitochondria

Aging mice
(C57BL/6N)
18 months

Heart

pAKT↑ pGSK3β↓ 4-HNE↓ TGF-β1↓
FGF-2↓ MMP-2↓

HNG down-regulated the expression of
GSK-3β through Akt pathway, reduced
myocardial apoptosis, down-regulated

FGF-2 and MMP-2 expression, and
inhibited cardiac fibrosis [109]

Peptide
hormone

Melatonin
Injections 30 days

10 mg/kg

Pineal
gland

Aging mice
8 weeks old
D-galactose
100 mg/kg

Brain

SNAP-25↑ PSD95↑ GluR1↑ p-CREB↑ ROS↓
GFAP↓ p-IKKβ↓ NF-κB↓ COX-2↓ NOS2↓

IL-1β↓ TNFα↓ p-JNK↓
Melatonin can reduce synaptic damage

caused by oxidative stress and
neuroinflammation through

RAGE/NFκB/JNK pathway and has a
good therapeutic effect on
neurodegeneration [110]

Annotation: “↑” Up-regulation, “↓” Down-regulation, the abbreviations in Table 1 are all listed in Table A1.
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Appendix A

Table A1. The full name of abbreviations.

Abbreviations Full Name Abbreviations Full Name

SOD Superoxide dismutase Samd Drosophila mothers against
decapentaplegic protein

GSH-Px Glutathione peroxidase pAMPK/AMP AMP-activated protein kinase/AMP
GSH Glutathione pPKCζ/PKCζ Anti-phospho-protein kinase ζ

CAT Catalase NOX4 Antibodies against NADPH oxidase4

Nrf2 Transcription factor nuclear factor
erythroid 2-related factor 2 EPO Erythropoietin

BDNF Brain-derived neurotrophic factor HIF-2α Hypoxia-inducible factor

CREB cAMP-response element-binding
protein NF-κB Nuclear factor-kappa beta

AchE Acetylcholinesterase COX2 Cyclooxygenase
MDA Malondialdehyde Ach Acetylcholine
TNFα Tumour necrosis factor-α AchR Cetylcholine receptor
IL-8 Interleukin-8 NPTX2 Neuronal pentraxin 2
IL-6 Interleukin-6 INMT Indolethylamine N-methyltransferas

IL-1β Interleukin-1β HAL Histamine ammonia-lyase
ATP Adenosine triphosphate MMP Atrix metalloproteinase

PINK1 Mutations in the PTEN-induced
kinase 1 ERK Extracellular signal-regulated kinase

Parkin Parkin RBR E3 ubiquitin protein
ligase HYP Hydroxyproline

LC3II/LC3I Microtubule-associated protein
light chain 3 p-CaMKII

Phosphorylated
Ca2+/calmodulin-dependent protein

kinase II

KEAP1 Kelch-like ECH-associated
protein 1 PLN Dephosphorylation of

phospholamban

p62 Protein sequestosome 1/p62 ERK Extracellular regulated protein
kinases

pAKT Phosphorylated protein kinase B pGSK3β Phosphorylated glycogen synthase
kinase-3beta

Sirt1 Silencing information regulator 2
related enzyme 4-HNE 4-hydroxynonenal

pAMPK Phosphorylated AMP-activated
protein kinase FGF-2 Fibroblast growth factor 2

PGC1α Peroxisome proliferator-activated
receptor-γ co-activator-1α SNAP-25 Synaptosomal associated protein 25

pFOXO3a Phospho forkhead box O3a PSD95 Postsynaptic density proteins

GOT Glutamic oxaloacetic
transaminase GluR1 Anti-phospho-AMPARs

GPT Glutamic-pyruvic transaminase p-CREB Phosphorylated cAMP-response
element-binding protein

LDL Low-density lipoprotein GFAP Astrocytosis
ANP Atrial natriuretic peptide p-IKKβ Phosphorylated IKKbeta
BNP Cerebral natriuretic peptide NOS2 Nitric oxide synthase-2

pGATA4 Phosphorylated GATA binding
protein 4 p-JNK Hospho-c-JunN-terminal Kinase

p-p38/p38 Phosphorylated p38 kinase/p38
kinase TGFβ Transforming growth factor-beta

GSN Gelsolin
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Abstract: Nutrients are converted by the body to smaller molecules, which are utilized for both
anabolic and catabolic metabolic reactions. Cooperative regulation of these processes is critical
for life-sustaining activities. In this review, we focus on how the regulation of nutrient-driven
metabolism maintains healthy hematopoietic stem cells (HSCs). For this purpose, we have examined
the metabolic regulation of HSCs from two perspectives: (1) the control of intracellular metabolism
by the balance of anabolic and catabolic reactions; and (2) the control of organismal metabolic status
and hematopoiesis by dietary intake of nutrients. Critical roles of catabolic regulators in stem cell
homeostasis are conserved in several types of tissues, including hematopoiesis. These catabolic
signals are also major regulators of organismal lifespan in multiple species. In parallel, changes to
nutrients via alterations to dietary intake affect not only an organism’s metabolic state but also the
behavior of its stem cells. While the molecular mechanisms involved in these two aspects of nutrient
function may not necessarily overlap, a deeper understanding of these phenomena will point to new
avenues of medical research and may furnish new agents for improving human health care.

Keywords: hematopoietic stem cell; nutrient; catabolism; anabolism; dietary intervention

1. Introduction

Nutrients are substances in food that are essential for biological activity in organisms
and include carbohydrates, lipids, proteins, vitamins, and minerals. Nutrients are con-
verted by the body into smaller molecules that are utilized for the set of life-sustaining
chemical reactions called metabolism. Collectively, reactions that break down food or fuel
to obtain energy are called catabolism, whereas the reactions by which larger molecules
are synthesized from smaller ones are called anabolism. Anabolic reactions consume the
energy produced by catabolic reactions, such that cooperative regulation of both processes
is critical for maintaining life.

Hematopoietic stem cells (HSCs) have unique metabolic characteristics that contribute
to the maintenance of their homeostasis in blood [1]. In an animal at steady-state, the
majority of HSCs within the bone marrow (BM) niche maintain low levels of reactive
oxygen species (ROS), ATP production, and protein synthesis (translation); these properties
are associated with a state of cell cycle arrest called quiescence or dormancy. Debate
has raged for a long time over whether metabolic status controls HSC fate, i.e., whether
this relationship is causative or not. It is now evident that nutrient-sensing molecules
that govern the balance between anabolic and catabolic processes play critical roles in
HSC maintenance by controlling their intracellular metabolism (Figure 1). Knowledge
gained over the past 15 years has generated three fundamental conclusions in this field.
First, HSCs depend on catabolic regulators to remain healthy. Accumulating evidence
has demonstrated that the acquisition of catabolic status (as supported by autophagic and
lysosomal activity), coupled with reduced anabolic signaling, maintains HSC function and
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prevents the development of phenotypes of aging. Second, the essential roles of catabolic
regulators in HSC homeostasis are conserved in other types of tissue stem cells that remain
dormant in animals at steady-state [2]. Third, these catabolic signals are major regulators of
organismal lifespan in multiple species [3].

Figure 1. Regulation of stem cell fate decisions by the anabolic/catabolic balance. Stem cell behavior is
influenced by a balance between regulators of catabolic and anabolic metabolic reactions. Dominance
by catabolic regulators, which act to reduce energy use, protein synthesis and ROS accumulation,
favors stem cell quiescence and the steady-state. When anabolic regulators gain dominance, active
cycling by a stem cell increases its energy consumption and protein synthesis, enabling the cells to
undertake the decision to either self-renew or differentiate. The anabolic/catabolic balance thus has a
major influence on stem cell homeostasis.

Another important issue in the relationship between nutrients and healthy HSCs is
an organism’s dietary intake. Dietary interventions such as dietary restriction (DR), or the
feeding of a ketogenic or high-fat diet (HFD), markedly affect an organism’s metabolic state
and the behavior of its stem cells [4]. There is evidence showing that DR (such as prolonged
fasting) contributes positively to HSC functions, whereas the prolonged consumption of
a HFD induces aberrant HSC self-renewal. Compared to our knowledge of the effects of
nutrients on other stem cell types such as intestinal stem cells (ISCs), our understanding of
the influence of nutrients on HSCs is much more limited. However, it is clear that signaling
molecules involved in dietary interventions have a significant impact on both HSCs and
the cells that surround them in the BM niche.

In this review, we focus on the above two aspects of nutrient-driven metabolic reg-
ulation required to maintain healthy HSCs. In the first section, we discuss the control of
intracellular metabolism by the balance between anabolism and catabolism and how it
helps to maintain quiescent HSCs. In the second section, we present an overview of recent
findings on how changes to organismal metabolic status caused by altered dietary intake of
nutrients affect HSC homeostasis. While the molecular mechanisms involved in these two
aspects of nutrient function may not necessarily overlap, a better understanding of both
sets of phenomena may point to ways to improve human health by ensuring healthy HSC
homeostasis for life.
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2. Effect of the Anabolic/Catabolic Balance on Stem Cell Homeostasis

2.1. Commonality of Nutrient-Sensing Regulators

Several types of tissue stem cells, including HSCs, experience long periods of qui-
escence or dormancy throughout the life of the host organism [2]. In HSCs, quiescence
blocks the cell cycle and maintains the cells in an undifferentiated state that protects them
against various insults, including DNA breaks and oxidative stress [1]. Similarly, resident
satellite cells in muscle, known as muscle stem cells (MuSCs), are quiescent in an organism
at steady-state [5]. In response to injury, MuSCs enter the cell cycle to regenerate the
skeletal muscle tissue and replenish the MuSC pool. The same applies to adult neural
stem cells (NSCs) in the subventricular zone (SVZ) of the brain, which are preserved in a
dormant state in healthy animals [6]. Most adult NSCs cells are derived from a quiescent
subpopulation of embryonic NSCs and differentiate into interneurons that migrate into the
olfactory bulb.

The catabolic regulators required to maintain the dormancy of tissue stem cells are
shared in animals. The regulators can also prolong lifespan or delay aging in multiple
species, including yeast, worms, flies, and mice [3]. Conversely, stem cells in the intestinal
epithelium and epidermis are actively cycling, and this cycling is vital to their homeosta-
sis [2]. These differences indicate that the regulation of stem cell biology is not simple. In the
sub-sections that follow, we review several evolutionarily conserved signaling pathways
that are linked to catabolic status and modulate organismal longevity, but which also are
important common regulators of the functions of HSCs, NSCs and MuSCs.

2.2. Catabolic Regulators That Maintain Stem Cell Quiescence
2.2.1. Autophagy Regulators

Autophagy is a conserved catabolic system that degrades cellular components which
have become engulfed in autophagosomes [7]. Autophagy contributes to maintenance of
routine cellular functions, but it is induced to a high level in response to insults such as
oxidative stress, infection, and starvation. Autophagy is thus a survival mechanism that
maintains cellular homeostasis by eliminating unwanted components such as damaged
organelles, protein aggregates, and intracellular bacteria. Autophagy also supplies an
energy source under stress conditions.

Autophagy occurs in a series of steps that are controlled by various autophagy-related
genes (Atgs). These steps include initiation, formation of a phagophore structure, matura-
tion of an autophagosome, fusion of the autophagosome with a lysosome, degradation of
the engulfed entity, and recycling of nutrients. The Atg5 and Atg7 genes are involved in
elongation of the autophagosome membrane. When the Vav-Cre-loxP system was used to
delete these genes specifically in murine hematopoietic cells during the fetal period, the
animals suffered from weight loss, severe anemia, and a reduction in HSCs that resulted
in death [8–12]. However, mice in which the gene was deleted at either the juvenile or
adult stage appeared largely healthy. Detailed analysis of HSC functions after birth showed
that, although Atg5 deficiency induced no obvious abnormalities at P0, significant defects
arose at P7 [12]. In addition, induction of Atg5 deletion at P5 did not result in remarkable
abnormality in hematopoiesis. These data suggest a critical role for autophagy in protect-
ing HSCs against insults during the early neonatal stage, which is essential for healthy
long-term hematopoiesis. In adult, HSCs with loss of Atg12, which is also involved in
elongation of the autophagosome membrane, show impaired functions, increased mito-
chondrial content, and a bias toward myeloid differentiation [13,14]. At the signaling level,
autophagy is induced rapidly upon starvation via a gene expression program that is driven
by forkhead transcription factor FoxO3 (FoxO3). Thus, autophagy contributes to the HSC
maintenance of their low metabolic state and quiescence by degrading and clearing active
healthy mitochondria at steady-state.

Autophagy is also involved in the “aging phenotypes” exhibited by HSCs isolated from
aged animals [13,14]. Mice unable to carry out autophagy as adults develop hematopoietic
phenotypes resembling those of aged normal mice, such as increased cellularity and a
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skewed ratio of myeloid versus lymphoid cells in peripheral blood. Thus, regulation of
metabolic status via autophagy is crucial for HSC homeostasis throughout the entire life of
an animal (Figure 2A).

Figure 2. Critical roles of catabolic regulators in organismal life extension and the maintenance of
healthy stem cells. (A) In mammalian stem cells, activation of the FoxO and TFEB transcription factors
triggers autophagy and lysosomal functions that help to maintain tissue stem cell quiescence or
dormancy in an animal at steady-state. This process reduces the accumulation of protein aggregates
and ROS and suppresses mitochondrial activity in stem cells in blood (HSCs), brains (NSCs) and
muscle (MuSCs), sustaining their good health. (B) DAF16 and HLH30 are the homologs of FoxO
and TFEB, respectively, in C. elegans. These transcription factors also cooperate to regulate genes
involved in autophagy and lysosomal functions, which prolong a worm’s lifespan by maintaining
protein homeostasis and increasing stress resistance.

In NSCs, autophagy plays a critical role in maintaining quiescence by reducing protein
aggregates in a FoxO3-mediated manner and by decreasing ROS in mitochondria [15].
During aging, NSCs show a reduction in lysosome content and an increase in protein
aggregates, suggesting that autophagy-mediated lysosomal activity is critical for the con-
trol of the latter [16]. Among MuSCs, autophagic flux is significantly elevated in cells
from younger mice but reduced in MuSCs from aged animals [17]. Loss of Atg7 impairs
mitophagy and elevates ROS, leading to a loss of the MuSC pool. Pertinently, restoring
autophagy improves the function of MuSCs from aged mice.

Collectively, these data indicate that autophagy makes a major contribution to stem
cell quiescence, maintenance, and prevention of premature aging.

2.2.2. Transcription Factor EB (TFEB)

Gene transcription associated with catabolic processes is induced by the nuclear
translocation and consequent activation of the MiT/TFE family members, such as tran-
scription factor EB (TFEB), a master modulator of autophagy and lysosomal biogenesis
(Figure 2A, right). In C. elegans, activation of HLH30, its TFEB homolog, prolongs worm
lifespan by promoting autophagy and lysosome functions [18] (Figure 2B). Accordingly,
TFEB agonists also extend C. elegans lifespan [19]. In humans, lysosome functions are
regulated dichotomously by TFEB and MYC to balance catabolic and anabolic processes
required for activating HSCs and guiding their lineage fate [20]. The TFEB-mediated en-
dolysosomal pathway promotes HSC quiescence and self-renewal, reinforcing the theory
that catabolic processes control HSC fate determination. Similarly, TFEB deficiency or
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chemical inhibition of lysosomal degradation impairs NSC quiescence and function [21].
Quiescent NSCs exhibit large lysosomes containing insoluble protein aggregates, have
higher lysosomal activity, and degrade activated EGF receptors by endolysosomal degra-
dation [16,22]. Although the role of lysosomal activity in MuSC homeostasis has yet to
be elucidated, the commonalities among HSCs and NSCs suggest that it would not be
surprising to find a crucial role for TFEB in this stem cell type as well.

2.2.3. FoxO Family

As mentioned above, FoxO family members are vital for catabolic regulation in tissue
stem cells. In C. elegans, reduced insulin/IGF-1 signaling extends lifespan in a process
mediated by DAF16 (FoxO homolog) [23]. DAF16 and HLH30 (TFEB homolog) coopera-
tively regulate genes related to aging, protein homeostasis, and stress resistance, helping
to prolong lifespan in a harsh environment [24] (Figure 2B). In mammals, FoxO1, FoxO3,
FoxO4 and FoxO6 are all downstream targets of PI3K-AKT signaling [25]. In the absence of
cellular stimulation by growth factors or insulin, FoxOs localize in the nucleus and activate
their transcriptional targets. When a growth factor or insulin binds to the appropriate cell
surface receptor, AKT is activated and directly phosphorylates FoxOs, resulting in their
nuclear exclusion and degradation in the cytoplasm. Metabolic or oxidative stress can also
induce nuclear localization of FoxOs and their transcriptional activity. In HSCs, it is FoxO1
and FoxO3 that are mainly expressed and localized in the nucleus under conditions of
AKT inactivation [26,27]. Deficiency of FoxO3 or FoxO1/3/4 in HSCs results in defective
quiescence and decreased long-term repopulating capacity [28–30]. This impaired HSC
quiescence is linked to elevated ROS and modified expression of genes involved in either
cell cycle arrest, such as Cdkn1b, Ccng2, Cdkn1c and Cdkn1a, or redox regulation, such as
SOD [28–30]. However, the roles of FoxOs in ROS-dependent regulation of HSC functions
is complex. One study reported that abnormalities of FoxO1/3/4-deficient HSCs could
be rescued by the anti-oxidative reagent N-acetyl cysteine (NAC) [29], whereas another
group found that NAC did not restore the functions of FoxO3-deficient HSCs [31]. In HSCs
from obese mice, FoxO proteins become insensitive to their normal upstream regulators
such as AKT, suggesting that hyperglycemia can directly alter the AKT-FoxO axis in these
cells [32]. Thus, FoxOs are important for the maintenance of healthy HSCs in animals both
at steady-state and in those under environmental stress.

FoxOs are also critical regulators in pluripotent stem cells. In embryonic stem (ES)
cells, FoxO1 activates the expression of the pluripotency genes Oct4 and Sox2, promoting ES
cell self-renewal capacity [33]. FoxO1 also controls ES pluripotency by directly regulating
the expression of core autophagic machinery genes [34]. FoxO3 protects ES cells from
hyperglycemic stress by inducing upregulation of SOD2, catalase, p21 and p27, thereby
promoting ROS detoxification and cell cycle arrest [35]. In NSCs, loss of FoxO1/3/4 or
FoxO3 leads to defects in quiescence and undifferentiated status. Mechanistically, FoxOs
control genes regulating the cell cycling and redox state of NSCs. In MuSCs, FoxOs are
again critical for quiescence and prevention of premature aging. Niche-derived IGF1-
dependent AKT activation negatively controls MuSC functions mediated by FoxOs [36].
While nuclear localization of FoxO3 is observed in Pax7+ MuSCs, loss of FoxO3 impairs
quiescence, leading to MuSC exhaustion [37]. An intriguing study has revealed how FoxOs
act to prevent of premature aging of MuSCs. There are two types of quiescent MuSCs:
those of a “genuine state”, which exhibit stemness, and those of a “primed state”, which
commit to myogenic differentiation [36]. Extremely old mice lose “genuine” MuSCs and
gain “primed” MuSCs. FoxO1/3/4 deficiency causes a similar loss of “genuine” MuSCs,
causing regenerative failure. These data indicate that stem cell aging is controlled by FoxOs
through their regulation of catabolism and stress responses.

Collectively, these observations link stem cell maintenance and function to the co-
ordinated cooperation of numerous factors governing intracellular nutrients, including
catabolic pathways, autophagy, and TFEB and/or FoxOs activation.
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2.2.4. Anabolic Regulators That Control HSC Self-Renewal

One characteristic that is unique to quiescent HSCs is downregulation of protein
synthesis [38,39]. This observation suggests that suppression of anabolism may be a critical
hallmark of healthy HSCs. In general, protein synthesis in cells is strictly controlled by
mTOR complex 1 (mTORC1), which is one of two functionally different protein complexes
containing the vital kinase mTOR [40]. mTORC1 has three core components: mTOR,
“mammalian lethal with SEC13 protein 8” (mLST8, also known as GβL), and the scaffold
protein “regulatory-associated protein of mTOR” (RAPTOR). mTORC1 phosphorylates
numerous protein substrates, including S6K1 and eIF4EBPs, to regulate protein translation.
mTORC1 also upregulates the selective protein translation of mRNAs with 5’TOP structure.
Once activated by mTORC1-mediated phosphorylation, S6K1 phosphorylates ribosomal
protein S6, a component of the 40S ribosomal subunit, to upregulate rRNA transcription and
promote the translation elongation of spliced transcripts. Quiescent HSCs show profound
inhibition of S6 and 4EBP phosphorylation [41], confirming the downregulation of protein
synthesis in these cells [42].

The regulation of mTORC1 is critical for HSC functions. Induction of mTORC1 hyper-
activation by Tsc1 deletion or Rheb overexpression causes HSC depletion that is associated
with cell cycle progression and mitochondrial activation [43–45]. The suppression of
mTORC1 signaling in quiescent HSCs depends on Pten, which is a negative regulator of
the PI3K-AKT pathway. Deletion of Pten in mice induces hyperactivation of mTORC1 in
HSCs, aberrant cell cycle progression, and upregulation of p16Ink4A and p53, resulting in
HSC depletion [46]. These abnormalities of HSCs can be reversed by the mTOR inhibitor
rapamycin, confirming that mTORC1 hyperactivation leads to HSC failure in vivo. Raptor
deficiency shows mTORC1 inactivation, and these cells gradually lose their capacity for
hematopoietic reconstitution [47]. Therefore, mTORC1 function appears to be crucial for
HSC maintenance regardless of Pten deficiency.

While hyperactivation of mTORC1 induces severe defects in HSC function, lower
levels of mTORC1 activity are necessary for HSC self-renewal. Similar to Raptor, Rheb1 is an
activator of mTORC1. Loss of Rheb1 suppresses mTORC1 activity, but the level of mTORC1
activity that remains in Rheb1-deficient cells is significantly greater than that in Raptor-
deficient cells [48]. While the total number of HSCs as defined by marker phenotype is
increased by deficiency of either Raptor or Rheb1, competitive reconstitution assays in vivo
have demonstrated a clear difference in the functionality of Raptor-deficient vs. Rheb1-
deficient HSCs [48]. Loss of Raptor, but not Rheb1, reduces HSC competitiveness in vivo,
suggesting that HSCs that expand due to Raptor deficiency lose their stemness, whereas
Rheb1 deficiency induces the expansion of HSCs that retain their stemness. These data
suggest that the fine-tuning of moderate levels of mTORC1 activity is needed to preserve
HSC self-renewal activity in vivo. Consistent with this finding, rapamycin-mediated
inhibition of mTORC1 has made it possible to perform ex vivo HSC expansion for both
mice and humans [49,50]. Combining rapamycin with a GSK-3 inhibitor further increases
the number of functional HSCs, indicating a role for nutrient-sensing in the maintenance of
HSCs in culture [51]. Rapamycin treatment also reverses the natural aging-related decline
in HSC function in normal mice [52]. Thus, strict control of mTORC1 activity is the key to
maintaining or expanding healthy HSC populations in vitro and in vivo.

Taken together, the findings presented in the first part of this review establish the
importance of both catabolic and anabolic regulatory elements in HSC biology.

3. The Effects of Dietary Interventions on Stem Cell Homeostasis

3.1. Beneficial Effects of Dietary Restriction and Prolonged Fasting on HSC Functions

Dietary restrictions (DRs) have been shown to prolong lifespan by delaying aging
in multiple species [53,54]. This observation has led to the hypothesis that such dietary
interventions can also prevent the aging of HSCs and thus promote their preservation in a
healthy state. In general, DR means reduced intake of either total dietary calories or one
or more specific components of the diet. Intermittent and periodic fasting are also forms
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of DR. In the laboratory, differences in experimental DR protocols can generate different
results. For example, Lazare et al. investigated the effects of caloric restriction (CR) on
HSC function by feeding C57BL/6 (B6) mice on a diet containing 30% fewer calories than a
control diet. These researchers showed that lifelong CR in mice did not have any impact
on aging-associated HSC phenotypes [55]. However, Tang et al. reported that a 30% DR
regimen, in which mice were fed only 70% of the amount of food consumed by ad libitum-
fed mice, prevented HSCs from displaying aging phenotypes. The DR-treated mice in this
study possessed fewer of the CD150high myeloid-biased HSCs that increased in number
with age compared to mice on the control diet. In this case, DR also conferred on HSCs
increased dormancy and enhanced reconstitution ability compared with HSCs isolated
from ad libitum-fed mice [56]. In addition to effects on HSCs, this form of DR suppressed
lymphopoiesis while enhancing erythropoiesis and myelopoiesis in early progenitor cells.
Mechanistically, DR suppressed expression levels of IGF-1, IL-6 and IL-7, which could be
rescued by feeding the ad libitum diet to DR-treated mice. All three of these molecules
proved to be involved in one or more DR-induced hematopoietic changes. For example,
enhancement of quiescence of HSCs by DR-treatment was normalized by administration of
IGF-1, but impaired lymphopoiesis was not rescued. In contrast, injection of IL-6 or IL-7
was able to rescue lymphopoiesis in DR-treated animals. These results indicate that DR
affects hematopoiesis in a cell type-specific manner, and that multiple factors are involved
in exerting DR-related effects.

When normal mice are treated with prolonged cycles of fasting and feeding, beneficial
effects are conferred on HSCs. For example, Cheng et al. subjected mice to repeated
cycles of fasting for 48 h followed by feeding for 12–14 days and examined the effects on
hematopoiesis [57]. This group reported that prolonged fasting led to HSC expansion,
protection of HSCs against chemotoxicity, and promotion of HSC regeneration capacity
coupled to normal differentiation ability. Thus, limitation of nutrient intake by DR or
prolonged fasting has a positive effect on HSC functions.

IGF-1 is well known as an aging-associated molecule in several tissues [54], but
its physiological role in HSC behavior appears complicated. Cheng et al. found that
the beneficial effects of prolonged fasting cycles on HSC function were mediated by a
reduction in IGF-1/PKA signaling, which induced upregulation of FoxO1 expression
and downregulation of G9a [57] (Figure 3, bottom). A recent report has shown that
BM levels of IGF-1, which is expressed mainly by mesenchymal cells, decreased with
age [58]. This reduction of IGF-1 in the BM microenvironment then induced myeloid-
biased hematopoiesis that could be reversed by IGF-1-mediated stimulation of HSCs. Thus,
these data appear to conflict with those from the study mentioned above. It is possible
that feeding after fasting may induce sudden and significant changes to IGF-1 levels that
alter the metabolic dynamics affecting HSC behavior. Fine-tuning of the IGF-1 signaling
pathway within an optimum range may be important for maintaining healthy HSCs. A
more detailed dissection of the effects of IGF-1 signaling on HSC capacities for self-renewal
and balanced differentiation are needed.

3.2. The Effects of Obesity on HSC Homeostasis

Obesity caused by a sedentary lifestyle and unhealthy eating habits leads to inflam-
matory myelopoiesis in mice and humans. Because chronic, low-grade inflammation due
to obesity exacerbates age-related diseases, it has been assumed that obesity may also
accelerate aging-related defects in stem cells. However, the effects of obesity on HSCs
remain unclear.

Previous studies using several different models of obesity, including leptin-deficient
ob mice, leptin receptor-deficient db mice, and mice fed a HFD, have indicated that obesity
increases numbers of myeloid-committed progenitor cells, including multipotent progen-
itors (MPPs), common myeloid progenitors (CMPs), and granulocyte and macrophage
progenitors (GMPs) [59–63]. In addition, obesity induces an aberrant BM microenviron-
ment [64,65]. The increase in myeloid-committed progenitor cells in obese mice is associated
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with adipocyte accumulation in the BM, and it is now clear that BM adipocytes can regulate
HSC functions. For example, after BM injury by 5-fluorouracil (5-FU) or cyclophosphamide
treatment, adiponectin deficiency inhibited the activation of HSCs by attenuating mTORC1
signaling pathway and delayed hematopoietic recovery [66]. The data suggested that
adiponectin promotes hematopoietic regeneration by accelerating the entry of HSCs into
the cell cycle. Furthermore, BM adipocytes are an important source of stem cell factor
(SCF) after irradiation or 5-FU treatment, and BM adipocyte-derived SCF promotes the
maintenance of HSCs and hematopoietic regeneration [67]. These observations show a
positive role for at least some effects of adipocytes on HSC function.

Figure 3. Impacts of dietary interventions on HSCs and myeloid progenitors. Top section: Obesity or
HFD alters the spectrum of bacterial and adipocyte products and macrophage-produced cytokines
that act on HSCs in the BM. In the presence of inflammation, these changes promote macrophage
secretion of cytokines that cause HSCs to undergo abnormal self-renewal and a skewing to myeloid
progenitor differentiation. In tumor-prone mice such as Spred1-deficient animals, in which RAS-
MAPK-mediated tumor suppression is lost, HFD triggers aberrant myelopoiesis leading to the
development of myeloproliferative neoplasm-like diseases. Bottom section. In contrast to obesity, a
DR such as fasting reduces IGF-1 and PKA signaling, which activates FoxO1. This FoxO1 activation
promotes the quiescence and stress resistance of HSCs and thereby prolongs host lifespan.

In contrast to the above, other studies have suggested that the accumulation of
adipocytes within the BM during obesity negatively regulates HSC functions. For ex-
ample, Ambrosi et al. showed in mice that aging and obesity reprogram the mesenchymal
lineage to give rise to adipogenic lineage cells, resulting in expansion and accumulation of
BM adipocytes. They also found that BM adipocytes reduced HSC reconstitution ability in
a transplant model with isolated BM adipocytes [68]. Others have demonstrated that, in
addition to BM adipocytes, other adipose tissue cells are involved in promoting myeloid-
biased hematopoiesis during obesity. Nagareddy et al. reported that monocytosis in obesity
was associated with infiltration of macrophages into adipose tissue [60]. Transplantation
assays of adipose tissue revealed that obesity due to ob mutation or HFD promoted NLRP3
inflammasome-dependent IL-1β production by adipose tissue macrophages via the TLR4-
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MyD88 signaling pathway (Figure 3, top). IL-1β derived from adipose tissue macrophages
stimulates the proliferation of CMPs and GMPs, resulting in enhanced myelopoiesis. These
observations show a negative role for at least some effects of obesity-induced adipocyte
expansion on hematopoiesis.

While obesity appears to affect mainly myeloid-committed progenitor cells, the ca-
pacity of HSCs for total long-term reconstitution is also influenced by obesity-related
factors [59]. Whereas a primary transplantation of HSCs from db/db or HFD-induced
obese mice resulted in significantly increased chimerism in the recipients, a secondary
transplantation of donor-derived HSCs revealed a great reduction in their reconstitution
ability. This obesity-induced defect in HSCs depended on upregulated expression of the
transcriptional repressor Gfi1, which was induced by the increased ROS levels in HSCs. Gfi1
expression in HSCs can also be induced by aging or acute/chronic inflammation but these
effects are reversible. In contrast, the obesity-induced defects in HSCs were irreversible.
This obesity-specific regulation of HSC functions remains under investigation.

3.3. The Effects of HFD on HSC Homeostasis

In general, a HFD includes animal fats that are rich in undesirable saturated fatty
acids. Consumption of a HFD reduces an organism’s insulin sensitivity and the efficiency
with which glucose enters the tissues. These effects of HFD alter organismal metabolic
status by modulating multiple factors, affecting hematopoiesis (Figure 3, top left).

Hermetet et al. reported that a short term consumption of HFD induces exhaustion of
HSCs mediated by modulation of lipid raft organization [69]. Lipid rafts are cholesterol-
enriched patches located in the plasma membrane, which play a critical role in dormancy
of HSCs mediated by TGF-β signaling [27,70]. While lipid rafts were distributed across
the surface of HSC isolated from mice fed a normal diet (ND), they were clustered on
HSC from mice fed a HFD, associated with down-regulation of TGF-β signaling. Since
TGF-β injection restored impaired HSC functions induced by a HFD, they concluded that
consuming a HFD induces alteration of the TGF-β signaling-mediated HSC quiescence,
leading to exhaustion of HSCs. Although it is unclear how lipid rafts in HSCs are affected
by a HFD, systemic metabolic change may cause altered lipid metabolism of HSC’s plasma
membrane, because it has been implied that dietary fatty acids, such as polyunsaturated
fatty acids, affect membrane lipid raft organization [71]. Further investigation for molecular
mechanisms of linkage between diet and HSC signaling is needed.

Another systemic effects of a HFD is abnormal intestinal permeability, setting the
stage for plasma endotoxemia. Liu et al. reported that HFD-fed mice developed low-grade
endotoxemia due to increased levels of serum LPS [63]. This report showed that feeding a
HFD or treating with low-dose LPS induced functional changes in myeloid progenitors
and CLPs, and that these changes depended on TLR4 signaling. However, the involvement
of TLR4 signaling in HSC regulation under conditions of obesity is unclear. Since TLR4
activation by high-dose LPS is known to cause HSC dysfunction [72], it has been assumed
that the endotoxemia resulting from HFD consumption may also impair HSC function.
Detailed studies of the signaling molecules activated by low-dose bacterial pathogens in
HFD-fed and obese animals are needed to clarify their effects on HSC regulation. These
results indicate that the impact of HFD-derived factors on the regulation of HSCs and niche
cells is in need of further exploration.

HFD consumption also changes the composition of the gut microbiota, often favoring
the expansion of Gram-positive bacterial strains [73]. Recent studies have revealed that
HFD-induced alterations to the composition of the gut microbiota affect hematopoietic
homeostasis. For example, Luo et al. showed that the transfer of stool from HFD-fed mice
to mice fed a ND caused the ND animals to exhibit HFD-associated hematopoietic and
BM niche abnormalities. In the recipient mice, MPPs, myeloid progenitors, mesenchymal
stem cells and adipocytes were all increased, whereas LT-HSCs, CLPs and osteoblasts were
decreased. Cytokine expression levels were also altered in BM cells [74].
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We and others have recently identified a critical effect of HFD on the self-renewal of
HSCs in tumor-prone mice. We demonstrated that the altered gut microbiota composition
caused by HFD affected the regulation of HSC self-renewal in Spred1-deficient mice,
which develop myeloproliferative neoplasm-like disease and anemia. Spred1 is a negative
regulator of RAS-MAPK signaling activated by SCF/c-Kit signaling [72]. Loss of Spred1 in
ND mice enhanced HSC self-renewal capacity and success in cell competitions, suggesting
that Spred1 negatively regulates HSC self-renewal. The consumption of HFD, but not LPS
treatment or aging, induced ERK hyperactivation and aberrant self-renewal in Spred1-
deficient HSCs, leading to the appearance of anemia and myeloproliferative neoplasm-like
disease (Figure 3, right). Depletion of gut microbiota by antibiotic treatment mitigated
these HFD-induced hematopoietic abnormalities, suggesting that the microbiota play a
crucial role in regulating HSC homeostasis. Since downregulation of SPRED1 is observed
in myeloid leukemia patients with a poor prognosis, [75], HFD-driven metabolic aberration
or microbiota dysbiosis may significantly promote pathogenesis of leukemia patients.

3.4. The Effects of Metabolites Induced by Dietary Interventions on Stem Cell Fate Determination

Although our knowledge of how HSC regulation is affected by dietary interventions is
currently limited, evidence of significant effects of various metabolites on other tissue stem
cells has been accumulating. The next sub-section examines metabolites that control ISC
self-renewal. The findings suggest possible roles of these metabolites in HSC homeostasis.

3.4.1. Fatty Acid Composition

Previous reports showed that the treatment with either HFD or fatty acid constituents
enhanced ISC self-renewal in a manner dependent on PPAR-fatty acid oxidation (FAO)
in the absence of inflammatory signaling [76,77]. Conversely, intermittent fasting en-
hances self-renewal of ISCs by activation of PPARδ signaling through enhancing FAO [78].
These contradictory data suggest that fatty acids may be critical but complex regulators of
HSC homeostasis.

3.4.2. Ketone Bodies and Related Metabolites

During fasting, glucose levels decline and ketone biogenesis increases, releasing ke-
tone bodies such as acetone and β-hydroxybutyrate (β-OHB) into the circulation. β-OHB
enhances ISC self-renewal [79] by inhibiting histone deacetylases (HDACs) [80]. A keto-
genic diet, which is a high-fat, low-carbohydrate diet, also induces the production of ketone
bodies, which are used as alternate carbon sources. β-oxidation of fatty acids induced by
a ketogenic diet promotes the activity of the tricarboxylic acid (TCA) cycle mediated by
production of acetyl-CoA [81]. While there have been no reports of significant effects of a
fasting or ketogenic diet on HSC behavior, it is plausible that such dietary interventions
might modulate hematopoiesis and/or HSC aging.

3.4.3. Microbiota Producing Metabolites

Alterations of the gut microbiota composition can induce systemic or local changes in
gut microbiota-derived metabolites, which have recently been shown to affect organismal
aging, tissue homeostasis and development of several diseases in humans as well as in
mice [82–84]. For example, mice fed HFD show expansion of Gram-positive bacterial
strains in the intestine. Increased levels of deoxycholic acid (DCA), which is a secondary
bile acid produced by the microbiota, appear in the blood plasma of these animals. Bile
acids, including secondary bile acids, are known to affect the regulation of HSC functions
through their suppression of the ER stress response [85–87]. In addition, difference in intake
of dietary fiber can change the spectrum of gut microbiota-derived metabolites in mice.
Levels of short-chain fatty acids (SCFAs), including acetate, propionate and butyrate, are
modulated by the feeding of dietary fiber, and these molecules can affect differentiation and
the functions of immune cells [88,89]. Butyrate can also suppress the proliferation of murine
ISCs in a FoxO3-dependent manner [90], implying an important role for this metabolite in
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regulating HSC biology. The same may be true for many other such metabolites in a broad
range of stem cells.

4. Future Perspective

Over the past 15 years, there has been intensive study of the intracellular metabolic
regulation in HSCs mediated by the anabolic/catabolic balance. The underlying rationale
for these studies may be the hypothesis that the longevity or lifespan of an organism relies
on the continued functionality of its stem cells. This body of work has now established that
the activation of catabolic regulators is required for the maintenance of HSCs, as well as
that of other tissue stem cells such as NSCs and MuSCs. Suppression of aberrant protein
aggregation, mitochondrial activation, and oxidative stress has proven vital for the proper
regulation of these tissue stem cells. Although mechanisms of control of HSC self-renewal
by anabolic regulators have remained unclear, a deeper understanding of how stem cell
behavior is regulated by the anabolic/catabolic balance will no doubt yield new strategies
for maintaining healthy HSCs in vitro and in vivo.

The effects of catabolism on stem cell homeostasis in the context of cancer cell dor-
mancy have not fully elucidated. Several catabolic regulators have been reported to play
critical roles in the maintenance of stem cells in malignant tissues [91,92], but the functions
of these regulators were found to be highly variable among cancers. Compared to tissue
stem cells, cancer cells are much more complicated because they undergo numerous gene
mutations and epigenetic alterations. It is thus difficult to find biological commonalities
among such cells. However, cancer cell dormancy might be one area where a shared
biological mechanism exists. It has recently been proposed that non-mutational drug resis-
tance mechanisms underlie the survival of residual “drug tolerant persister” (DTP) cancer
cells, and that these DTPs display transcriptional and functional similarities to cells in
diapause, a reversible state of suspended embryonic development triggered by unfavorable
environmental conditions [93,94]. Embryonic diapause is induced by inhibition of Myc [95]
or mTOR [96], which are anabolic regulators. This finding suggests an important role for
nutrient-sensing signaling in the survival of DTPs. That being said, this hypothesis appears
paradoxical because the same signals have been thought to be important factors driving
malignant progression. Further delving into how cancer behavior is influenced by nutrients
may lead to the development of novel therapeutics useful for treating a variety of cancers.

Unlike the intensive analyses of intracellular metabolic regulators within HSCs, there
has been little work performed to understand the molecular mechanisms by which changes
to dietary nutrients affect HSC behavior. Although it is evident that the inflammatory
machinery is at the center of this phenomenon, crucial players remain hidden. Specifically,
studies of the effects of nutrients on cells in the BM niche supporting hematopoiesis and
HSC homeostasis should be expanded, and the molecular mechanisms underlying the
linkages between intracellular metabolism and systemic metabolic changes, and how they
affect the microenvironments controlling stem cell behavior, should be explored. Many
different cell types within the BM niche contribute to HSC homeostasis, including vascular
cells, mesenchymal stem cells, mesenchymal lineage cells (osteoblasts and adipocytes), and
neural cells. However, it remains unclear how these multiple cell types are organized by
nutrient-related factors to preserve an environment suitable for healthy HSCs. To properly
understand the spatiotemporal dynamics of HSC-niche interactions under various nutrient
conditions, studies combining genomics, bioinformatics, metabolomics and imaging should
be performed via interdisciplinary collaboration. Only by this multi-pronged approach will
the mechanisms underlying the physiological roles of nutrients in the BM niche be clarified.

The knowledge gained from the above investigations may also spur the identification
of compounds that can be used to influence HSC survival and behavior. It has been
demonstrated that HSCs bearing genetic alterations to the TET2, DNMT3A or ASXL1
genes exhibit abnormal differentiation with a bias toward myelopoiesis, promoting chronic
inflammation. The myeloid-biased HSCs accelerate atherosclerosis and increase the risk
of cardiovascular disease because of myeloid cells secretion of inflammatory cytokines
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or leakage of gut microbiota, both of which sustain systemic chronic inflammation. If
compounds could be found to prevent the generation of aberrant HSCs despite their
mutations, such products could have important medical applications in the future. Since
these compounds will be natural molecules already present in the human body, it is
likely that some may be useable without modification for the prevention of hematopoietic
abnormalities, such as aging-related myelodysplasia. In addition, the early detection of
upregulation of a metabolite known to be harmful to HSCs could aid in the diagnosis
of hematopoietic diseases. While genetic alterations are critical indicators, additional
information with biomarkers that reflect inflammatory status would contribute to accurate
prediction of prognosis and successful medical intervention.

In conclusion, continued research in the field of the effects of intra- and extra-cellular
metabolism on HSCs is both necessary and potentially highly rewarding. These efforts
will no doubt make numerous major contributions to society in the form of new tools for
medical research and novel therapeutic agents for improving human health care.
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Abstract: The dramatic increase in obesity is putting people under increasing pressure. Lipase
inhibitors, as a kind of effective anti-obesity drug, have attracted more and more researchers’ attention
in recent years because of their advantages of acting on the intestinal tract and having no side effects
on the central nervous system. In this study, lipase inhibitor Fu Brick Theophylline (FBT) was
screened based on enzyme molecular dynamics, and the inhibition mechanism of lipase inhibitors
on obesity was analyzed and discussed at the cellular level and animal model level. We found that
FBT had high inhibition effects of lipase with an IC50 of 1.02~0.03 μg/mL. Firstly, the laboratory used
3T3-L1 proadipocytes as models, flow cytometry was used to detect the effects of FBT on the cycle,
apoptosis and intracellular ROS activity of proadipocytes. To study the contents of triglyceride, total
cholesterol, related metabolites and related gene and protein expression in adipocytes. The results
showed that FBT could reduce ROS production and inflammatory factor mRNA expression during
cell differentiation. Secondly, by establishing the animal model of high-fat feed ob nutritional obese
mice, the morphological observation and gene expression analysis of body weight, fat rate, adipocyte
and hepatocyte metabolism of FBT obese mice were further discussed. It was proven that FBT can
effectively reduce the degree of fatty liver, prevent liver fibrosis and fat accumulation, and improve
the damage of mitochondrial membrane structure. This study provides a theoretical basis for the
screening and clinical treatment of lipase inhibitors.

Keywords: obesity; lipase inhibitors; theophylline; Fu Brick tea; preadipocytes

1. Introduction

Adipose tissue is the central organ that maintains homeostasis, and white adipose tis-
sue (WAT) is an important part of the body that stores fat and regulates energy metabolism,
but the excessive accumulation of WAT leads to the development of obesity [1]. In WAT,
lipid synthesis is directly positively correlated with decomposition efficiency [2]. Many
studies have shown that the secretion and expression of various inflammatory factors
increase in the white fat of type 2 diabetes patients. These inflammatory factors and in-
flammatory markers can cause insulin resistance by interfering with normal insulin signal
transduction pathways. Hepatic insulin resistance is an important pathophysiological
mechanism of glucose and lipid metabolism disorder, which is of great significance for the
development of non-alcoholic fatty liver disease (NAFLD) [3].
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Lipase plays a key role in human fat metabolism. It breaks down the oil in food
into small molecules of glycerol and fatty acids that the body can absorb and metabo-
lize [4]. Screening of pancreatic lipase inhibitory active ingredients has become a research
hotspot [5]. In previous studies of pancreatic lipase inhibitors, most inhibitors have shown
an effect of improving fatty liver damage and reducing blood lipid levels in the body [6].
Clinical trials have also shown that pancreatic lipase inhibitors can accelerate the empty-
ing of food in the stomach and improve fat metabolism in the body [7]. Chinese herbal
medicines are of interest due to their diverse structure, nontoxicity and wide range of
sources, and their flavonoids, alkaloids, polyphenols, terpenes and other components show
lipase inhibitory effects. At present, studies on the regulation of the metabolism of Fu Brick
tea focus only on the effects of polysaccharide extraction on intestinal microorganisms.

As one of the three health drinks, tea enjoys a good reputation in the world. Fu
Brick tea is a unique black tea and the most typical tea naturally enriched with selenium
which has effects, such as lowering blood sugar and blood fat, anti-oxidation, bacteriostasis
and increasing resistance to healthcare effects. In the study of Liu et al., the extraction
of polysaccharides from Fu Brick tea improved metabolic disorders by regulating the in-
testinal microbial population [8]. Fu Brick tea is mainly digested by intestinal flora and
has a significant healthcare effect [9]. However, there has been no report on theophylline
extracted from Fu Brick tea. In this study, the inhibitory effects and mechanisms of FBT on
lipase and the proliferation and differentiation of preadipocytes were studied. The results
showed that FBT inhibited the generation of lipid droplets by affecting the differentiation
of preadipocytes. Furthermore, FBT can reduce the release of preadipocyte ROS and inflam-
matory cytokines. At the same time, mice treated with FBT had significantly improved fatty
liver and lipid metabolism due to pancreatic lipase inhibition and reduced lipid intake.

2. Result

2.1. The Molecular Structure of FBT

The 98.78% pure of FBT was obtained with a series of specific separation and extraction
steps, which are shown in the supplemental materials (Figures S1 and S2). The structural
formula of FBT is shown in Figure 1. In order to characterize the group information of FBT,
nuclear magnetic resonance analysis (1H-NMR and 13C-NMR) was carried out on FBT.
The absorption peak frequency on the NMR spectrum, namely chemical shift δ, is one of
the important parameters of the NMR spectrum. Figure 1A shows the 1H-NMR analysis
of Fu Brick tea pigment, Δ δ3.17 (3H, s, N1-CH3), Δ δ3.34 (3H, s, N3-CH3), Δ δ3.81 (3H, s,
N7-CH3), Δ δ7.92 (1H, s, C8-H) and the 1H-NMR peaks Δ 2.67 (3H, s, N1-CH3), Δ 2.67 (3H,
s, N3-CH3), δ3.93 (3H, S, N7-CH3), δ8.05 (1H, S, C8-H) belong to similar positions. In the
analysis results, a relatively wide peak at Δ 4.2 position is water peak, which may be due
to the deviation of peak shifts of other groups. Figure 1B shows 13C-NMR analysis and
judgment. The positions of the absorption peaks of Δ 27.94 (n1-CH3), Δ 29.81 (n3-CH3),
Δ 33.57 (n7-CH3), Δ 107.35 (C5), Δ 143.27 (C8), Δ 148.31 (C4), Δ 151.55 (C2), Δ 154.79 (C6)
are basically consistent with the positions of the carbon spectrum peaks of theanine in the
document. From this, it is judged that this compound is tea alkali in Fu Brick tea, and its
chemical structure is shown in Figure 1B. In this paper, it is named Fu Brick Theophylline,
abbreviated FBT.
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Figure 1. Nuclear magnetic resonance (NMR) analysis of Fu Brick tea element (A), carbon spectrum
analysis; (B), hydrogen spectrum analysis.

2.2. Inhibitory Effect and Mechanism of FBT on Lipase
2.2.1. Effect of FBT on Lipase Activity

As shown in Figure 2A, the relative activity of lipase showed a significant downward
trend with increasing FBT concentration, and its IC50 was 1.02 ± 0.03 μg/mL. The relation-
ship between the remaining enzyme activity and enzyme concentration in the presence
of different concentrations of FBT was a family of straight lines that all passed through
the origin, indicating that it is the reversible property of the inhibition. According to the
Lineweaver-Burk method of double reciprocal mapping, a set of straight lines intersecting
in the second quadrant was obtained (Figure 2B). FBT increases the Km value of the enzyme
and decreases the Vm value, indicating that the type of inhibition on lipase is mixed. The
calculated data are summarized in Table 1.
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Figure 2. Inhibition of lipase by FBT and its mechanism. (A) Effect of FBT on lipase activity.
(A-a) IC50 value of FBT; (A-b) Slope diagram of enzyme activity at different FBT concentrations.
(B) Type of lipase inhibition by FBT. (B-a) Lineweaver–Burk double reciprocal curve; (B-b) double
reciprocal curve slope plotted against effector concentration to determine inhibition constant KI;
(B-c) double reciprocal curve intercept versus effector concentration plot to determine the inhibition
constant KIS. (C) Effect of FBT on lipase emission spectrum. (C-a) Stratification of lipase fluorescence
emission spectra; (C-b) Absorption peak height pair [I]; (C-c) Stern–Volmer curve; (C-d) Lg [(F0-F)/F]
stands for LG [I]. (D) Molecular docking mode of FBT and lipase residues.

Table 1. Inhibition constants of FBT on lipase.

Sample IC50 (mg/mL)
Inhibition Effect Inhibition Constant (mM)

Mechanism Types KI KIS

FBT 1.02 0.98 Reversible mixed 0.93 1.78

2.2.2. Fluorescence Quenching of FBT on Lipase

As shown in Figure 2C-a, with the continuous addition of FBT, the fluorescence
emission peak of lipase gradually decreased but did not affect the peak shape and peak
position of the enzyme fluorescence emission spectrum. This shows that FBT and lipase
form an enzyme-FBT complex, which prevents the enzyme from binding to the substrate
and achieves the effect of inhibiting the catalytic activity of the enzyme. Figure 2C-b is
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the peak height value corresponding to Figure 2C-a. The peak of the lipase fluorescence
spectrum gradually decreases with the increase in the amount of FBT.

According to the Stern–Volmer equation: F0/F = 1 + KSV [I], with F0/F as Y and [I]
as X (Figure 2C-c), we can calculate KSV = 2.39 × 102 M−1 > 100 M−1. Therefore, the
quenching process of lipase protein molecules by FBT is static. In this case, the binding
constant KA and the binding site n can be calculated according to the Scatchard equation
lg [(F0 − F)/F] = lgKA + nlg [I]. In Figure 2C-d, using lg [(F0 − F)/F] as the Y-axis and lg
[I] as the X-axis, the values of n and KA were obtained according to the slope and intercept
of the obtained linear equation. The calculated data are listed in Table 2.

Table 2. The fluorescence parameters between FBT and lipase.

Types Quenching Type KSV (M−1) Kq (M−1s) KA (M−1) n

FBT Static 2.39 × 102 2.39 × 1010 3.12 × 103 1.745

2.2.3. Molecular Simulation Docking

The molecular mechanism of lipase inhibition by FBT was studied by the molecular
simulation docking software MOE, as shown in Figure 2D. FBT directly interacts with the
lipase in the carbonyl oxygen of the carbon 2 bond and has a strong docking force with
the Tyr195 residue of the lipase, and the Ser237 Glu220, Asp238, Pro194, Ile193, Arg196,
and Thr236 residues also interact with the lipase. FBT has a relatively large molecular size,
a part of which is bound to the cavity and a part of which is bound to the outside of the
cavity, and the mixed type inhibits the steric hindrance of the substrate and the enzyme
active center, which is consistent with the enzyme kinetic analysis [10].

2.3. Effects of FBT on 3T3-L1 Preadipocytes
2.3.1. Effects of FBT on 3T3-L1 Preadipocyte Toxicology and Proliferation

The lipid-lowering effects of lipase inhibitors were verified at the cellular level.
Changes in the number and volume of fat were determined by the proliferation, dif-
ferentiation and apoptosis of proadipocytes. Therefore, it is necessary to study the effects
of FBT on the proliferation, differentiation and apoptosis-related regulatory genes and
proteins of proadipocytes. The A4 quadrant represents the number of apoptotic cells,
and the A2 quadrant represents necrotic cells in the flow cytometer. In Figure 3A-(a–e),
the results show that FBT caused only a small amount of 3T3-L1 preadipocytes to enter
early apoptosis when the concentration was greater than 50 μg/mL, indicating that it
has inhibitory effects on preadipocytes but does not cause cell apoptosis and necrosis. In
addition, FBT had no significant difference in lactic dehydrogenase (LDH) release from
3T3-L1 preadipocytes (F (1, 4) = 2.000, p = 0.2302), indicating that FBT is not toxic to 3T3-
L1 preadipocytes (Figure 3A-f). The results show that FBT can inhibit the proliferation
of 3T3-L1 preadipocytes, as shown by the morphological observation in Figure 3B-(a–f)
and MTT assay in Figure 2B-g. According to the two-way ANOVA, the treatment time
(F (5, 48) = 60.22, p < 0.0001) and the concentration of FBT (F (1, 48) = 6.119, p = 0.0170) had
a significant effect on the proliferation of 3T3-L1 preadipocytes, and the two factors had
a significant correlation (F (5, 48) = 2.757, p = 0.0287). The average inhibition rates were
35.2% and 51.3% after treatment for 24 h and 48 h, respectively. The decrease in the number
of 3T3-L1 preadipocytes is due to FBT inhibiting proliferation.
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Figure 3. Effects of FBT on 3 T3-L1 preadipocytes. A: Effect of FBT on the apoptosis rate of 3T3-L1
preadipocytes. (A-a) Blank control; (A-(b–d)) FBT dosage was 10, 50, and 100 μg/mL, respectively;
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(A-e) histogram quantization; (A-f) Effects of FBT on the proliferation and activity of LDH in the
supernatant of 3T3-L1 cells. (B) Cell 3T3-L1 morphological variation after FBT treatment for 24 h.
(B-(a–f)) FBT dosage was 0, 10, 25, 50, 100, and 200 μg/mL, respectively; (B-g) MTT assay was
used to detect the effect of FBT on the proliferation of 3T3-L1 cells.*** p < 0.0001 versus the control
group; and ### p < 0.0001 versus different times (24 h and 48 h) at the same concentration. (C) Cell
cycle results. (C-(a–f)) Cells were treated with FBT at 0, 5, 10, 25, 50, and 100 μg/mL FBT for 48 h.
Treated and control cells were stained with PI, and changes in the cell cycle were examined by
flow cytometry. (C-g) Histogram showing the percentage of cell cycle distribution in each phase
of the cell cycle (G0/G1, S, and G2/M). (D) FBT decreases intracellular ROS levels in 3T3-L1 cells;
(D-a) flow peak diagram; (D-b) Cumulative displacement of ROS peaks in flow cytometry under
different concentrations of FBT, where the FBT concentration gradient is 0, 5, 10, 25, 50, and 100
μg/mL; (D-c) X-mean quantization diagram. (D-d) Histogram of the influences of FBT on ROS-related
genes in 3T3-L1 cells, p < 0.01, and *** p < 0.0001 versus the control group.

2.3.2. Effects of FBT on the Cell Cycle of 3T3-L1 Preadipocytes

We used different concentrations of FBT (0, 5, 10, 25, 50, and 100 μg/mL) to simultane-
ously treat logarithmic phase preadipocytes for 48 h, and the results are shown in Figure 3C.
With increasing FBT concentration, the proportion of 3T3-L1 preadipocytes entering the S
phase decreased, and the proportion of cells in the G2/M phase increased. The G1 phase
stabilized after decreasing. Further cell cycle analysis revealed that the cells were blocked
in the G2 phase, which was the reason why FBT affected preadipocyte proliferation.

2.3.3. Effects of FBT on ROS Levels in 3T3-L1 Preadipocytes

The DCFH-DA was used as a fluorescent probe of the active oxygen detection kit to
combine the active oxygen in the cell with the fluorescent DCFH to generate fluorescent
DCF. The level of ROS was measured on a flow cytometer based on the amount of DCF
fluorescence. Figure 3D-a shows the ROS peak of adipose cells 24 h after FBT treatment.
With the increase of FBT concentration, the mean value of ROS X gradually decreases
compared with the control group (3D-c), and the peak value gradually shifts to the left
(3D-b). These results suggest that FBT can reduce the ROS level of 3T3-L1 preadipocytes
(F (5, 12) = 15.48, p < 0.0001). Furthermore, the mRNA expression levels of ROS-related
genes, including the key kinase interleukin 6 (IL-6) (F (3, 4) = 126.5, p = 0.0002), tumor
necrosis factor (TNF-α) (F (3, 4) = 457.5, p < 0.0001), and inhibitor kappa B kinase β (IκKβ)
(F (3, 4) = 360.6, p < 0.0001), were downregulated with increasing concentrations of FBT,
as shown in Figure 3D-d. TNF-α and IL-6 have a variety of effects on the physiological
functions of adipocytes, and IKK-β is a key hub for inflammatory signals to interfere with
insulin signals [11], which can mediate chronic inflammation induced by obesity. Their
decrease indicates that FBT has a certain restriction on the inflammatory response.

2.3.4. Effects of FBT on 3T3-L1 Preadipocyte Lipid Production

Lipid droplets store various substances required for energy metabolism and are embed-
ded with various proteins on their surfaces. Triglycerides (TGs) are stored in the cytoplasm
of fat cells in the form of lipid droplets, while total cholesterol (TC) exists in the plasma
membrane of cells and is the main component of lipid droplets in fat cells. In Figure 4A-a,b,
by testing TG and TC in the 100 μg/mL FBT and control groups on different days, it was
found that the accumulation of TG and TC in cells treated with FBT began to decrease sig-
nificantly from the second day of cell differentiation. On the eighth day, TG accumulation
decreased by 37.5–37.7% and TC accumulation decreased by 53.7–54.7% compared with the
control group. After that, we tested the contents of TG and TC at different concentrations of
FBT on the sixth day (Figure 4A-(c,d)). The results showed that FBT reduced the contents
of TG (F(5, 6) = 153.6, p < 0.0001) and TC (F(5, 6) = 107.2, p < 0.0001) in a gradient manner.
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Figure 4. (A) The effect of FBT on the changes in TG and TC content during the differentiation of 3T3-
L1 preadipocytes. (A-(a,b)) Changes in TG and TC contents within eight days of the cell differentiation
process under the 100 μg/mL FBT treatment; (A-(c,d)) The contents of TG and TC under different
concentrations of FBT on the sixth day of differentiation. * p < 0.05, ** p < 0.01, and *** p < 0.0001
versus the control group; ### p < 0.0001 versus different times at the same concentration. (B) Effects of
FBT on the related metabolism of 3T3-L1 cells. (B-a) 4-NPP was used as a substrate to detect lipase
activity by UV spectroscopy. (B-b) ATGL activity detection results. (C) Lipid metabolism of 3T3-
L1-related gene expression with FBT; (C-a) Gene expression related to triacylglycerol hydrolyzation,
fatty acid uptake and fatty synthesis under FBT (0, 10, 50 and 100 μg/mL) treatment; (C-b) Effects of
FBT on the mRNA levels of genes related to fatty acid oxidation. (D-a), AMPK gene expression with
RNA; (D-b), AMPK and phosphorylated AMPK protein expression with Western Blot.
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The substrate method was used to verify the lipase in cells directly, demonstrating
that FBT could inhibit the decomposition of lipase, and FBT also inhibited the hydrolysis of
triglycerides in tissues. The results showed that lipase activity decreased in a concentration-
dependent manner with drugs (Figure 4B-a), (F(5, 18) = 703.6, p < 0.0001). An ATGL
kit was used to detect the decreased triglyceride lipase content in fat cells (Figure 4B-b),
(F(3, 12) = 83.50, p < 0.0001), and lipase activity was collected and detected after cell lysis.
The substrate method was used to verify the lipase in cells directly, which proved that
FBT could inhibit the decomposition of lipase, and FBT also inhibited the hydrolysis of
triglyceride in tissues.

2.3.5. Effects of FBT on the Expression of mRNAs Related to Differentiation and Lipid
Production in Preadipocyte 3T3-L1 Cells

After treatment with FBT, some mRNAs encoding fat absorption-related and synthesis-
related enzyme genes of preadipocytes were downregulated, as shown in Figure 4C-a,
the TG-degradation rate-limiting enzyme lipoglycerol lipase (ATGL) (F (3, 4) = 1206,
p < 0.0001) and hormone-sensitive lipase (HSL) (F (3, 4) = 196.9, p < 0.0001), lipopro-
tein esterase (LPL) (F (3, 4) = 328.8, p < 0.0001) were related to fatty acid absorption, and
acetyl-CoA carboxylase (ACC) (F (3, 4) = 221.8, p < 0.0001) and fatty acid synthase (FAS)
(F (3, 4) = 1375, p < 0.0001) were related to fat synthesis. These results indicated that FBT
had a certain inhibitory effect on the synthesis of fat. In Figure 4C-b, the mRNA expression
levels of fatty acid oxidation rate-limiting enzymes, including carnitine palmitoyl trans-
ferase (CPT-1) and acetyl-CoA oxidase (A-COX) genes, were significantly upregulated.
These results indicate that FBT may play a certain role in promoting fatty acid oxidation.

Adenosine-activated protein kinase (AMPK) is a crucial energy regulator of cellular
anabolism and catabolism. When AMP/ATP levels rise due to cell stress, AMPK will
be phosphorylated and then activate multiple downstream target molecules to reduce
ATP consumption and inhibit lipid and cholesterol synthesis, etc., [12]. Conversely, the
decrease of AMP/ATP will increase the synthesis of ATP and promote the oxidation of fatty
acids [13]. Figure 4D-a showed that FBT increased AMPK mRNA expression in adipose
tissue. Meanwhile, AMPK and phosphorylated AMPK protein expression were detected
(Figure 4D-b), and the difference in AMPK protein expression was not significant, while
p-AMPK expression was significantly increased. Our results suggest that FBT is involved
in adipose tissue regulation, most likely by activating the AMPK pathway to reduce lipid
decomposition and lipid production. At the same time, the expression of P-AMPK was
up-regulated, suggesting that the drug might protect mitochondria from ROS oxidative
damage by activating AMPK

2.4. FBT Reducing Fat Based on an OB Mouse Obesity Model
2.4.1. Effect of FBT on the Accumulation of Lipid Droplets in Non-Alcoholic Fatty Liver

To investigate the therapeutic effects of FBT on diet-induced obesity, we orally admin-
istered vehicle (saline) FBT or orlistat to OB/OB mice for 40 days. Although food intake was
similar to that in the control group, FBT supplementation significantly alleviated the perire-
nal fat and hepatomegaly detected by PET-CT in mice (Figure 5A). Figure 5A-a showed
that the fat accumulation and fatty liver volume in the control group increased significantly.
Compared to the perirenal fat of mice treated with fuzhuancha extract (Figure 5A-b) to
that at the beginning of gavage, we found that the perirenal fat decreased, and there was
little difference in the size of the liver at the end of gavage and at the beginning of gavage.
At the same time, compared with the control group, the volume of perirenal fat and liver
fat decreased significantly in the FBT treatment group after gavage, indicating that the fat
accumulation in the abdominal cavity and the hypertrophy of fatty liver can be significantly
reduced after Fu Brick tea extract treatment. The results in Figure 5B show that the weight
of mice in the control group exhibited an upward trend. The average weight of mice in
the control group was 57.2 g after 48 days of modeling and 40 days of continued growth.
A significant inhibitory effect was observed in all groups administered by gavage. The
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average weight of mice in the orlistat group was controlled at 64.3 g, and the weight of
mice in the FBT group was reduced to 51.8 g, indicating that FBT had a certain inhibitory
effect on the weight of obese mice and even had a better effect on fat reduction than the
positive control. Strikingly, liver sections stained by Oil Red O staining (Figure 5C) and
hematoxylin & eosin (Figure 5D) showed fewer and smaller lipid vacuoles in the liver of
the FBT-treated mice than in the untreated mice. The reduced lipid accumulation in the
livers of the treated mice was supported by Oil Red O staining and biochemical analysis,
which showed an approximate 30% reduction in liver triglyceride (TC) content and a 50%
reduction in liver cholesterol (TG) (p < 0.05; Figure 5E).

2.4.2. Effect of FBT Remission on Liver Fibrosis and Degree of Injury in Mice

The livers of OB/OB mice in the control group exhibited hepatocytes with lipid
droplets spread throughout the cytoplasm and cells with characteristics of myofibroblasts
stained blue near the hepatocytes and lipid drops, thereby indicating the development of
fibrosis in Masson’s trichrome staining (p < 0.01) (Figure 6A). Next, to determine the effects
of FBT on glucose homeostasis and insulin sensitivity, GTT and ITT were performed after
40 days of FBT treatment. As shown in Figure 6B, FBT-treated OB/OB mice exhibited lower
glucose levels at all time points up to 90 min after intraperitoneal glucose (Figure 6B-a)
or insulin injection (Figure 6B-b) compared with control OB/OB mice. The fluctuation of
blood glucose levels is small, and the mice in the Fu Brick tea extract group have a higher
tolerance to glucose.

However, we found that blood glucose did not decrease but increased rapidly after
insulin injection in the control group and orlistat group, which is consistent with the
characteristics of type 2 diabetes caused by obesity. The ultrastructural analysis of the liver
cells of the OB/OB mice revealed many of the different organelles, such as mitochondria,
rough-surfaced endoplasmic reticulum (rER), lipid droplets, lysosomes and nuclei, between
the control and treatment groups and the presence of lipid droplets spread throughout the
cytoplasm in the control group (Figure 6C-i). In addition, we found that the mitochondrial
membrane structure of the control and orlistat groups was damaged, the coloring was deep,
and the ridge structure was unevenly distributed (Figure 6C-ii). We found that the apoptotic
cells in FBT-treated mouse liver tissues were reduced, and they could be specifically labeled
with fluorescence area quantification by TUNEL staining, as shown in Figure 6D. After
FBT treatment, the fluctuation in blood glucose levels (4.5 mM/L–6.5 mM/L) in the mice
remained relatively small compared with that of the control group both in GTT and ITT.
Furthermore, FBT also increased the total antioxidant capacity in tissues and serum detected
by the Solarbio kit, as shown in Figure 6E.

2.4.3. Effects of FBT on Lipid Metabolism in Non-Alcoholic Fatty Liver Tissue

Finally, a lipid metabolomics analysis was performed to further verify the lipid in-
hibition effect of FBT. The metabolomic data is shown in Figure 7. Compared with the
FBT-treated group, the contents of 30 triglyceride TAGs in the liver of the control group
were significantly higher, and the contents of 10 TAGs (all unsaturated fatty acids) were sig-
nificantly lower (Figure 7A). At the same time, as shown in Figure 7A,B, the accumulation
of a large amount of diglyceride (DAG), fatty acid (FA) and acetylated fatty acid (FAHFA)
in the liver tissue of mice without FBT treatment may be due to the inhibition of lipase in
the intestine by FBT such that a large number of TAGs cannot be broken down into DAG,
FA, and FAHFA and directly excreted. Furthermore, the contents of phosphatidylcholine
(PC) and phosphatidylethanolamine (PE) were also clearly different. FBT-treated mice had
20 types of PC and 17 types of PE accumulation, while mice without FBT treatment had
only two types of PC and eight types of PE accumulation. PC and PE are often used in
the treatment of non-alcoholic fatty liver, which can promote the formation of HDL and
promote lipid transport [13].
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Figure 5. (A) Comparison of PET-CT scan results of mice before and after gavage. (A-a) PET-CT scan
of perirenal fat and liver in the control group; (A-b) PET-CT scan of perirenal fat and liver in the FBT
treatment group. (B) Weight changes in different groups over 40 days. (C) Frozen sections of liver
were stained with Oil Red O, and the lipid droplet area was quantified using ImageJ. (D) HE staining
of paraffin sections of mouse white adipose tissue and liver tissue (n = 6). (E) The contents of TG and
TC in mouse liver, white fat and serum. * p < 0.05, ** p < 0.01, and *** p < 0.0001 versus the control
group; # p < 0.05, ## p < 0.01, and ### p < 0.0001 versus the orlistat group.
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Figure 6. (A) Stained by Masson’s trichrome represents the fibrotic area, and the fibrotic area was
quantified using ImageJ. The blue area is the liver tissue; The red area is the cytoplasm; The purple
area is the nucleus. (B) Changes in blood glucose concentration within 90 min in insulin resistance
and glucose tolerance tests in different groups of mice. (C) i; Effects of FBT on the ultrastructure of
liver tissue in obese mice under a transmission electron microscope. a; lipid particles, b; nucleus, c;
mitochondria. d; endoplasmic reticulum. ii; Ultrastructure of mitochondria in different treatment
groups. (D) Mouse liver apoptosis and necrotic cells were labeled by TUNEL fluorescence staining,
and the fluorescence area was quantified by ImageJ. (E) Detection of total antioxidant activity in
the liver, fat and serum of mice. * p < 0.05, ** p < 0.01, and *** p < 0.0001 versus the control group;
# p < 0.05, ## p < 0.01, and ### p < 0.0001 versus the orlistat group.
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Figure 7. The ionization source of the LC-QTOFMS platform is electrospray ionization, and there are
two ionization modes: (A) positive ion mode (POS), (B) negative ion mode (NEG). The combination
of the two modes in the detection of the metabolome can increase the metabolite coverage rate.
a: Heatmap of hierarchical clustering analysis for the group (FBT treatment vs. the control). b: Radar
chart analysis for group. (FBT treatment vs. te control). c: Lipid species of bubble plot for the group
(FBT treatment vs. the control). Each point in the lipid bubble diagram represents a metabolite. The
size of the point represents the p-value of the Student’s t-test (taking the negative number of the
logarithm base 10), and a larger point represents a smaller p-value. Grey dots represent nonsignificant
differences with a p-value not less than 0.05, while colored dots represent significant differences with
a p-value less than 0.05 (different colors are marked according to lipid classification). d: Volcano plot
for the group (FBT treatment vs. the control).

3. Discussion

In this study, a relatively safe and effective lipase inhibitor, FBT was screened from
Fu Brick tea, and the total yield was 1.34%. The compound with a molecular weight of
195 was collected by an automatic purification system, and the possible molecular formula
was determined by Q-Exactive high-resolution liquid chromatography-mass spectrometry
analysis. 1H-NMR and 13C-NMR scanning spectrograms determine that the compound is
theophylline. Its IC50 value on lipase is 1.02 μg/mL, and the inhibitory type is reversible
mixed inhibition. The endogenous UV fluorescence results show that it has a static quench-
ing effect on the emission spectrum of lipase, and the binding site n is 1.754, which is
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close to two sites. The molecular simulation results show that FBT may interact with
several amino acids of lipase and directly act on the Tyr195 residue. According to the
preliminary judgment of lipase kinetics, this active substance has potential in the study of
anti-obesity drugs.

Our results demonstrated that the direct effects of FBT on the differentiation of 3T3-L1
cells were significant. Differentiation of preadipocytes into mature adipocytes is considered
an important goal for the development of anti-obesity drugs [14]. The results of flow
cytometry were analyzed for the changes of intracellular ROS content after FBT treatment.
The reduction of ROS can protect the mitochondria of liver cells from damage, which
is consistent with the results of in vivo experiments (Figure 6C). Obesity has also been
related to antioxidant defense enzymes. Some findings have suggested that the activity of
SOD increases at the onset of obesity development in an attempt to combat the increased
generation of free radicals [15]. Therefore, understanding the molecular mechanisms that
tightly control adipocyte development and adipogenesis will provide valuable information
for controlling obesity [16]. We found that FBT can significantly inhibit the proliferation
of preadipocytes, but LDH treatment experiments confirmed that FBT is not toxic to cells.
The flow cytometry detection of PI single staining and analysis showed that FBT blocked
3T3-L1 preadipocytes in the G2 phase and affected proliferation. However, as FBT had no
apoptotic effect on 3T3-L1 preadipocytes in V-FITC/PI double staining, FBT inhibited the
proliferation of cells by affecting cell differentiation rather than inducing cell apoptosis and
necrosis. Macrophages that infiltrate fat tissues release cytokines, such as TNF-a, IL-6 and
IκKβ. These factors are responsible for obesity-related disorders, including hypertension,
diabetes, atherosclerosis, insulin resistance, and non-alcoholic fatty liver disease [17]. The
upregulation of cytokines, such as IL-6 and TNF-a in adipose tissue serves as a marker of
obese adipocytes [18]. Rodents show an increase in oxidative stress and proinflammatory
cytokines (TNF-a, IL-6 and IκKβ) in white adipose tissue after a high-fat diet (HFD) [19].
According to our study, anti-inflammatory effects of FBT have been detected at the cellular
level and have not been detected in animals. In the flow cytometer test using the DCFH-DA
method, the production of ROS during differentiation in FBT-treated cells was reduced
in vitro, while the total antioxidant capacity of white fat, liver tissues and serum was
improved in FBT-treated mice induced by a high-fat diet in vivo. Acetyl-CoA carboxylase
(ACC) produces malonyl-CoA, which inhibits CPT1 and has been shown to regulate
the accumulation of body fat [20]. While inhibiting the synthesis of fat, it promotes the
oxidation of fatty acids and the absorption of glucose [21]. We observed a decrease in ACC
expression in FBT-treated fat progenitor cells, suggesting that it lessened CPT-1 inhibition
and promoted its expression. At the same time, inhibiting lipolysis is more conducive
to maintaining a healthy energy metabolism balance. Some data show that inhibition
of ATGL and HSL expression and activity can effectively inhibit the lipid reaction and
improve metabolic disorders [22,23]. The specific knockout of the ATGL gene in mouse
white fat cells not only inhibited lipolysis and decreased blood lipids but also inhibited the
expression of genes related to fat absorption and synthesis, enhanced the hepatic insulin
signaling pathway, and improved glucose tolerance [24]. LPL is closely related to the
degradation of TG and the absorption of FA in cells. Adipose tissue-specific LPL deficiency
reduced fat storage in OB/OB mice [25]. Other studies have shown that downregulating
the expression of LPL and FAS in white fat can effectively inhibit the hypertrophy of fat
cells [26]. The results of this study showed that by downregulating the expression of ACC,
FAS, LPL, HSL and ATGL, FBT can inhibit the TG synthesis pathway in fat cells, reduce
the synthesis of TG and other lipids, and reduce the release of glycerol and FFAs, thus
maintaining the stable state of lipid metabolism.

The build-up of lipids in hepatocytes suggests a possible interference with mitochon-
drial and microsomal function, leading to an interruption in the transport of lipoproteins
and a build-up of fatty acids [27]. Fluorescence staining with Tunnel and electron micro-
scope observation of mouse liver showed that the liver status of mice treated with FBT
showed decreased fluorescence spots and the mitochondrial status of mice tended to be
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normal. This confirms that FBT can protect liver cells from apoptosis and inflammation.
Non-alcoholic fatty liver disease often leads to apoptosis and inflammation of liver cells
and fibrosis of tissues [28,29]. Initially, characterized by hepatic steatosis and defined as
liver fat levels in excess of 5% of the liver’s weight, NAFLD can progress to fatty hepatitis,
fibrosis, and cirrhosis [30]. The reduction in liver triglycerides in the FBT-treated mice may
be explained by metabolomic analysis, including enhanced hepatic triglyceride secretion,
decreased hepatic lipogenesis, enhanced intracellular lipolysis, and increased hepatic fatty
acid oxidation. Excessive fat storage in the liver can be caused by a range of metabolic
disorders, including defective fatty acid oxidation, enhanced fat production, impaired
triglyceride secretion, and increased intake of fatty acids from circulation [31]. We found
that FBT treatment lowered hepatic fat accumulation and improved glucose homeostasis
in HFD-fed mice. Through Oil Red O staining, we found that the size and number of
lipid particles in the liver of FBT-treated mice decreased. Meanwhile, according to obser-
vations under transmission electron microscopy, the mitochondria of the control group
were seriously damaged, resulting in damage to fatty acid oxidation and accumulation
of TAG, DAG FA and FAHFA. A large amount of evidence shows that insulin resistance
leads to fatty liver, and fatty liver may also lead to obesity and insulin resistance to the
liver, which further leads to a vicious cycle [32]. In obesity and insulin resistance, increased
intrahepatic fatty acid inflow from lipolysis of diet or adipose tissue is generally believed
to be a major driver of the development of NAFLD [33,34]. We found that FBT could
maintain the stability of blood glucose and insulin in mice, which is closely related to
the reduction in FA and FAHFA in the liver. In addition, FBT can inhibit lipase in the
intestine, and its mechanism is to reduce the accumulation of triglycerides in fat and liver
tissues by affecting the absorption of triglycerides in the intestine. In a study by Melha
Benlebna et al., excessive accumulation of acetylated fatty acid FAHFA in non-fat tissues
was found to often lead to liver damage and fibrosis [35]. Giovanni Solinas et al. found
that the accumulation of acetylated fatty acids FAHFA in non-adipose tissues would lead
to excessive accumulation of lipids and metabolic disorders [36]. However, we found in
the metabolomics analysis that regardless of whether the accumulation of PC and PE in
liver tissues increased after FBT treatment, the accumulation of PC and PE was related to
the transport of HDL and VLDL, which could increase the transport of cholesterol and
triglycerides [37]. Further reducing the accumulation of lipids in the liver, the specific
mechanism of increasing the accumulation of PC and PE in liver tissue after taking FBT
remains to be studied. According to Kocelak et al. and Tonstad et al., lipase inhibitors can
reduce the level of LDL in the blood [38].

In general, the effect of FBT on obese mice verified the results of adipocyte level
research analysis. Figure 8 summarized the possible mechanism of FBT for lipid reduction
and weight loss. Combined with the results of cell experiments, FBT can reduce the
decomposition and synthesis of fat and the accumulation of triglyceride and cholesterol
through AMPK activation. At the same time promote the oxidative decomposition of fatty
acids so as to achieve the purpose of reducing fat and weight loss. The liver tissue staining
and lipid metabonomics analysis showed that FBT could repair nonalcoholic fatty liver
injury in obese mice. This provides a potential possibility for natural product inhibitors as
anti-obesity drugs and provides new ideas for further research.

420



Int. J. Mol. Sci. 2022, 23, 2525

Figure 8. The lipid-lowering mechanism of FBT on fat metabolism in mice.

4. Materials and Methods

4.1. Materials and Sample Preparation

Lipase (EC3.1.1.3) from Mucor miehei (lyophilized powder) was the product of Sigma-
Aldrich. The specific activity of the enzyme was over 4000 U/mg (using olive oil). Please
refer to the explanation in the literature for the reason for choosing this lipase [39]. DMEM,
fetal bovine serum (FBS), and antibiotics were purchased from Genetimes Technology
Co., Ltd. (Shanghai, China). Lipase, 4-nitrophenyl palmitate (4-NPP), DMSO, 3-isobutyl-
1-methylxanthine (IBMX), dexamethasone (DEX), insulin, and Oil Red O powder were
obtained from Sigma–Aldrich (Shanghai, China).

4.2. Extraction of Active Ingredients from Fu Brick Tea

In this study, Fu Brick tea, a traditional Chinese fermented black tea, was used as
the material (Purchased from China Shannxi Jingyang YiChangMing Fu Brick tea Co.,
LTD, Shannxi, China). The tea powder was obtained in a pulverizer, weighed to 500 g
with 3 L of 90% ethanol three times for extraction, ultrasonically treated for 30 min each
time, concentrated by rotary evaporation under reduced pressure at 45 ◦C, freeze-dried
and stored at −20 ◦C for later use. After removing impurities in the crude extract with
petroleum ether and isovolume extraction with ethyl acetate and n-butanol, most of the
active substances with inhibitory effects of lipase existed in the ethyl acetate phase. After
further passing through an LH20 gel column and eluting and separating with 25%, 50%,
75% and 100% ethanol, respectively. Pure concentrations of Fu Brick tea extract were
obtained, and the single product FBT was analyzed through a high-performance liquid
phase. The molecular weight and structure of the single substance were determined through
Q-Exactive high-resolution LC/MS and nuclear magnetic resonance, which are methods
described in the previous literature [40].

4.3. Analysis of Inhibition Kinetics of FBT on Lipase and Molecular Simulation Docking

The inhibition rate, type and mechanism were measured using the method we previ-
ously described [41]. The type of lipase inhibition was further explored by FBT. Under the
conditions of the most suitable live system, the lipase concentration was fixed (0.2 μg/mL),
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the concentration of substrate 4-NPP was changed, and the initial reaction rate at different
FBT concentrations was determined. Endogenous fluorescence spectroscopy was used to
analyze the interaction between FBT and lipase. First, a fluorescence scan was performed
on 2 mL of 0.1 mg/mL lipase, followed by the addition of an interval of 2 μL of FBT in-
hibitor for each data point. The docking simulation of the enzyme molecule and the effector
was conducted using the bioinformatics analysis software MOE (Molecular Operation
Environment). The energy of the enzyme molecule and the effector was minimized, and
the docking site with the highest score was found. The docking parameter setting was
according to Chen [42].

4.4. Cell Culture

3T3-L1 preadipocytes were purchased from Shanghai Fuheng Biotechnology Co., Ltd.
(Shanghai, China). Cells were maintained in DMEM supplemented with 10% FBS and 1%
antibiotics in an atmosphere of 5% CO2 at 37 ◦C. Adipocyte differentiation was induced
by treating cells for 48 h in media containing 10% FBS, 0.5 mM IBMX, 1 μM DEX, and
10 μg/mL insulin. The medium was replaced with medium supplemented with only
5 μg/mL of insulin every other day. The cells were treated with or without FBT for 8 days
during adipogenesis.

4.4.1. Effects of FBT on the Proliferation of 3T3-L1 Preadipocytes

3T3-L1 preadipocytes in the logarithmic growth phase were inoculated into 96-well
plates at 2 × 103/well and cultured for 48 h after adherence to media containing different
concentrations of FBT. Four parallels were used to determine the absorbance A at 570 nm
of each treatment group by MTT assay. Value-added rate% = Sample Group A570/Control
Group A570 × 100%. A lactate dehydrogenase kit was used to detect cytotoxicity.

4.4.2. Determination of Intracellular TC/TG

During the differentiation process on Days 2, 4, 6, and 8, the effects of different
concentrations of FBT on preadipocyte differentiation and lipid production were detected.
After digestion with trypsin, a certain amount of isopropanol was added for ultrasonication
for 1 h to help dissolve intracellular lipids and then centrifuged at 3000 rpm for 10 min.
The total triglyceride (TC) and total cholesterol (TG) of the supernatant were measured in
accordance with the assay kits (Solarbio).

4.4.3. Determination of Glucose Consumption and Adiponectin Production in
3T3-L1 Preadipocytes

Preadipocytes were divided into a control group, model group and dose group. The
control group was differentiated into a normal medium; 1 μM DEX and 5 μg/mL insulin
were added to the model group; and the dose group was divided into four concentrations
of FBT: 10, 20, 100 and 200 μg/mL. The medium was changed every 2 days. After dif-
ferentiation, the cells were collected, and the supernatant was collected after digestion
and lysis. The glucose oxidase assay kit (Pulilai Gene Technology Co., Ltd.) was used to
measure the glucose consumption of each concentration group and determine whether
the modeling was successful. A mouse adiponectin enzyme-linked immunosorbent assay
(ELISA) detection kit (QinCheng Biological) was used to determine the adiponectin content
in the cell supernatant.

4.4.4. Cell Cycle Analysis and Determination of ROS Production by Flow Cytometry

The cell cycle was detected with PI single-staining Annexin, apoptosis and necrosis
were detected with V-FITC/PI staining, and intracellular reactive oxygen species (ROS)
production was detected with the DCFH-DA method; all were detected using a flow
cytometer and performed as previously described [43]. All of the reagents above were
purchased from Beyotime Biotechnology (Shanghai, China).
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4.5. RNA Analysis

Total RNA from tissues and cells was isolated using TRIzol (Sigma-Aldrich, Shanghai,
China), and cDNA was synthesized using HiScript II Q Select RT SuperMix (Vazyme,
Nanking, China) for qPCR. Quantitative PCR was performed with ChamQ Universal SYBR
qPCR Master Mix (Vazyme, Nanking, China) using a ROCHE Light Cycler 96 (ROCHE,
Switzerland). The primer sequences are shown in Table S1.

4.6. Animals

The animal experiment was conducted in accordance with the “Laboratory Animal
Guideline for Ethical Review of Animal Welfare” (GB/T 35892-1272018) and the Experi-
mental Animal Management and Ethics Committee of Xiamen University (Certificate no.
SYXK2013-0006). Five-week-old male OB/OB mice were obtained from GemPharmatech
Co., Ltd. (Nanjing, China) and maintained on a chow diet for 1 week with a 12 h light/dark
cycle for acclimatization. After adaptation to the experimental environment for 3 days, the
mice were fed a HFD (ResearchDiets, #D12492, New Brunswick, NJ, USA) for 10 weeks.
The HFD provided 5.21 kcalg−1 of energy (20% calories from protein, 60% calories from
fat, and 20% calories from carbohydrate). The mice were randomly divided into three
groups (n = 6 for each of the treatment groups): the control group (gastric gavage normal
saline), FBT treatment group (gastric gavage 60 mg/kg FBT), and orlistat treatment group
(gastric gavage 800 mg/kg orlistat). Bodyweight was measured weekly, and food intake
was recorded every other day. We used PET-CT to evaluate the effect of FBT on perirenal
fat and fatty liver hypertrophy in mice. Glucose and insulin tolerance tests were performed
according to a previous paper [44].

4.6.1. Preparation of Liver, Serum and White Fat Tissue Samples

All mice were sacrificed on the 42nd day of intragastric administration. The liver and
white fat tissue from the entire brain tissue were immediately separated, and the samples
were stored in AllProtectTM (Beyotime Biotechnology, Shanghai, China). The hippocampal
tissues were used for other experiments.

4.6.2. Oil Red-O Staining

Mouse adipocytes were fixed with 10% formalin solution for 10 min and stained with
freshly prepared Oil Red O solution for 30 min at room temperature. Intracellular lipid
contents were measured by extracting Oil Red O with isopropanol, and the absorbance
was measured at 500 nm with Thermo Multiskan FC (Shanghai, China). Liver tissue was
embedded in OCT after dehydration with 30% sucrose. The frozen sections were operated
according to the Oil Red O staining kit purchased from Solarbio. Images were acquired
using a Leica DM 4B microscope (Wetzlar, Germany).

4.6.3. Staining of Liver and White Adipose Tissue

Liver and white adipose tissue were dehydrated and sectioned in a routine procedure.
Liver and adipose tissue were stained with an HE staining kit. In addition, a Masson
staining kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) and a TUNEL
fluorescence staining kit (Sangon Biotechnology Co., Ltd. Shanghai, China) was used to
evaluate the degree of liver injury. Images were acquired using a Leica DM 4B microscope
(Wetzlar, Germany).

4.6.4. Transmission Electron Microscopy

For each group, three animals were analyzed. The liver fragments were fixed overnight
in a solution containing 2.5% glutaraldehyde and 4% formaldehyde in 0.1 M cacodylate
buffer. The method of transmission electron microscopy was as described in the previous
literature [27].
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4.6.5. Metabolomics Analysis

The liver lipid LC-QTOFMS-based metabolomic experiments and data analysis were
commissioned by Shanghai BIOTREE Biotechnology Co., Ltd.

4.7. Statistical Analysis

The data are presented as the mean ± SD. Differences between the means of individual
groups were assessed by one-way analysis of variance followed by a multiple comparisons
test; differences were considered significant at p < 0.05. The statistical software package
Prism6.0 (GraphPad Software, LaJolla, CA, USA) was used for these analyses.

5. Conclusions

In summary, FBT, a highly effective lipase inhibitor, was extracted from Fu Brick tea.
The extraction process is convenient and feasible. The inhibition mechanism of FBT on
lipase was explored from the perspective of enzyme molecular dynamics. The IC50 value
of FBT on lipase was 1.02 ± 0.03 μg/mL, which was a reversible mixed inhibition. At the
same time, at the cellular and animal experiment levels, FBT downregulated the mRNA
expression of ACC, FAS, LPL, HSL, ATGL, upregulated the mRNA expression of A-COX
and CPT-1, inhibited the synthesis and breakdown of TG and TC in 3T3-L1 adipocytes,
promoted fatty acid peroxidation, and maintained a stable state of lipid metabolism. Sur-
prisingly, FBT also increased sugar consumption and promoted adiponectin activity in
the IR model, inhibiting differentiation, eliminating inflammatory factor proinflammatory
cytokines (TNF-a, IL-6 and IκKβ) and reducing ROS production. In the animal experiments,
we confirmed that FBT can effectively alleviate fatty liver levels, prevent liver fibrosis and
accumulation of lipid droplets, reduce liver cell apoptosis, improve damage to mitochon-
drial membrane structure, and ensure normal β-oxidation. Furthermore, FBT reduces the
accumulation of TG and TC in the liver and increases the total antioxidant capacity of the
tissues as well as the metabolism of DAG, FA and FAHFA. In this study, FBT was first
applied to fat cells and obese mice. The inhibition effect and safety were evaluated, and the
lipid-lowering mechanism of FBT influencing fat metabolism was preliminarily discussed.
This study provides a new idea for natural product inhibitors as anti-obesity drugs and
provides a theoretical basis for clinical treatment.
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Abstract: Diet might affect male reproductive potential, but the biochemical mechanisms involved
in the modulation of sperm quality remain poorly understood. While a Western diet is considered
a risk factor for male infertility, the Mediterranean diet seems to protect against male infertility;
moreover, the role of a vegetarian habitus in the preservation of sperm quality is controversial. The
aim of this review is to analyze the molecular effects of single nutrients on sperm quality, focusing
on their involvement in biochemical mechanisms related to sperm bioenergetics. It appears that
diets rich in saturated fatty acids (SFA) and low in polyunsaturated fatty acids (PUFA) negatively
affect sperm quality, whereas unsaturated fatty acids supplementation ameliorates sperm quality.
In fact, the administration of PUFA, especially omega-3 PUFA, determined an increase in mitochon-
drial energetic metabolism and a reduction in oxidative damage. Carbohydrates and proteins are
also nutritional modulators of oxidative stress and testosterone levels, which are strictly linked to
sperm mitochondrial function, a key element for sperm quality. Moreover, many dietary natural
polyphenols differentially affect (positively or negatively) the mitochondrial function, depending on
their concentration. We believe that an understanding of the biochemical mechanisms responsible for
sperm quality will lead to more targeted and effective therapeutics for male infertility.

Keywords: spermatozoa; infertility; obesity; fatty acids; sugar; bioactive molecules; mitochon-
dria; metabolism

1. Introduction

Nutrition can affect, negatively or positively, sperm quality [1–3], and this effect
depends on both quantitative and qualitative aspects of a diet, such as the calorie content
of each macronutrient (carbohydrates, proteins, and fats), as well as on the specific fatty
acid, carbohydrate, and protein profiles.

In this context, unhealthy hypercaloric diets and excessive intake of saturated and
trans fatty acids have a negative impact on sperm quality and, therefore, on the fertilization
process [4–11]. On the other hand, healthy dietary models are clearly associated with a
better sperm quality, suggesting that nutritional interventions could have a key role in
the preservation of male fertility [3,12–14]. Moreover, an adequate intake of antioxidant
molecules has been quite effective in the prevention and/or in the treatment of male
infertility [15–17].

Despite a solid body of evidence showing the effects of nutrients and antioxidant
molecules on male reproductive potential, there is little knowledge concerning the potential
mechanisms involved in the modulation of sperm quality.

The aim of this review is to summarize the most recent evidence regarding the impact
of nutrients and antioxidant molecules on sperm quality, with a particular focus on their
involvement in biochemical mechanisms related to sperm bioenergetics.

We believe that an understanding of the biochemical mechanisms responsible for
sperm quality will lead to more targeted and effective therapeutics for male infertility.
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2. Diets and Male Fertility

There is increasing evidence that dietary behavior is associated with semen quality
parameters [18]. In recent decades, the main dietary pattern has become the so-called
“Western diet”, which is the consequence of the “westernization” of human lifestyle. This
diet is characterized by a high intake of industrially processed foods, rich in animal proteins,
simple carbohydrates, trans and saturated fats, and poor in dietary fiber and essential un-
saturated fatty acids. Recent studies have linked a Western-pattern diet to an increased risk
of metabolic diseases, atherosclerosis, neurodegeneration, cancer, as well as infertility [6].

Differently from the Western diet, the Mediterranean diet, which is one of the healthi-
est dietary patterns, has evident health benefits [19], including benefits in terms of semen
quality parameters [20–22]. This diet is characterized by a high consumption of legumes, ce-
reals, fruits, vegetables, a moderate consumption of fish and wine, and a low consumption
of dairy products and meat; olive oil is the main source of added fat. Thus, the Mediter-
ranean diet is rich in monounsaturated fatty acids (MUFA), fiber, and antioxidants and low
in saturated fat (SFA).

Another dietary model, the vegetarian diet, is similar in dietary composition to the
Mediterranean diet, but it does not include meat and meat products, poultry, seafood, and
flesh from any other animal. Recently, there has been considerable interest in the impact of
this diet on male fertility, because it has been proposed that this dietary model decreased
semen quality [23–25].

Western, Mediterranean, and vegetarian diets are the most investigated dietary models
in the field of nutrition and male reproduction. Therefore, in the following paragraphs,
we will try to discuss the effects of various combinations of nutrients that are the main
components of these dietary patterns on sperm quality and metabolism.

2.1. Western Diet as a Risk Factor for Male Infertility

The current western dietary habits generally imply high sugar and high fat consump-
tion, with the consequent intake of unbalanced diets and/or of an excess of calories [26].
Over the last several decades, the Western diet has been therefore a significant contributor
to the growing rate of obesity, which has had a significant effect on fertility [3] through
changes in hormonal levels, sperm function, and gamete molecular composition. How-
ever, the molecular mechanisms responsible for the causal links between obesity and male
infertility are not totally clear.

Obesity has been shown to disrupt various components of the hypothalamic–pituitary–
gonadal axis, causing hypogonadism [27], which is mainly associated with reduced levels
of testosterone and fewer spermatozoa [28].

Increased amounts of adipose tissue cause insulin resistance and have an important
role in the development of oxidative stress, thus altering reproductive pathways and
sperm function [29,30]. Hyperinsulinemia and hyperglycemia, which are the hallmarks
of insulin resistance, seem to be responsible for the reduction in sperm glucose uptake
and metabolism [31], thus having a possible role in the impairment of glycolysis in sperm
cells. It is important to underline that glycolysis, along with oxidative phosphorylation
(OXPHOS), is a metabolic pathway producing adenosine triphosphate (ATP), which is the
primary source of energy for spermatozoa [32,33]. According to this hypothesis, diabetic
male rats showed a decrease in sperm motility [34,35], which was restored after insulin
administration [35].

Glucose uptake and homeostasis may be also modulated by leptin released from fat
cells in adipose tissue depots. It has been found that hyperinsulinemia and hyperleptinemia
were associated with an increase of insulin and leptin concentrations in seminal plasma,
which may negatively impact male reproductive function and sperm quality [36].

Leptin has also an important role in the chronic pro-inflammatory state in the testicular
microenvironment and/or excurrent ductal system, thus increasing the level of reactive
oxygen species (ROS) which are responsible for the decrease in sperm quality [4,29,37].
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Excess fat tissue results in the increased activity of aromatase, which is an enzyme
responsible for converting testosterone to estradiol [38]. The consequent decrease in
testosterone levels results in low sperm production, because this hormone is the major
androgen in the testis involved in the regulation of spermatogenesis. Low testosterone
levels seem to be related not only to oxidative stress but also to mitochondrial dysfunction in
Leydig cells [39,40], located in the connective tissue surrounding the seminiferous tubules,
where the first step of the synthesis of testosterone occurs.

Defects in Leydig cell mitochondria are responsible for oxidative damages in lipids,
proteins, and mitochondrial DNA (mtDNA) and cause a decrease in ATP levels and an
increase in ROS production [40]. Germ cells and mature spermatozoa are susceptible to
oxidative stress, which leads to a decrease in sperm quality (decrease in sperm number and
motility and increase in abnormalities in sperm morphology) [41–43].

Different findings suggest that sperm mitochondria play a pivotal role in the decrease
of sperm quality caused by ROS. In germ cells, mitochondrial proteins and membrane lipids
are damaged, and mtDNA is fragmented. Therefore, ATP synthesis is severely affected,
and the decrease in energy production results in meiotic arrest, causing the presence of
abnormalities in sperm morphology. High ROS levels also disrupt mitochondrial mem-
branes and induce apoptosis, thus leading to a decrease in sperm number [40]. At the same
time, in mature spermatozoa, the mitochondria are the target of ROS, and the decrease in
mitochondrial functionality might be one of the causes responsible for the reduction of
sperm motility [41].

It has been suggested that also dyslipidemia, which is known to be associated with
increased amounts of adipose tissue, may have an impact on semen quality. In this regard,
lipid profile alterations have been correlated with male infertility [4,5,42–44]. Dyslipidemia
is a term referring to a group of different blood lipid imbalances such as hypercholes-
terolemia, hypertriglyceridemia, decrease of HDL–cholesterol, or combined hyperlipidemia.

The possible effects of the Western diet on sperm quality are schematized in Figure 1.

Figure 1. Effects of the Western diet on sperm quality.

2.2. Mediterranean Diet as a Protection Factor against Male Infertility

The Mediterranean diet incorporates the traditional healthy living habits of people
from countries surrounding the Mediterranean Sea, although differentiated by some food
choices and cooking practices. This dietary pattern has been shown to confer multiple
health benefits. Interestingly, it seems able to promote good male reproductive health,
being associated with an increase in sperm number and quality and with improved chances
of conceiving [13,20,45].

One reason why the Mediterranean dietary pattern is so positive for male fertility is
because it provides a low level of SFA and trans fatty acids and adequate levels of certain
nutrients such as omega-3 fatty acids, antioxidant molecules, and vitamins. In fact, it has
been shown that the intake of antioxidant vitamins and carotenoids was related to higher
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sperm counts [46]. Moreover, higher intakes of fruit, cereals, and vegetables were positively
related to sperm motility and concentration [47,48].

Many dietary natural compounds isolated from fruits, vegetables, and edible plants
can target the mitochondria, modulating their metabolism, biogenesis, and
redox status [49–51]. The protection of mitochondrial function by these compounds may
be important in explaining their beneficial effects on male reproductive performance [16].

Another characteristic of the Mediterranean diet is the consumption of olive oil as the
main source of fat. It has been demonstrated in animal models that olive oil supplementa-
tion significantly increased sperm quality [5,42]. This is because olive oil, which is the main
source of MUFA, may modify the sperm membrane lipid composition, reducing oxidative
stress damages and restoring mitochondrial function [5].

Moreover, the Mediterranean pattern induces a reduction in omega-6 fatty acids in
favor of omega-3 fatty acids, which have been associated with an improvement of sperm
energetic metabolism [5].

2.3. Vegetarian Diet as a Controversial Factor for Male Infertility

A substantial proportion of the world’s population is vegetarian for cultural or ethical
values, religious beliefs, environmental concerns, and health considerations.

Existing studies have reported mostly protective associations between a vegetarian
pattern and risk factors for chronic diseases [52]. However, the role of a vegetarian diet in
the preservation of sperm quality is controversial.

Vegetables and fruits are rich in antioxidant molecules, which can act as sperm ROS
regulators by reducing sperm DNA damage and by increasing sperm motility and vitality.
At the same time, it has been described that the vegetarian diet reduced sperm concentration
and motility, but its effect on infertility was not thoroughly assessed [25]. This effect may be
attributed to estrogenic compounds or chemical residues in the diet which had a negative
effect on sperm parameters [16,25,53,54].

3. Nutrients Impacts on Molecular Aspects Related to Sperm Quality

The differential impacts of Western, Mediterranean, and Vegetarian diets on male
fertility depend on the amount and quality of the nutrients introduced. In the following
paragraphs, we will analyze the molecular effects of single nutrients on sperm quality,
focusing on their involvement in biochemical mechanisms related to sperm bioenergetics.

3.1. Dietary Fats

The negative impact of lipid metabolism disorders on male fertility is now well known,
but the underlying molecular mechanisms involved are not totally clear. Dietary fats can
influence the lipid composition of sperm cells, having harmful or beneficial consequences
on male reproductive potential [55].

3.1.1. Fatty Acids

In sperm cells, fatty acids are constituents of the gamete membrane as well as energy
suppliers [56] and can derive from de novo synthesis or from dietary sources.

It is known that 18-carbon chain omega-6 and omega-3 polyunsaturated fatty acids
(PUFA) cannot be endogenously synthesized by humans and therefore must be obtained
from food. Long-chain PUFA, such as arachidonic acid (ARA; C20:4 omega-6) and eicos-
apentanoic acid (EPA; C20:5 omega-3), can derive from exogenous and endogenous sources.
Vegetable oils, seeds, and nuts are a source of the omega-6 PUFA linoleic acid (LA; C18:2
omega-6) and α-linolenic acid (ALA; C18:3 omega-3). Seafood is a source of EPA and
docosahexaenoic acid (DHA; C22:6 omega-3), which are long-chain omega-3 PUFA. Meat
and dairy are a source of ARA.
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Diets rich in SFA and low in PUFA or with an unbalanced omega-6/omega-3 PUFA
ratio negatively affected sperm quality, whereas dietary unsaturated fatty acid supplemen-
tation ameliorated sperm quality [57].

In humans, the dietary intake of saturated fat negatively correlated with total sperm
count and concentration; conversely, the intake of omega-3 fatty acids showed a positive
correlation with sperm quality. However, the role of omega-3 fatty acids in the improve-
ment of sperm quality is not always accompanied by changes in the fatty acid profile of
sperm [55]. Therefore, a role of fatty acids in the regulation of sperm metabolism has been
proposed [4,5,7].

To investigate the role of dietary fatty acids on sperm dysfunction, researchers used the
model of diet-induced obesity in rodents and rabbits. They found that PUFA can influence
reproductive processes, directly or indirectly, through several mechanisms. For example,
PUFA may promote the loss of body fat, hence preventing obesity and then the development
of infertility, but they are also able to act on specific aspects linked to male fertility. In fact,
these fatty acids are also components of sperm membrane, whose fluidity and dynamics
are necessary to promote fertilization. They are also precursors for eicosanoids synthesis,
which can modulate many key enzymes involved in steroid metabolism.

The molecular mechanisms responsible for the effects exerted by PUFA on male fertility
may be due to a parallel modulation of lipid metabolism [58] and of sperm mitochondrial
function [5] (Figure 2). Regarding this last aspect, a nutritional modulation of specific
enzymes involved in sperm bioenergetics pathways has been proposed [5]. Among these
enzymes, the sperm lactate dehydrogenase isoenzymatic form (LDH-C4 or LDH-X) is an
important site of nutritional modulation by omega-3 PUFA [5]. This enzyme, which is
present both in the mitochondrial matrix and in the cytosol of spermatozoa, with a net
prevalence in the cytosol [59], catalyzes the conversion of pyruvate to lactate with the
concomitant oxidation of NADH (reduced form of nicotinamide adenine dinucleotide) to
NAD+ (oxidized form of nicotinamide adenine dinucleotide), playing a key role in the
energy metabolism of spermatozoa [32,33]. In fact, LDH-C4 allows the parallel progress of
glycolysis, by regenerating NAD+, and of OXPHOS, by the transport of reducing equiva-
lents from the cytosol into the mitochondria. Increased activity of LDH-C4 after omega-3
PUFA administration was accompanied by a parallel increase in the activity of respiratory
complexes. Moreover, dietary administration of omega-3 PUFA reduced oxidative damage
on sperm cells, as also suggested by the increase in the aconitase/fumarase activity ratio [5].
Aconitase and fumarase are two Krebs cycle enzymes, and their activity ratio is used as an
indicator of mitochondrial ROS production [60].

Interestingly, the activity of LDH-C4, pyruvate dehydrogenase, and respiratory en-
zymes was decreased after the administration of a diet rich in SFA and low in PUFA [4],
thus suggesting that a specific fatty acid composition of the diet can counteract the negative
effects of a high-fat diet on sperm cells.

Recent studies demonstrated that also the administration of MUFA counteracted the
negative effects of a hyperlipidic diet on sperm quality. The effects of MUFA were evaluated
by adding olive oil or avocado extracts to experimental diets [5,42,61,62]. In fact, olive oil
consists mainly of oleic acid (up to 83%), whereas oleic acid contributes to about 60% of the
total fatty acid content of avocados.

The Authors found that MUFA supplementation modified sperm membrane composi-
tion, reduced oxidative stress damages, and modulated enzymatic activities involved in
energetic metabolism [5,7,61] (Figure 2).
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Figure 2. Effects of dietary fat on sperm quality. Dietary fatty acids exert a parallel modulation
of lipid metabolism and sperm mitochondrial function. On the one hand, they may promote loss
or increase of body fat, hence modulating molecular aspects related to obesity; on the other hand,
they modulate oxidative stress and energetic metabolism. A dietary cholesterol excess could induce
cholesterol accumulation in testicular Leydig cells, causing a decrease in testosterone production,
which is related to oxidative stress mitochondrial dysfunction.

3.1.2. Dietary Cholesterol

The study of the relationships between dietary cholesterol intake and male fertility is
difficult to carry out in humans, and most of the information has been generated using rab-
bits as animal models. In fact, rabbits are sensitive to a cholesterol-enriched diet, showing a
lipid metabolism which is closer to that of humans than to that of
rodents [42,63–67].

It has been demonstrated that hypercholesterolemia modifies plasma membrane
composition and dynamics, thus modifying sperm morphology and function [55]. Although
rabbits are the gold standard for studying the relationships between hypercholesterolemia
and male fertility, also data obtained in mice and rats suggested that an overload of dietary
cholesterol has a very negative impact on male fertility [68–70].

The dietary cholesterol impact on male fertility is still poorly understood at the molecu-
lar level. What is known is that cholesterol is an essential lipid for membrane structure and
dynamics, as well as for testosterone synthesis. In fact, the cholesterol levels in the sperm
membrane affect membrane fluidity, which plays a key role in sperm motility, capacitation,
and acrosome reaction [33].

At the same time, dietary cholesterol could induce cholesterol accumulation in tes-
ticular Leydig cells. Although cholesterol is the substrate for testosterone biosynthesis,
an excess of cholesterol can be dangerous, because high cholesterol levels are responsi-
ble for the activation of the endoplasmic reticulum stress, causing the downregulation
of steroidogenic enzymes and then a decreased testosterone production [71] (Figure 2).
As reported before, low testosterone levels are strictly related to oxidative stress and to
mitochondrial dysfunction (Figure 2).

Therefore, cholesterol concentration is critical to assure sperm quality. Cholesterol
homeostasis is under the control of the transcription factors known as sterol regulatory
element-binding proteins (SREBPs). It has recently been found that, in the short term,
high circulating cholesterol levels due to diet decreased the expression of molecules in-
volved in the cholesterol regulatory pathway, such as SREBP2 and its targets. In the long
term, this short-term protective effect governed by SREBP2 became deregulated. The
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consequent increase in the membrane levels of cholesterol may be responsible for sperm
abnormalities [72].

3.2. Dietary Carbohydrates

The role of dietary carbohydrates on sperm quality is an aspect still largely unex-
plored. Sugar is present in almost all fruits and vegetables in the form of glucose and
fructose, and a higher intake of fruits and vegetables is associated with improved semen
parameters [2,20]. On the other hand, Chiu et al. found that sugar-sweetened beverage
consumption was correlated with lower sperm motility in healthy young men [73]. On
the other hand, reproductive hormone levels, as well as other sperm quality parameters,
remained unaffected.

A link between sugar intake and lower sperm motility may be found in the increase of
insulin resistance, which corresponds to a scarce utilization of glucose by sperm [31]. In
sperm cells, glucose is the main substrate for glycolysis, where it is metabolized to pyruvate
and/or lactate to obtain cellular energy in the form of ATP. Thus, s reduction in sperm
glucose uptake and metabolism may correspond to a decrease in ATP concentration, which
is necessary to sustain sperm motility.

Increased blood glucose levels were also accompanied by a decrease in testosterone
levels and an increase in oxidative stress [74]. Sperm mitochondria are a common target
of oxidative stress and testosterone levels, which decreased their functionality. The re-
duced mitochondrial respiratory efficiency might be responsible for the decrease in sperm
motility [41].

Very recently, the reduction in sperm motility observed after the administration of a
high-sugar diet was also linked to an alteration of human sperm small RNA profiles [75]. In
fact, mature sperm cells have a rich and diverse profile of small RNA, which is determined
during the testicular phases of their development and displays a considerable plasticity
in response to environmental insults [76,77]. Therefore, small RNA remodeling during
post-testicular maturation of mammalian sperm has an essential role in the production of
functionally mature spermatozoa [78].

Experiments carried out in rats suggested that a high fructose intake starting at
juvenile age can impair the reproductive function. A high fructose intake lowered serum
testosterone and sperm count. A possible effect on sperm motility was also proposed [79].

Although complex carbohydrates have been shown to offer multiple advantages in
terms of overall health, there are no studies about their role in the preservation of male
reproductive potential.

Instead, some studies evaluated the effects on male fertility of artificial sweeteners,
that have become increasingly popular as an alternative to sugar. In this context, some
animal studies suggest that they may not be safer for male fertility than real sugar. For
example, a recent study carried out in mice showed that high doses of aspartame correlated
with sperm DNA fragmentation and morphologic defects. These effects were due to the
increased production of reactive species, weakening the antioxidant defense system, and
the consequent induction of oxidative stresses [80]. Stevia, the natural sweetener native to
South America, was also associated with decreased sperm count and lowered testosterone
level [81]. On the other hand, it was reported that the most common sucralose does not
impair sperm quality and has no effect on sperm glycolysis [82].

3.3. Dietary Proteins

Proteins are not energetic substrates for sperm cells [32,33]; moreover, a high-protein
diet had no significant effect on glycemic control [83]. However, a low-protein diet has
been considered a potential risk factor for male-factor infertility, causing a significant
reduction in testis, epididymis, and seminal vesicle weights, as well as a decrease in serum
testosterone [84]. Conversely, the reports on the effect of a high-protein diet present in the
literature are contradictory [85].
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Therefore, in addition to the level of dietary protein intake, also the type of protein is
of significance, as amino acid profiles vary depending on the protein source. For example,
plant-based proteins have lower sulfur-containing amino acids (methionine and cysteine)
compared to animal proteins. Methionine, cysteine, and phenylalanine can affect sperm
quality by decreasing their progressive motility in vitro [86].

A study conducted in monkeys evaluated the influence of animal and plant protein
diets on sperm quality. When compared to monkeys receiving a plant-based diet, monkeys
fed an animal protein diet showed lower sperm counts and motility and increased sperm
abnormalities [87].

3.4. General Aspects concerning Caloric Nutrients and Sperm Metabolism

A wide spectrum of exogenous factors, including caloric nutrients, affect sperm quality
and function by acting on sperm energetic metabolism. In fact, since sperm rely on energetic
substrates from their microenvironment to fuel their metabolism, it is easy to envision that
all temporal changes in nutrient flux are directly reflected in sperm metabolism.

As reported in Table 1, oxidative stress and testosterone levels are the main players
of this nutritional modulation and are strictly linked. In fact, low testosterone levels
could be the result of mitochondrial defects caused by an excess of ROS in Leydig cells,
where testosterone is synthesized. At the same time, a decrease in testosterone level could
be a physiological response to reduced oxidative stress, since ROS are produced during
steroidogenesis itself.

Table 1. Effects of nutrients on sperm quality.

Sperm Quality
Molecular

Mechanism
References

Cholesterol ↓
↓ membrane fluidity

↓ testosterone
synthesis

↑ oxidative stress

[55,71]

SFA ↓

↑ insulin resistance
↓ sperm

mitochondrial
function

↑ oxidative stress

[4]

MUFA ↑

↑ membrane fluidity
↑ sperm

mitochondrial
function

↓ oxidative stress

[5,7,61]

PUFA ↑

↓ insulin resistance
↓ lipogenesis

↑ membrane fluidity
↑ sperm

mitochondrial
function

↓ oxidative stress

[5,57]

Carbohydrates ↓
(high sugar intake)

↑ insulin resistance
↓ testosterone

synthesis
↑ oxidative stress

small RNA profiles

[74,75,79]

Proteins ↓
(low protein intake)

↓ testosterone
synthesis [84]
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Gamete mitochondria are a common target of oxidative stress and testosterone
levels and an important source of ROS. These organelles play a key role in sperm
functionality [32,88,89] and can be considered a hub of cellular events related to en-
ergy production, ROS homeostasis, and steroid hormone biosynthesis. Therefore, all
molecules that can influence this crosstalk may affect male fertility by targeting gamete
mitochondria [16,54,90].

4. Antioxidants Impacts on Molecular Aspects Related to Sperm Quality

It has been shown that many dietary natural polyphenols (mainly flavonoids) iso-
lated from fruits, vegetables, and edible plants modulate mitochondrial metabolism and
biogenesis, as well as ROS homeostasis [49–51]. The modulation of mitochondrial func-
tion by these plant bioactive molecules may be important for the improvement of male
reproductive performance.

In this context, it is important to underline that the mean polyphenol intake in the
European population of 0.5–0.8 mg/day corresponds to polyphenol plasma concentrations
of about 10 nM. For vegetarians and vegans, the mean polyphenol intake is 22.4 mg/day,
and polyphenol plasma concentrations were estimated to be over 200 nM [91].

Quercetin is a dietary-derived bioflavonoid widely distributed in plants and vegeta-
bles, which has attracted considerable attention in the field of the study of male fertility
owing to its potent antioxidant properties. However, controversial reports exist in the
literature highlighting the antioxidant as well as the prooxidant properties of this flavonoid,
leading to the “quercetin paradox in male reproductive dysfunction” [92]. The conflicting
biological effects may be explained by a biphasic concentration-dependent response of
sperm cells to quercetin. It has been recently demonstrated that quercetin stimulated the
active state of mitochondrial respiration at concentrations of 0.1–1000 nM, also causing the
uncoupling between electron transport and ATP synthesis in a dose-dependent manner
starting from concentrations of 10 nM [16]. At the molecular level, quercetin interacts
directly with mitochondrial membranes at the coenzyme Q-binding site, suppressing super-
oxide generation and stimulating the production of ATP [93–95]. At higher concentrations,
quercetin can interact with lipid bilayers and membrane proteins, influencing the electric
properties of mitochondrial membranes and uncoupling mitochondrial respiration from
ATP synthesis [96].

Resveratrol is one of the most investigated natural polyphenolic compounds con-
tained in several (more than 70) types of plants and in red wine. Some studies reported that
resveratrol improves semen quality in humans, acting as a regulator of male reproductive
function [97,98]. The effects of resveratrol on mitochondrial function have been investigated
in different experimental models, and it has been demonstrated that it possesses antioxidant
properties at low concentrations, while at high concentrations, its pro-oxidant properties
could be responsible for detrimental effects on sperm mitochondria [16,99]. According to
this hypothesis, it has been recently demonstrated that, starting from a concentration of
10 nM, resveratrol significantly uncoupled mitochondrial oxidative phosphorylation [16].
The investigation of the molecular mechanisms showed that resveratrol acts on mitochon-
drial metabolism via a sirtuin-dependent mechanism [50,75]. In this scenario, the positive
effects of resveratrol on the control of mitochondrial metabolism have also been shown in
metabolic disorders such as diabetes [100].

An hormetic effect on sperm quality has also been observed for naringenin, a flavanone
commonly available in tomatoes, bergamot, and citrus fruits, that received some attention
in the field of male reproduction for its antioxidant properties. Other molecules of plant
origin that have been studied for their effects on human spermatozoa are apigenin, luteolin,
and genistein. All these molecules, as well as quercetin and resveratrol, have also been
recognized to display estrogenic activity and are also commonly known as phytoestrogens.
Therefore, as multi-functional endocrine disruptors, they interfere with the enzymes needed
for steroid biosynthesis and/or degradation [101]. This is an interesting aspect, since soy
and soy-derived products, which have become more widely adopted by some vegan and
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vegetarian diets, contain isoflavones that mimic the actions of estrogens and may exert
adverse effects on male fertility [102,103].

Among plant antioxidant molecules, lycopene is a lipophilic reddish carotenoid fre-
quently found in tomatoes and several red fruits, with known antioxidant and free-radical
scavenging activities [90]. It has been demonstrated that lycopene has positive effects
on testicular mitochondrial function since it is a modulator of lipid peroxidation, antioxi-
dant enzyme activities, and activity of the Krebs cycle [104]. This evidence suggests that
lycopene may ameliorate mitochondrial respiration efficiency, and then sperm quality,
in situations in which increased mitochondrial membrane lipid peroxidation might also
contribute to impair mitochondrial functionality.

Astaxanthin is a xanthophyll carotenoid present in various microorganisms and marine
organisms, with strong antioxidant properties, since it is 100-fold to 500-fold more effective
than vitamin E in preventing lipid peroxidation [50,105]. A positive effect of astaxanthin on
sperm parameters and fertility has been proposed [106–108], whose molecular basis can be
explained by the improvement of mitochondrial function. In fact, astaxanthin appears to
be able to increase mitochondrial membrane potential and respiratory control [109], which
are important measures of mitochondrial functionality.

The main antioxidant vitamins that help regulate free radicals in male reproduction
are Vitamin E and Vitamin C [90,110]. Vitamin E is not synthesized by mammalians and
includes a group of lipid-soluble compounds—tocopherols and tocotrienols—with alpha-
tocopherol being the most active form. Vitamin E is found in plant-based oils, nuts, seeds,
fruits, and vegetables and acts as an antioxidant, defending the organism against oxidative
stress, thus having an important role in the protection of sperm membranes against ROS and
lipid peroxidation. Therefore, it has been suggested that Vitamin E improves mitochondria
activity, decreasing the damage to sperm and mitochondria [90,111].

Differently from Vitamin E, Vitamin C (ascorbic acid) is a very potent water-soluble
antioxidant molecule, which has also a role in vitamin E recycle. It is found in many fresh
fruits like oranges, lemons, limes, grapefruit, cantaloupes, mangoes, papayas, and their
juices. Various studies have been carried out on the effects of ascorbic acid supplementation
on sperm function, showing that the administration of vitamin C improves seminal qual-
ity [112–114]. The mechanism responsible for this effect involves a reduction of oxidative
stress and an improvement of the antioxidant status, which change the microenvironment
of the testes and enhance the production of energy needed for sperm motility. Molecu-
lar targets of Vitamin C are two mitochondrial enzymes, succinate dehydrogenase and
ATPase [115].

5. Conclusions

Diet may be an important modifiable determinant of male reproductive potential.
Therefore, the role of daily nutrient exposure needs to be highlighted to preserve male
fertility or to prevent male infertility. A strong adherence to a healthy dietary pattern based
mainly on plant foods and fish is positively correlated with indicators of sperm quality.

Although the picture of the complex relationship between nutrients and sperm quality
is far from complete, some indications can be drawn. First, the amount and quality of the
nutrients introduced can affect sperm quality by acting on sperm energetic metabolism.
Then, diets rich in SFA and low in PUFA or with an unbalanced omega-6/omega-3 PUFA
ratio negatively affect sperm quality, whereas dietary unsaturated fatty acid supplementa-
tion ameliorates sperm quality. While an excess of simple carbohydrates negatively affects
sperm function, there are no studies about the role of complex carbohydrates on male
reproductive potential. Lastly, a low-protein diet, as well as the deficiency of some specific
amino acids have been considered a potential risk factor for male-factor infertility.

Fats, carbohydrates, and proteins affect sperm quality by acting on oxidative stress
and testosterone levels, whose common target are the mitochondria. The mitochondria
are key organelle supporting several sperm functions. Since they are involved in energy
production, ROS homeostasis, and steroid hormone biosynthesis, all molecules that can
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influence their functions may affect male fertility. Among these molecules, dietary fatty
acids and natural polyphenols act as modulators of sperm mitochondrial function.

In fact, the administration of PUFA, especially omega-3 PUFA, determined an increase
in the activities of mitochondrial enzymes involved in gamete energetic metabolism and
a reduction in oxidative damage. Moreover, many dietary natural polyphenols (mainly
flavonoids) found in fruits and vegetables differentially affect (positively or negatively) the
mitochondrial function, depending on their concentration. Therefore, the modulation of
sperm mitochondrial function could play a key role in the improvement of sperm quality
(Figure 3).

Figure 3. Dietary modulators of sperm mitochondrial function. Nutrients are modulators of oxidative
stress and testosterone levels, which are strictly linked to sperm mitochondrial function, a key element
related to sperm quality. In fact, in addition to their basic role in ATP synthesis, mitochondria are
a major source of ROS, which are key mediators of cellular physiology and pathology. Fatty acids
and several plant antioxidant molecules can target the mitochondria, improving and/or restoring
their function, by acting on the ATP and ROS levels. These molecules can regulate sperm motility,
capacitation, and fertilization, thus affecting sperm quality.

We are aware that our analysis provides only a small contribution to the field of
nutrition and male reproduction. However, due to the importance of the role of diet
on male infertility, whose frequency is increasing exponentially today, we believe that
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further investigation of the molecular mechanisms underlying the action of nutrients and
natural compounds is necessary to develop new dietary approaches to preserve male
reproductive potential.
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Abstract: Sepsis, a potentially lethal condition resulting from failure to control the initial infection,
is associated with a dysregulated host defense response to pathogens and their toxins. Sepsis
remains a leading cause of morbidity, mortality and disability worldwide. The pathophysiology of
sepsis is very complicated and is not yet fully understood. Worse still, the development of effective
therapeutic agents is still an unmet need and a great challenge. Gases, including nitric oxide (NO),
carbon monoxide (CO) and hydrogen sulfide (H2S), are small-molecule biological mediators that are
endogenously produced, mainly by enzyme-catalyzed reactions. Accumulating evidence suggests
that these gaseous mediators are widely involved in the pathophysiology of sepsis. Many sepsis-
associated alterations, such as the elimination of invasive pathogens, the resolution of disorganized
inflammation and the preservation of the function of multiple organs and systems, are shaped by
them. Increasing attention has been paid to developing therapeutic approaches targeting these
molecules for sepsis/septic shock, taking advantage of the multiple actions played by NO, CO
and H2S. Several preliminary studies have identified promising therapeutic strategies for gaseous-
mediator-based treatments for sepsis. In this review article, we summarize the state-of-the-art
knowledge on the pathophysiology of sepsis; the metabolism and physiological function of NO, CO
and H2S; the crosstalk among these gaseous mediators; and their crucial effects on the development
and progression of sepsis. In addition, we also briefly discuss the prospect of developing therapeutic
interventions targeting these gaseous mediators for sepsis.

Keywords: sepsis; pathophysiology; gaseous mediators; NO; CO; H2S; therapeutic targets

1. Introduction

Sepsis is a life-threatening organ dysfunction that arises as a consequence of the host
response failure to control invading pathogens, including bacteria, viruses, fungi and
protozoa, as well as their toxins and subsequent dysregulation of the immune response.
Septic shock refers to a subgroup of sepsis with a higher risk of mortality due to severe
circulatory failure, in addition to cellular and metabolic abnormalities [1,2]. Sepsis/septic
shock develops in approximately 30 million people every year, and the reported incidence
of sepsis/septic shock keeps rising, making sepsis/septic shock a major health crisis world-
wide [3,4]. Notably, sepsis/septic shock is not only responsible for about 20% of deaths
worldwide, but it also takes a heavy toll on the quality of life of survivors. Patients who sur-
vive sepsis/septic shock usually suffer from post-sepsis sequelae, including neurocognitive
impairment and psychological deficits [2]. As a result, sepsis/septic shock has been identi-
fied as a leading cause of morbidity, mortality and disability [4–6]. As such, sepsis/septic
shock has become a global health priority since 2017 [5]. However, the development of
effective therapeutic agents for sepsis/septic shock is still an unmet need and a great med-
ical and scientific challenge. In order to address this health burden, gaining an in-depth
understanding of the mediators involved in sepsis/septic shock pathogenesis, together
with the biomarkers and therapeutic targets of sepsis/septic shock, is urgently needed.
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Gaseous mediators refer to several gaseous signaling messengers that are endoge-
nously and enzymatically produced [7,8]. Most of their functions do not occur when they
are in a gaseous state, although they are collectively termed gaseous mediators [9–13]. In re-
cent years, gases, such as sulfur dioxide, hydrogen cyanide and methane, have emerged as
potential novel gaseous mediators [8,14–16]; however, to date, only three small, chemically
reactive and freely permeable molecules comprise the novel signaling gaseous mediator
family, which includes nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide
(H2S) [8]. Importantly, NO, CO and H2S harbor several features in common. Firstly, these
gaseous mediators are widely distributed in various tissues and organs. In addition, the
biological half-life of each gas is short, with a range from seconds to minutes. Moreover,
although they are hazardous at moderate to high concentrations, they play multiple, in-
dispensable roles in a wide range of critical cellular functions and biological processes
in low amounts. Consequently, any disturbance with respect to the homeostasis of these
gaseous mediators, including their metabolism and bioavailability, can profoundly affect
various physiological and pathological functions in the body, thereby leading to the onset
and progression of various pathological conditions [17,18]. Recently, several studies have
appeared that indicate NO, CO and H2S may be involved in the development of different
stages of sepsis/septic shock [19–21]. However, the ways in which these gaseous signaling
molecules affect the pathophysiology of sepsis/septic shock are not yet fully clear.

A comprehensive review focusing on summarizing and comparing the roles of these
three gaseous messengers in sepsis/septic together would contribute to bridging the gaps
in our knowledge. In this review, we aim to summarize the state-of-the-art knowledge on
the pathophysiology of sepsis/septic shock and provide an update of the biometabolism,
bioavailability and biofunction of NO, CO and H2S, together with the potential interaction
among these gaseous mediators. Moreover, we attempt to emphasize the present-day
evidence that points to the potential effects of these gaseous mediators on the develop-
ment and progression of sepsis/septic shock. Additionally, we seek to briefly discuss the
prospect of developing therapeutic interventions for sepsis by targeting these gaseous
signaling molecules.

2. Pathophysiology of Sepsis

Sepsis affects nearly every organ system in living organisms; however, the lungs,
liver, kidneys, heart, central nervous system and hematologic system are found to be most
vulnerable and are frequently affected in sepsis [22]. Of note, as a well-characterized
hallmark of sepsis, multiple organ dysfunction syndrome serves as a major determinant of
the course and outcome of sepsis [23,24]. However, the underlying mechanism by which
multiple organ dysfunction syndrome occurs in sepsis is far from fully understood [25].

Many researchers have centered their focus on the involvement of a dysregulated
host defense response in sepsis. A normal host defense response to infection can localize
and control pathogen invasion and simultaneously initiate the repair process at the site of
inflammation. However, the host immune system is profoundly perturbed in sepsis; thus,
the host defense response in sepsis appears to be inappropriate and detrimental [26,27].
Inflammation plays a critical role in many other pathological conditions, such as cancer [28].
Specifically, the devastating infection caused by these invasive pathogens can lead to a
multifaceted imbalance of proinflammatory response and anti-inflammatory response in
the body [29,30]. To make matters worse, this destructive and uncontrolled host defense
response can further result in systemic inflammatory response syndrome and cytokine
storm, thereby ultimately progressing to multiple organ failure or even death [29,31]. As
a result, sepsis has been treated as an exaggerated inflammation-led clinical trajectory
from local microorganism infection to multiple organ dysfunction or death [22]. On the
other hand, upon infection, the hypoinflammatory response/immune paralysis termed
“endotoxin tolerance” is triggered simultaneously with the activation of proinflammatory
response [32,33]. Due to the concomitant paralyzed immune system, the host’s ability
to eradicate the invading microbes is severely compromised, which opens the way for
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late infections to develop and leads to unresolved organ failure. Hence, a prolonged
and disorganized host hypoinflammatory response/immune paralysis is also detrimental
and contributes to the increased risk of death in sepsis [34,35]. On top of the extensive
involvement of an overactive host defense response, the importance of microcirculation
dysfunction, coagulation impairment, mitochondrial damage, endoplasmic reticulum stress,
cellular alterations and organ–organ crosstalk is also becoming increasingly evident and
recognized [24,25] (Figure 1).

 

Figure 1. Pathophysiology of sepsis.

3. Gaseous Mediators

NO, CO and H2S are known for their toxic activity, but they are believed to have
contributed to the origin of life and the appearance of eukaryotic animals, which should
not be ignored [13]. More importantly, NO, CO and H2S are known to play crucial roles in
diverse physiological and pathological conditions. To that end, increasing attention has
been paid to these gaseous signaling mediators.

3.1. Nitric Oxide (NO)

NO, a colorless and toxic gas with a slight odor, was the first identified gaseous
mediator. The endogenous synthesis of NO in eukaryotic cells is predominantly catalyzed
by nitric oxide synthase (NOS) isozymes [36]. To date, three distinctive NOS isoforms
comprise this enzyme family in mammals, which are neuronal NOS (nNOS), endothelial
NOS (eNOS) and inducible NOS (iNOS) [37]. While the isoforms of nNOS and eNOS are
calcium dependent and are constitutively expressed in cells, the iNOS isoform is calcium
independent, and its expression is upregulated in response to many proinflammatory
stimuli, including cytokines and lipopolysaccharide (LPS) [37,38]. More recently, the
mitochondrial NOS (mtNOS) isozyme has been identified. This is also calcium dependent
and constitutively expressed. Even though it is still somewhat controversial, this enzyme
is emerging as the fourth member of the NOS family, since it is capable of catalyzing the
synthesis of NO [39]. It is noteworthy that all these enzymes catalyze the same stepwise
biological process. With the catalysis of these enzymes, L-arginine is hydroxylated and
eventually converts to L-citrulline in the presence of molecular oxygen, nicotinamide
adenine dinucleotide phosphate (NADP) and several cofactors, such as tetrahydrobiopterin
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(BH4). From this two-step enzymatic reaction, NO is liberated [40,41]. NO can be further
oxidized to stable end products, namely nitrite and nitrate. Recently, it turned out that
nitrate and nitrite are not only the oxidation products of NO but also the major biological
reserves of NO [42]. On top of the oxidation of L-arginine, NO can be generated by
the reduction of nitrite and nitrate. This noncanonical pathway is thought to be the
compensatory mechanism for NO synthesis under hypoxic and acidic circumstances [42,43].
As a gaseous free radical, NO is highly reactive [44].

NO is best known as an endothelium-derived relaxing factor due to its role in me-
diating the dilation of blood vessels [8,45,46]. NO is also responsible for the regulation
of vascular tone, platelet–vessel interactions, blood flow, angiogenesis and heart func-
tion [45–48]. Therefore, NO is very important, as the cardiovascular system is involved in
various pathological conditions, including cancer [49]. Apart from this, as a versatile cellu-
lar signaling messenger, NO exerts a wide range of functions in many other organ systems,
such as the nervous system, endocrine system, respiratory system, immune system and
digestive system. Specifically, NO plays a significant role in the regulation of nerve devel-
opment and neurotransmission, insulin secretion, airway tone, immune response reaction,
wound healing and intestinal peristalsis [36,50]. In addition, it is becoming apparent that
NO also functions as an endogenous regulator in epigenetics, including DNA methylation,
DNA demethylation and histone post-translational modifications [51]. Moreover, NO
has been shown to counteract oxidative stress, inhibit cell death and facilitate pathogen
scavenging [44]. Dysregulated metabolism of NO is central to the pathogenesis of many
diseases, including, but not limited to: sepsis, cancers, hypertension, stroke, inflammation,
diabetes and retinopathy [19,36,52,53].

3.2. Carbon Monoxide (CO)

CO, a colorless, poisonous and odorless gas, was recognized as a gaseous mediator
following NO. The majority of endogenous CO production is catalyzed by heme oxygenase
(HO) isozymes [54,55]. Similar to NOS isozymes, this enzyme family also encompasses
three different isoforms, namely HO-1, HO-2 and HO-3 [55]. HO-1 and HO-2 are two
common and functionally active isoforms of HO. Specifically, HO-1, also known as heat
shock protein 32, is inducible and highly dynamic; however, HO-2 is constitutively ex-
pressed, and its expression is much less regulated [44,56]. Controversially, a new isoform
of HO was discovered in rat tissues and was referred to as HO-3 [56]. Despite HO-3 having
significant homology to HO-2 in the amino acid sequence (as high as 90%), its enzyme
activity is much inferior to that of HO-2 [55,56]. CO is produced during the degradation
of heme. Specifically, HO-catalyzed CO synthesis starts with the catabolism of heme. In
this process, heme is firstly oxidized to α-metahydroxyheme in the presence of oxygen
and NADP; afterward, α-metahydroxyheme further reacts with oxygen, from which CO is
produced [57]. This HO-catalyzed heme catabolism is biologically crucial, as this reaction
is responsible for around 85% of CO production in living organisms. In addition to HO,
many other enzymes, including cytochrome P450 reductase, human acireductone dioxyge-
nase and tyrosinase, also contribute to the endogenous production of CO. Compared with
heme-independent CO synthesis, heme-independent CO production, namely the oxidation
of phenols, the peroxidation of lipids and the photo-oxidation of organic compounds, is
minor; however, these reactions are also contributory [54,55]. Although CO can be further
oxidized to CO2, the oxygenation of CO in mammals under normal conditions has not
been observed. Unlike NO, the predominant catabolism of endogenous CO is either by
exhalation (approximately 80%) or by binding to hemoglobin and other heme proteins.

CO is bioactive and plays a pivotal role in a variety of biological systems [58,59]. In the
cardiovascular system, although it is not as potent as NO, CO also serves as a vasodilator
in the body because of its role in inducing the relaxation of vascular smooth muscle. In
addition, CO has been found to promote angiogenesis and inhibit the aggregation and
adhesion of platelets and the activation of monocytes [44,60]. In the respiratory system,
CO acts as a crucial bronchodilator, as it is essential for reversing methacholine-induced
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bronchoconstriction and relaxing tracheal smooth muscle [61]. In the digestive system, CO
has been found to be gastroprotective due to its involvement in maintaining gastric mucosal
integrity and promoting gastric ulcer healing [62]. CO also acts as a neurotransmitter due to
its versatile roles in regulating the functions of the nervous system, such as neurodevelop-
ment, long-term memory and sensory discharge [44]. CO is also an endogenous modulator
of inflammation, cell death, oxidative stress and immune responses [10,63]. Alternations in
CO metabolism have been observed in various pathological disturbances, such as sepsis,
lung injury, anemias and liver cirrhosis [64–66].

3.3. Hydrogen Sulfide (H2S)

H2S, a colorless, flammable and notorious gas with a pungent odor of rotten eggs,
has emerged as the third gaseous signaling mediator. The endogenous generation of H2S
in mammalians mainly arises from the desulfydration of L-cysteine or homocysteine. To
date, three enzymes with ascribed roles in this conventional source of H2S biosynthesis
have been recognized. These are cystathionine β-synthase (CBS), cystathionine γ-lyase
(CSE) and 3-mercaptopyruvate sulfurtransferase (3-MST) [67–69]. Among these enzymes,
CBS and CSE, two pyridoxal 50-phosphate (vitamin B6)-dependent enzymes, catalyze
transsulfuration reactions, whereas 3-MST is responsible for L-cysteine catabolism [70].
Specifically, CBS, the first enzyme in the transsulfuration pathway, generates H2S, mainly by
the condensation reaction of L-cysteine and homocysteine, while CSE, the second enzyme
in the pathway, produces H2S, predominantly by the α, β-elimination of L-cysteine [67,71].
While CBS is believed to be the main source of H2S biosynthesis in the central nervous
system, CSE is thought to be the major contributor to endogenous production of H2S in the
peripheral tissues [67,72]. As the third enzyme involved in H2S biosynthesis, 3-MST, along
with cysteine aminotransferase (CAT), also contributes to the endogenous production of
H2S [72]. Particularly, 3-MST-catalyzed H2S generation requires the presence of reducing
substrates, and most of the yielding H2S is bound in the form of sulfate sulfur. While CBS
and CSE are primarily cytosolic enzymes, 3-MST is mainly localized in the mitochondrion
and with some in the cytoplasm. Consequently, CBS- or CSE-catalyzed H2S biosynthesis
mainly occurs in the cytoplasm, whereas 3-MST-mediated H2S generation takes place in
both places [70]. More recently, the production of H2S by 3-MST and the D-amino acid
oxidase (DAO) pathway has been identified [73]. Apart from these enzyme-catalyzed
reactions, it has become increasingly apparent that many other sources, including the
natural liberation of H2S from persulfides and polysulfide species, also contribute to H2S
biosynthesis [74]. The predominant pathways by which H2S is metabolized in vivo include
oxidation to thiosulfate and sulfate in the mitochondrion and methylation to methanethiol
in the cytoplasm. In addition, H2S can be eliminated by methemoglobin or metallo- or
disulfide-containing molecules. Moreover, thiosulfate and sulfate excretion by urinating
also leads to the clearance of H2S [69,75]. Unlike its two counterparts, NO and CO, which
employ soluble guanylyl cyclase to transduce their signals, it is yet not clear whether H2S
also has its second messenger. Nonetheless, as a gaseous free radical similar to NO, H2S is
also biologically reactive [76].

H2S has been found to be a versatile modulator of various organs and systems [77].
In the context of a pivotal role of an endothelium-derived relaxing factor for NO, H2S is
regarded as an endothelium-derived hyperpolarizing factor [46,78]. However, H2S also
possesses a potent vasoconstrictive effect [79]. More significantly, it is reported that en-
dogenous H2S can regulate the bioavailability of NO in the cardiovascular system [80].
Apart from the regulatory effect on vascular tone, H2S also participates in regulating the
proliferation and death of vascular smooth muscle cells, inhibiting oxidative stress suppres-
sion inflammation inhibition and modulating vascular permeability and angiogenesis [81].
In the respiratory system, H2S profoundly affects various respiratory functions, such as
regulating the respiratory rhythm and maintaining the development and homeostasis
of the pulmonary vessel [82,83]. In the immune system, H2S regulates the viability and
functions of various immune cells, including neutrophils, macrophages, dendritic cells,
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T lymphocytes and B lymphocytes; thus, it greatly shapes the landscape of innate and
adaptive immunity [84]. In the central nervous system, H2S serves as an antioxidant and
antineuroinflammatory mediator; thus, H2S plays a significant role in neuroprotection.
Moreover, H2S is closely associated with neurotransmission [85]. H2S also affects the
functions of many other systems, such as the reproductive system, digestive system and
endocrine system [77]. Notably, similar to NO, H2S is discovered to be an important endoge-
nous epigenetic modulator [51]. Aberrant H2S metabolism occurs in many pathological
states, such as sepsis, inflammation, coronavirus disease 2019, hypertension, atherosclerosis,
obstructive respiratory disease, lung injury, macrophage activation, retinal diseases and
neurodegenerative disease [77,81,86–89].

3.4. Interplay among NO, CO and H2S

Accumulating evidence has pointed to the crosstalk among NO, CO and H2S [86,90].
To date, four interaction mechanisms have been identified, which are competition/synergy
for heme in heme-containing proteins, modulation of the generation of other gases and
competition for post-translational modification sites in proteins and formation of hybrid
molecules [91–93]. Among these four mechanisms, the regulation of the biosynthesis of
other gaseous mediators has been widely explored. Firstly, NO has been shown to up-
regulate the endogenous production of CO by increasing the level of HO-1, whereas NO
can suppress the activity of HO-2 [94,95]. The regulatory effects of NO on H2S generation
are also complex. While NO has been shown to inhibit the activities of CBS and CSE, it
can also promote CSE-mediated H2S production [96–98]. Secondly, CO has been shown to
reduce the production of NO and H2S by suppressing the activities of iNOS and CBS [99].
Thirdly, H2S also greatly affects the biosynthesis of NO and CO. H2S can promote or stabi-
lize eNOS activity; however, it can also inhibit eNOS function [97,100,101]. Additionally,
in the presence of NO, the activities of nNOS and iNOS were suppressed by H2S [102].
Moreover, H2S can inhibit iNOS activity by promoting HO-1 activity [103]. However, NO
production can be enhanced by H2S as it can promote iNOS expression [104]. Importantly,
the crosstalk among NO, CO and H2S may differ in different organs or under different
conditions, leading to the complicated or even opposite regulatory effects of one gaseous
mediator on the biosynthesis of others.

Table 1 briefly summarizes the characteristics of NO, CO and H2S.

Table 1. Characteristics of currently recognized gaseous mediators.

Nitric Oxide Carbon Monoxide Hydrogen Sulfide

Formula and molecular weight NO (30.01 g/mol) CO (28.01 g/mol) H2S (34.08 g/mol)
Biological half-life Seconds Several minutes Seconds–minutes

Chemical reactivity Very high Moderate Very high
Properties of free radicals Yes No Yes

Endogenous production enzymes nNOS; iNOS; eNOS; mtNOS a HO-1; HO-2; HO-3 a CBS; CSE; 3-MST/CAT;
3-MST/DAO b

Main substrates for biosynthesis L-arginine Heme
L-cysteine; 3-mercaptopyruvate;

D-cysteine b

Clearance sources Oxidization
Being exhaled from the airway;

Binding to heme proteins;
Oxidization c

Oxidization (mitochondrion);
Methylation (cytoplasm); Being

excreted from urine

End products Nitrite and nitrate Carboxyhemoglobin;
Carbon dioxide c

Thiosulfate and sulfate;
methanethiol

Second messenger sGC sGC NA
Involvement in sepsis Yes (Mainly detrimental) Yes (Mainly beneficial) Yes (Mainly detrimental)

Abbreviations: neuronal nitric oxide synthase (nNOS); inducible nitric oxide synthase (iNOS); endothelial
nitric oxide synthase (eNOS); mitochondrial nitric oxide synthase (mtNOS); heme oxygenase-1 (HO-1); heme
oxygenase-2 (HO-2); heme oxygenase-3 (HO-3); cystathionine β-synthase (CBS); cystathionine γ-lyase (CSE);
3-mercaptopyruvate sulfurtransferase (3-MST); cysteine aminotransferase (CAT); D-amino acid oxidase (DAO);
soluble guanylyl cyclase (sGC); Not applicable (NA). a Controversial; b newly discovered; c has not been observed
under physiological conditions.
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Figure 2 briefly summarizes the ways in which NO, CO and H2S are enzymatically
produced and that in which the biosynthesis of one gaseous mediator is affected by the
remaining two.

 

Figure 2. Enzyme-derived endogenous production of NO (A), CO (B) and H2S (C). Endogenous
NO is produced from a two-step biological process catalyzed by NOS. L-arginine is hydroxylated
to Nω-hydroxy-l-arginine; the latter is further oxidized to L-citrulline and NO. Endogenous CO
is generated from the degradation of heme. Firstly, heme is oxidized to α-metahydroxyheme in
the presence of oxygen and NADPH. Secondly, α-metahydroxyheme reacts with oxygen, resulting
in the biosynthesis of CO. NADHP is also required for this reaction. Relatively, the biosynthesis
of H2S is more complex as H2S can be generated from four enzymatic pathways. Briefly, H2S is
naturally produced from the desulfydration of L-cysteine or homocysteine catalyzed by CBS, CSE and
3-MST/CAT. Specifically, CBS and CSE are involved in transsulfuration reactions, whereas 3-MST is
responsible for L-cysteine catabolism. Recently, the 3-MST/DAO pathway has gained acceptance
as the fourth pathway for H2S biosynthesis, using D-cysteine as the substrate. The biosynthesis of
every gaseous mediator might be affected by the remaining two gases. Purple arrow: activation; blue
arrow: suppression.

4. Gaseous Mediators in Sepsis/Septic Shock

As three significant endogenous regulators that play indispensable roles in maintaining
the homeostasis of organ systems in living organisms [18], NO, CO and H2S have been
shown to play vital roles in the intricate pathophysiology of sepsis/septic shock.

4.1. NO in Sepsis/Septic Shock

Overproduction of NO throughout the organism resulting from the excessive acti-
vation of iNOS is one hallmark of sepsis. NO has emerged as a significant modulator
in sepsis, as it has been shown to extensively impact the pathophysiology and outcome
of sepsis [105,106]. The level of NO was correlated with the increased severity of sepsis-
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and endotoxemia-associated systemic inflammation and organ injury, while the inhibition
of NO production mitigated these alterations [107–109]. Specifically, in rats with cecal
ligation and puncture (CLP)-induced sepsis or LPS-induced endotoxemia, the level of
iNOS in the diaphragm was upregulated. The elevated iNOS and attendant increased
production of NO were involved in endotoxemia- and sepsis-induced diaphragm injury,
as alterations that occurred in the diaphragm (sarcolemmal injury and myofiber damage)
were obviously mitigated by the administration of a nonselective NOS inhibitor named
L-NMMA [107]. In addition, it was reported that the level of NO was elevated in mice with
Escherichia coli infection-induced sepsis, and the increased NO production was associated
with sepsis-associated alterations, such as dysregulated systemic inflammation, as indicated
by elevated proinflammatory mediators, oxidative stress (increased malondialdehyde) and
organ dysfunction (liver failure and kidney failure). However, the pretreatment of L-NAME,
a nonselective inhibitor of NOS, significantly reduced sepsis-induced overproduction of
NO and consequently mitigated sepsis-associated abnormalities [108]. Moreover, as shown
by Luo et al., once the activity of the toll-like receptor 4 (TLR4)/myeloid differentiation pri-
mary response 88 (MyD88)/nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) pathway was inhibited, iNOS became inactive, leading to an enhancement of vas-
cular responsiveness and an increase in the survival of mice with CLP-induced sepsis (mean
survival time increased from 1.7 days to 4.5 days) [109]. Similarly, compared with patients
without sepsis, the concentration of serum NO in sepsis patients was significantly upregu-
lated [110]. More importantly, monitoring of the level of NO in serum may contribute to
precise of evaluation the severity of sepsis [110]. Among the organs and systems affected
by elevated NO in sepsis and endotoxemia, the cardiovascular system has attracted the
most attention. While a physiological level of NO is essential to the maintenance of the car-
diovascular system, sepsis-associated hemodynamic instability, including vasorelaxation,
hypotension and shock, has been attributed to an aberrant NO-induced macrovascular
compromise, myocardial dysfunction, vascular hyporesponsiveness, direct cellular toxicity
and bioenergetic failure [47]. Furthermore, when the amount of endogenous NO reaches a
certain threshold, the production of NO is inhibited, since the high concentration of NO
itself can suppress the activity of NOS [37]. Moreover, compared with iNOS, nNOS and
eNOS are more sensitive to the autoinhibitory effect of NO. Therefore, once the biosynthe-
sis of NO catalyzed by iNOS is activated in response to the proinflammatory stimuli in
sepsis, the essential basal effects of eNOS may be insufficient to support the function of
the fragile cardiovascular system in sepsis [46,105]. Thus, the aberrant production of NO
catalyzed by active iNOS is thought to be a primary cause of hemodynamic instability in
sepsis [47,111]. Worse still, these NO-induced hemodynamic alterations can further result
in hypoxia in multiple organ systems, leading to progressive organ dysfunction [112]. In
addition, many studies have shown that there is extensive involvement of NO in sepsis-
and endotoxemia-induced abnormalities and derangements in the respiratory system, renal
system, immune system, central nervous system and digestive system and identified the
underlying mechanisms by which these organs and systems are disturbed by dysregulated
NO in sepsis and endotoxemia [105].

Not surprisingly, several studies have also concluded that the increased generation of
NO may have potential benefits in sepsis, since NO has been shown to facilitate bacterial
destruction [112]. For example, in a controlled trial of inhibition of nNOS either by phar-
macological blockage or gene deletion, there was an increase in mortality (hazard ratio of
death was 1.71) and blood bacterial counts (1.4-fold greater) in mice with sepsis induced by
CLP. This was accompanied by an upregulation of proinflammatory mediators, including
tumor necrosis factor (TNF)-α and interleukin (IL)-6, and peritoneal lavage cell counts
were increased. These results indicate that the nNOS/NO pathway improves survival from
sepsis plays an important role in modulating the inflammatory response [113]. In another
study, sepsis was induced in wild-type mice and genetically deficient iNOS-knockout mice
by infection with Salmonella typhimurium (a Gram-negative pathogen). The deletion of the
iNOS gene attenuated sepsis-induced systemic inflammation, as evidenced by lower levels
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of proinflammatory mediators and neutrophil accumulation in the peritoneal cavity. In
addition, the deficiency of the iNOS gene also increased the bacterial load, decreased the
thymic atrophy, aggregated the hepatic and cardiovascular dysfunction and increased the
risk of mortality of mice. By contrast, the pretreatment of iNOS-deficient mice with DETA-
NO (a NO donor) significantly attenuated these sepsis-associated abnormalities. These
findings revealed the protective roles played by the iNOS/NO pathway in sepsis [114].

4.2. CO in Sepsis/Septic Shock

Increased generation of CO is also commonly observed in sepsis and endotoxemia,
and many studies have implicated the beneficial effects of CO in sepsis [115]. Kyokane et al.
reported that endogenous production of CO catalyzed by HO-1 in the liver was upregulated
in rats with LPS-induced endotoxemia and concluded that the increased production of
CO played an important role in protecting the liver from dysfunction [116]. Similarly,
HO-1-derived CO resulted in an enhancement of phagocytosis and host defense response
directed at microorganism invasion, leading to an enhancement of pathogen clearance
without suppressing the host inflammatory response in CLP-induced sepsis in mice. In
addition, the administration of the tricarbonyldichlororuthenium (II) dimer, a CO-releasing
molecule (CORM), significantly improved the survival probability of mice in sepsis [117].
The protective role of CO has been confirmed in CLP-induced sepsis, as well as LPS-induced
endotoxemia, both in vivo and in vitro [118]. Specifically, in vivo, the administration of
HO-1 inducers or CORM-2 suppressed the activity of high-mobility group box 1, improving
the survival of sepsis. In addition, sepsis-associated systemic inflammation was alleviated
by the treatment of HO-1 inducers and CORM-2, as indicated by a drop of proinflammatory
cytokines, including TNF-α, IL-1β and interferon-β. In vitro, the induction of LPS-induced
endotoxemia activated the activity of high-mobility group box 1, thereby promoting the
proinflammatory response in macrophages. However, the pretreatment of HO-1 inducers
or CORM-2, as well as the transfection of HO-1, greatly reversed these alterations [118].
Since several CORMs have been developed [119], many researchers have used different
CORMs in their research, and the protective roles of the HO-1/CO pathway in sepsis
and endotoxemia have been firmly established. For example, several studies showed that
the CO released from CORM-2 or CORM-3 was capable of suppressing the activation
of inflammasome related to pyroptosis; as a result, the function of multiple organs and
systems (cardiac fibroblasts, intestine and kidney) were preserved, and the elimination of
pathogens was promoted in rodents with CLP-induced sepsis [120–123]. Apart from the
effects on dampening proinflammatory response and inhibiting pyroptosis, many other
mechanisms, such as supporting the energetic metabolism of mitochondrion coupled with
activating the biogenesis of mitochondria, reducing the levels of cardiac contractile proteins,
inhibiting the activation of NF-κB, downregulating the expression of the TLR4/myeloid
differentiation factor-2 (MD2) complex on myeloid cells, suppressing the overactivation
of platelets and enhancing autophagy, also contribute to the protective actions of CO in
sepsis and endotoxemia [124–129]. Of note, the nuclear factor-erythroid factor 2-related
factor 2 (Nrf2) has been shown to be essential to the anti-inflammatory roles of CO released
from CORM-2 in LPS-induced endotoxemia, as the deletion of Nrf2 significantly abolished
the beneficial effects of CO [130]. Interestingly, exposure of mesenchymal stromal cells
to CO enhanced the therapeutic response in mice with CLP-induced sepsis [131]. This
study showed that CO exposure greatly improved the treatment efficacy of mesenchymal
stromal cells, as these cells have been shown to enhance pathogen elimination, promote
inflammation resolution and alleviate organ injury in septic mice. Consistently, increased
biosynthesis of CO has also been observed in septic patients; more importantly, survivors
had higher levels of CO than nonsurvivors, indicating the beneficial effect of increased CO
production in sepsis [64,132].

Only a few investigations have demonstrated that the upregulation of endogenous
CO is detrimental to sepsis. For instance, Iwasashi and coworkers found that the active
HO-1/CO pathway was associated with liver dysfunction in rats subjected to CLP-induced
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sepsis. It was reported that HO-1-induced excessive generation of CO led to an immoderate
dilation of liver sinusoidal and attendant liver failure, whereas the administration of
HO inhibitors (Sn-PP and Zn-PP) significantly alleviated sepsis-induced liver injury, as
evidenced by lower plasma aspartate aminotransferase and lower liver cyclic guanosine
monophosphate, as well as promoted the survival of rats (61.5% and 66.7% vs. 26.7%) [133].

4.3. H2S in Sepsis/Septic Shock

The biosynthesis of H2S is significantly upregulated in sepsis. Accumulating evidence
has shown proinflammatory effects of H2S on sepsis and endotoxemia. Induction of
septic shock and endotoxic shock has been reported to greatly increase the arterial level
of H2S in rats, and the elevated H2S has a negative correlation with the hemodynamic
parameters, including the heart rate, the mean arterial pressure and the +dP/dt max in
rats [134]. This investigation aroused great attention in exploring the roles of H2S in
sepsis and the mechanisms of action. As showed in a landmark study that detailed the
significant role of endogenous H2S in CLP-induced sepsis, the expression (both mRNA
and protein) of CSE and the level of endogenous H2S were greatly upregulated after the
induction of sepsis [135]. The administration of DL-propargylglycine (PAG, 50 mg/kg,
intraperitoneal injection), an irreversible inhibitor of CSE, significantly attenuated sepsis-
induced neutrophil accumulation, as indicated by tissue myeloperoxidase activity and
histological alterations in the liver and lungs, whereas the treatment of sodium hydrosulfide
(NaHS, 10 mg/kg, intraperitoneal injection), a fast-releasing H2S donor, further exacerbated
sepsis-associated systemic inflammation and organ injury [135].

Since then, we have conducted a series of studies to further explore the role played by
H2S in sepsis-induced multiple organ dysfunction and to elucidate the underlying mecha-
nism. For example, in mice subjected to CLP-induced sepsis, NF-κB was activated by the
elevated H2S, leading to an upregulation of the production of proinflammatory cytokines
(IL-1β, IL-6 and TNF-α) and chemokines (monocyte chemotactic protein-1, and macrophage
inflammatory protein-2), the rolling and adherence of leukocytes, the expressions of vari-
ous adhesion molecules (intercellular adhesion molecule-1, P-selectin and E-selectin) and
eventually exaggerated lung injury and liver injury [136,137]. Thereafter, we found that
the extracellular signal-related kinase (ERK) pathway was involved in the activation of
NF-κB by H2S following sepsis, as the treatment of the ERK kinase inhibitor significantly
abolished H2S-mediated NF-κB activation and consequently attenuated sepsis-associated
systemic inflammation and organ injury [138]. Subsequently, taking the advantage of using
the tachykinin precursor 1 gene (the gene that encodes substance P)-deficient mice, as
well as using inhibitors of tachykinin receptor 1, the functional receptor of substance P
and transient receptor potential vanilloid type 1 (TRPV1), we found that in mice with
CLP-induced polymicrobial sepsis, TRPV1-mediated priming of the substance P-tachykinin
receptor 1 axis was involved in H2S-induced activation of the ERK/NF-κB pathway and
further resulted in sepsis-associated alterations, including systemic inflammation and or-
gan injury [139–141]. We also found that the involvement of TRPV1-mediated an increase
in cyclooxygenase-2 and prostaglandin E metabolite production in H2S-induced sepsis-
associated alterations in mice [142]. Furthermore, the proinflammatory effect of H2S in
polymicrobial sepsis was confirmed as the treatment of small interference RNA that targets
the CSE gene reduces the accumulation of leukocytes and the levels of proinflammatory
mediators in the liver and lungs [143].

More recently, sepsis was induced in genetically deficient CSE-knockout mice and wild-
type mice, by which we further shed light on the proinflammatory action of H2S in sepsis.
The liver sinusoid plays a significant role in maintaining the hepatic function; however, its
homeostasis is frequently disrupted in sepsis and endotoxemia. Building on the finding that
H2S serves as a vasoconstrictor in the liver sinusoid in endotoxemia [144,145], we further
explored the effects of H2S on liver sinusoid in sepsis. In wild-type mice, sepsis-induced
elevated H2S caused several alterations in the liver sinusoidal endothelial cells (LSECs),
including the defenestration and gaps formation, suggesting that the liver sinusoidal
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function was impaired by H2S in sepsis. However, these alterations were significantly
reversed in mice genetically deficient in CSE [146,147]. Furthermore, the underlying
mechanisms were investigated. We found that the activation of the ERK1/2-NF-κB p65
pathway and the substance P-tachykinin receptor 1 axis plays a central role in H2S-induced
liver sinusoidal dysfunction [146,147]. Similarly, aberrant metabolism of H2S has been
observed in patients with sepsis and animals with LPS-induced endotoxemia [148–150].

A potential beneficial effect of a very low dose of H2S or slow-release H2S donors
on sepsis and endotoxemia has also been reported. In mice with CLP-induced sepsis,
either prophylactic or therapeutic treatment of H2S donors (NaHS or Lawesson’s reagent)
promoted the rolling and adhesion of leukocytes and the migration of neutrophils, thereby
reducing the bacteremia levels, as well as alleviating hypotension and lung lesions, even-
tually leading to increased survival. Conversely, the administration of PAG significantly
aggravated CLP-induced alterations in mice [151]. It is noteworthy that there were many
differences between this study and those discussed above. While this study mainly focused
on the role of exogenous H2S in sepsis, the research discussed above mainly focused on
endogenous H2S. In addition, the way in which mice received the treatment of CSE in-
hibitors and H2S donors was also different. This may differ the pharmacological effects of
these compounds (subcutaneous injection vs. intraperitoneal injection). Furthermore, the
dose of PAG (about 4.5–4.9 g/kg vs. 50 mg/kg) and NaHS (0.56–5.6 mg/kg vs. 10 mg/kg)
used in this study and those discussed above was significantly different. These differences
may underlie the opposite effects of H2S in sepsis reported in these investigations. The
protective role of exogenous H2S was further confirmed by Ahmad and colleagues as they
found that delayed treatment of NaHS was favorable to rats subjected to CLP-induced
sepsis [152]. In addition, it is reported that the preservation of mitochondrial function by
NaHS treatment resulted in the improvement of diaphragm weakness and the decline of
mortality rate in CLP-induced sepsis rats [153]. More recently, two studies have shown that
the pretreatment of GYY4137 (25 mg/kg and 50 mg/kg intraperitoneal injection), a novel
slow-releasing H2S donor, protected against acute lung injury caused by CLP-induced sep-
sis in mice [154,155]. A similar salutary effect of H2S was also reported in urinary-derived
sepsis, pseudomonas aeruginosa sepsis and pneumococcal pneumosepsis, together with
LPS-induced endotoxemia [21,156–159].

5. Gaseous-Mediator-Based Therapeutic Strategy for Sepsis/Septic Shock

The recognition of the involvement of NO, CO and H2S in the physiopathology of
sepsis/septic shock and endotoxemia has led to the development of therapeutic approaches
targeting these gaseous mediators for sepsis (Figure 3). To date, in addition to NO inhala-
tion, many other strategies targeting the regulation of the activity of NOS, the clearance of
NO and the bioavailability of the substrate have been widely investigated [105,106,111,160].
Inhaled NO possesses promise in sepsis treatment, since it was reported that systemic
oxygenation was improved after NO inhalation [161]; however, inhaled NO (40 ppm) failed
to augment microcirculatory perfusion and improve organ function in patients with sep-
sis [162]. As mentioned by the researchers, one possible reason for the failure of inhaled NO
in sepsis is that the macrocirculatory hemodynamics of these patients had been optimized
prior to the treatment of inhaled NO. Considering the deleterious effects of overproduction
of endogenous NO in sepsis, several NOS inhibitors, including selective and nonselective,
have been developed, and the therapeutic efficacy and safety of these compounds have
been widely investigated. Unfortunately, these studies have produced mixed results; thus,
whether to treat sepsis by NOS inhibitors is still a matter of debate [111,163]. While a
phase II trial showed that L-NMMA, a nonselective NOS inhibitor, improved systemic
vascular response in patients with septic shock, a phase III trial conducted subsequently
was terminated. as L-NMMA increased mortality in patients with septic shock [164,165].
The larger phase III investigation was thought to reveal an adverse outcome of L-NMMA
treatment that was not detected by the smaller phase II study [165]. In the reactions leading
to the NOS-catalyzed production of NO, BH4 does not only act as a crucial cofactor, but
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it also serves as an endogenous regulator of NOS activity. Overproduction of BH4 and
an attendant increase in conversion of BH4 to BH2 result in a high level of BH2 in sepsis.
BH2 can bind to NOS and consequently suppress the activity of NOS, leading to a decrease
in NO biosynthesis [166]. Promisingly, the administration of the BH4 analog attenuated
hemodynamic instability, organ dysfunction and declined mortality in animals with sepsis
or endotoxemia [111,163]. Similarly, several novel NO-based therapeutic strategies target-
ing the enhancement of NO clearance or the improvement of NO bioavailability have been
developed for sepsis [111].

 

Figure 3. Therapeutic perspective of NO, CO and H2S in sepsis. Multiple organ dysfunction resulting
from excessive inflammation caused by an aberrant host defense response directed at invasive
pathogens and their toxins is one hallmark of sepsis, which can eventually lead to death (as shown in
white boxes). To promote the survival of sepsis, several medical countermeasures targeting sepsis
pathophysiology, including pathogen clearance, immune restoration, inflammation resolution and
organ function preservation, have been developed (as shown in light orange boxes). While the
feasibility, safety and efficacy of NO-, CO- and H2S-based treatments should be further assessed, the
therapeutic promise of gaseous-mediator-based treatments has been observed in many investigations.

The recognition of the beneficial effects of CO in sepsis in animal models has prompted
the development of CO-based therapy for sepsis. The administration of low-dose inhaled
CO showed a protective effect in sepsis, as it has been shown to rescue mice from severe
sepsis induced by Staphylococcus aureus infection [125]. More recently, the feasibility and
safety of low-dose inhaled CO administration in patients with sepsis-induced acute respira-
tory distress syndrome were established in a phase 1 trial [167]. In addition, this study also
demonstrated that the administration of low-dose inhaled CO significantly reduced the
concentrations of mitochondrial DNA in the plasma, indicating the potential effect of in-
haled CO treatment in preserving mitochondrial function in sepsis [167]. Taking advantage
of the knowledge that exogenous CO releases from CORMs, including CORM-1, CORM-2
and CORM-3, have potent protective roles in sepsis and endotoxemia, increasing attention
has been paid to treating animals with sepsis using these novel compounds [120,121].

Accumulating evidence has revealed the complicated actions played by H2S in sepsis,
leading to the increasing attention being paid to develop therapeutic approaches targeting
H2S for sepsis. Although several preclinical animal studies have shown the protective role
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of using PAG in sepsis [136,141], many other investigations have also indicated that the
administration of inhaled H2S or H2S donors, either fast-releasing donors or slow-releasing
donors, such as NaHS and GYY4137, is beneficial to sepsis and endotoxemia, resulting in
uncertainties in the possible role of H2S-based treatment for sepsis [20,152–155]. Given
the promise of the countermeasures targeting gaseous mediators in sepsis therapy, the
establishment of an optimal therapeutic protocol, including the dose and delivery, for
gaseous-mediator-based therapy for sepsis will be meaningful and another step forward.

6. Conclusions

In sepsis, a dysregulated host defense response directed at invasive pathogens and
their toxins can cause excessive systemic inflammation, consequently leading to multiple
organ dysfunction and death. Accumulating evidence, from our laboratory and others,
has revealed the important roles of NO, CO and H2S as novel mediators in regulating the
onset, development, progression and outcome of sepsis. Furthermore, the understanding
of the significant roles of NO, CO and H2S in the pathophysiology of sepsis, including their
effects on host immune response, pathogen elimination, systemic inflammation and organ
dysfunction, has led to the development of several novel therapeutic strategies targeting
NO, CO and H2S for sepsis, such as inhaled NO, CO and H2S, the inhibitors of NOS, HO
and CSE and the slow-releasing donors of NO, CO and H2S. Although more research is
needed to evaluate the feasibility, safety and efficacy of these gaseous-mediator-based
treatments, early results have shown the promise of these novel therapeutic strategies.
Thus, it is important to put more effort and resources in order to investigate the therapeutic
prospects of NO, CO, and H2S in sepsis.

Author Contributions: Conceptualization, M.B.; supervision, M.B., S.C., Y.Z.; writing—original draft
preparation, Z.Z.; writing—review and editing, Z.Z., M.B., S.C., Y.Z.; funding acquisition, M.B. All
authors have read and agreed to the published version of the manuscript.

Funding: The research group of Madhav Bhatia is funded by the University of Otago Vice-Chancellor’s
Strategic Development Fund and Maurice and Phyllis Paykel Trust.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cecconi, M.; Evans, L.; Levy, M.; Rhodes, A. Sepsis and septic shock. Lancet 2018, 392, 75–87. [CrossRef]
2. Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, J.-D.;

Coopersmith, C.M.; et al. The third international consensus definitions for sepsis and septic shock (Sepsis-3). JAMA 2016, 315,
801–810. [CrossRef] [PubMed]

3. Rudd, K.E.; Kissoon, N.; Limmathurotsakul, D.; Bory, S.; Mutahunga, B.; Seymour, C.W.; Angus, D.C.; West, T.E. The global
burden of sepsis: Barriers and potential solutions. Crit. Care 2018, 22, 1–11. [CrossRef]

4. Rudd, K.E.; Johnson, S.C.; Agesa, K.M.; Shackelford, K.A.; Tsoi, D.; Kievlan, D.R.; Colombara, D.V.; Ikuta, K.S.; Kissoon, N.; Finfer,
S.; et al. Global, regional, and national sepsis incidence and mortality, 1990–2017: Analysis for the global burden of disease study.
Lancet 2020, 395, 200–211. [CrossRef]

5. Reinhart, K.; Daniels, R.; Kissoon, N.; Machado, F.R.; Schachter, R.D.; Finfer, S. Recognizing sepsis as a global health priority—A
WHO resolution. New Engl. J. Med. 2017, 377, 414–417. [CrossRef] [PubMed]

6. Evans, L.; Rhodes, A.; Alhazzani, W.; Antonelli, M.; Coopersmith, C.M.; French, C.; Machado, F.R.; McIntyre, L.; Ostermann,
M.; Prescott, H.C.; et al. Surviving sepsis campaign: International guidelines for management of sepsis and septic shock 2021.
Intensive Care Med. 2021, 47, 1181–1247. [CrossRef] [PubMed]

7. Mustafa, A.K.; Gadalla, M.M.; Snyder, S.H. Signaling by Gasotransmitters. Sci. Signal. 2009, 2, re2. [CrossRef]
8. Wang, R. Gasotransmitters: Growing pains and joys. Trends Biochem. Sci. 2018, 39, 283–295. [CrossRef]
9. Althaus, M.; Clauss, W.G. Gasotransmitters: Novel regulators of ion channels and transporters. Front. Physiol. 2013, 4, 27.

[CrossRef]

455



Int. J. Mol. Sci. 2022, 23, 3669

10. Wallace, J.L.; Ianaro, A.; Flannigan, K.L.; Cirino, G. Gaseous mediators in resolution of inflammation. Semin. Immunol. 2015, 27,
227–233. [CrossRef]

11. Hartmann, C.; Nussbaum, B.; Calzia, E.; Radermacher, P.; Wepler, M. Gaseous mediators and mitochondrial function: The future
of pharmacologically induced suspended animation? Front. Physiol. 2017, 8, 691. [CrossRef] [PubMed]

12. Szabo, C. Gasotransmitters in cancer: From pathophysiology to experimental therapy. Nat. Rev. Drug Discov. 2016, 15, 185–203.
[CrossRef]

13. Kolluru, G.K.; Shen, X.; Yuan, S.; Kevil, C.G. Gasotransmitter heterocellular signaling. Antioxid. Redox Signal. 2017, 26, 936–960.
[CrossRef] [PubMed]

14. Huang, Y.; Zhang, H.; Lv, M.B.; Tang, C.; Du, J.; Jin, H. Sulfur dioxide: Endogenous generation, biological effects, detection, and
therapeutic potential. Antioxid. Redox Signal. 2022, 36, 256–274. [CrossRef] [PubMed]

15. Zuhra, K.; Szabo, C. The two faces of cyanide: An environmental toxin and a potential novel mammalian gasotransmitter. FEBS
J. 2021. [CrossRef]

16. Boros, M.; Keppler, F. Methane production and bioactivity-a link to oxido-reductive stress. Front. Physiol. 2019, 10, 1244.
[CrossRef]

17. Yang, G.; Sener, A.; Ji, Y.; Pei, Y.; Pluth, M.D. Gasotransmitters in biology and medicine: Molecular mechanisms and drug targets.
Oxid. Med. Cell. Longev. 2016, 2016, 1–2. [CrossRef]

18. Hendriks, K.; Maassen, H.; van Dijk, P.R.; Henning, R.; van Goor, H.; Hillebrands, J.-L. Gasotransmitters in health and disease: A
mitochondria-centered view. Curr. Opin. Pharmacol. 2019, 45, 87–93. [CrossRef]

19. Winkler, M.S.; Kluge, S.; Holzmann, M.; Moritz, E.; Robbe, L.; Bauer, A.; Zahrte, C.; Priefler, M.; Schwedhelm, E.; Böger, R.H.; et al.
Markers of nitric oxide are associated with sepsis severity: An observational study. Crit. Care 2017, 21, 1–9. [CrossRef]

20. Nakahira, K.; Choi, A.M.K. Carbon monoxide in the treatment of sepsis. Am. J. Physiol. Cell. Mol. Physiol. 2015, 309, L1387–L1393.
[CrossRef]

21. Chen, Y.-H.; Teng, X.; Hu, Z.-J.; Tian, D.-Y.; Jin, S.; Wu, Y.-M. Hydrogen sulfide attenuated sepsis-induced myocardial dysfunction
through TLR4 pathway and endoplasmic reticulum stress. Front. Physiol. 2021, 12, 653601. [CrossRef] [PubMed]

22. Caraballo, C.; Jaimes, F. Organ dysfunction in sepsis: An ominous trajectory from infection to death. Yale J. Biol Med. 2019, 92,
629–640. [PubMed]

23. Pool, R.; Gomez, H.; Kellum, J.A. Mechanisms of organ dysfunction in sepsis. Crit. Care Clin. 2018, 34, 63–80. [CrossRef] [PubMed]
24. Lelubre, C.; Vincent, J.-L. Mechanisms and treatment of organ failure in sepsis. Nat. Rev. Nephrol. 2018, 14, 417–427. [CrossRef]
25. Huang, M.; Cai, S.; Su, J. The pathogenesis of sepsis and potential therapeutic targets. Int. J. Mol. Sci. 2019, 20, 5376. [CrossRef]

[PubMed]
26. Delano, M.J.; Ward, P.A. The immune system’s role in sepsis progression, resolution, and long-term outcome. Immunol. Rev. 2016,

274, 330–353. [CrossRef] [PubMed]
27. Conway-Morris, A.; Wilson, J.; Shankar-Hari, M. Immune activation in sepsis. Crit. Care Clin. 2018, 34, 29–42. [CrossRef]
28. Lawal, B.; Wang, Y.-C.; Wu, A.T.H.; Huang, H.-S. Pro-Oncogenic c-Met/EGFR, biomarker signatures of the tumor microenviron-

ment are clinical and therapy response prognosticators in colorectal cancer, and therapeutic targets of 3-Phenyl-2H-benzo[e][1,3]-
Oxazine-2,4(3H)-Dione derivatives. Front. Pharmacol. 2021, 12, 691234. [CrossRef] [PubMed]

29. Chousterman, B.G.; Swirski, F.; Weber, G.F. Cytokine storm and sepsis disease pathogenesis. Semin. Immunopathol. 2017, 39,
517–528. [CrossRef]

30. Jarczak, D.; Kluge, S.; Nierhaus, A. Sepsis—Pathophysiology and therapeutic concepts. Front. Med. 2021, 8, 628302. [CrossRef]
[PubMed]

31. Gotts, J.E.; Matthay, M.A. Sepsis: Pathophysiology and clinical management. BMJ 2016, 353, i1585. [CrossRef] [PubMed]
32. Liu, D.; Cao, S.; Zhou, Y.; Xiong, Y. Recent advances in endotoxin tolerance. J. Cell Biochem. 2019, 120, 56–70. [CrossRef] [PubMed]
33. Hamers, L.; Kox, M.; Pickkers, P. Sepsis-induced immunoparalysis: Mechanisms, markers, and treatment options. Minerva

Anestesiol 2014, 81, 426–439. [PubMed]
34. Venet, F.; Monneret, G. Advances in the understanding and treatment of sepsis-induced immunosuppression. Nat. Rev. Nephrol.

2018, 14, 121–137. [CrossRef]
35. Chen, J.; Wei, H. Immune intervention in sepsis. Front. Pharmacol. 2021, 12, 718089. [CrossRef] [PubMed]
36. Gantner, B.N.; LaFond, K.M.; Bonini, M.G. Nitric oxide in cellular adaptation and disease. Redox Biol. 2020, 34, 101550. [CrossRef]

[PubMed]
37. Król, M.; Kepinska, M. Human nitric oxide Synthase—Its functions, polymorphisms, and inhibitors in the context of inflammation,

diabetes and cardiovascular diseases. Int. J. Mol. Sci. 2020, 22, 56. [CrossRef] [PubMed]
38. Cinelli, M.A.; Do, H.T.; Miley, G.P.; Silverman, R.B. Inducible nitric oxide synthase: Regulation, structure, and inhibition. Med.

Res. Rev. 2020, 40, 158–189. [CrossRef]
39. Ghafourifar, P.; Cadenas, E. Mitochondrial nitric oxide synthase. Trends Pharmacol. Sci. 2005, 26, 190–195. [CrossRef]
40. Förstermann, U.; Sessa, W.C. Nitric oxide synthases: Regulation and function. Eur. Heart J. 2012, 33, 829–837. [CrossRef]
41. Dynnik, V.V.; Grishina, E.V.; Fedotcheva, N.I. The mitochondrial NO-synthase/guanylate cyclase/protein kinase G signaling

system underpins the dual effects of nitric oxide on mitochondrial respiration and opening of the permeability transition pore.
FEBS J. 2019, 287, 1525–1536. [CrossRef]

456



Int. J. Mol. Sci. 2022, 23, 3669

42. DeMartino, A.W.; Kim-Shapiro, D.B.; Patel, R.P.; Gladwin, M.T. Nitrite and nitrate chemical biology and signalling. Br. J.
Pharmacol. 2019, 176, 228–245. [CrossRef] [PubMed]

43. Kapil, V.; Khambata, R.S.; Jones, D.A.; Rathod, K.; Primus, C.; Massimo, G.; Fukuto, J.M.; Ahluwalia, A. The noncanonical
pathway for in vivo nitric oxide generation: The nitrate-nitrite-nitric oxide pathway. Pharmacol. Rev. 2020, 72, 692–766. [CrossRef]
[PubMed]
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Abstract: Nutraceuticals are bioactive or chemical compounds acclaimed for their valuable biological
activities and health-promoting effects. The global community is faced with many health concerns
such as cancers, cardiovascular and neurodegenerative diseases, diabetes, arthritis, osteoporosis,
etc. The effect of nutraceuticals is similar to pharmaceuticals, even though the term nutraceutical
has no regulatory definition. The usage of nutraceuticals, to prevent and treat the aforementioned
diseases, is limited by several features such as poor water solubility, low bioavailability, low stability,
low permeability, low efficacy, etc. These downsides can be overcome by the application of the field
of nanotechnology manipulating the properties and structures of materials at the nanometer scale.
In this review, the linear and cyclic dextrin, formed during the enzymatic degradation of starch, are
highlighted as highly promising nanomaterials- based drug delivery systems. The modified cyclic
dextrin, cyclodextrin (CD)-based nanosponges (NSs), are well-known delivery systems of several
nutraceuticals such as quercetin, curcumin, resveratrol, thyme essential oil, melatonin, and appear as
a more advanced drug delivery system than modified linear dextrin. CD-based NSs prolong and
control the nutraceuticals release, and display higher biocompatibility, stability, and solubility of
poorly water-soluble nutraceuticals than the CD-inclusion complexes, or uncomplexed nutraceuticals.
In addition, the well-explored CD-based NSs pathways, as drug delivery systems, are described.
Although important progress is made in drug delivery, all the findings will serve as a source for
the use of CD-based nanosystems for nutraceutical delivery. To sum up, our review introduces the
extensive literature about the nutraceutical concepts, synthesis, characterization, and applications of
the CD-based nano delivery systems that will further contribute to the nutraceutical delivery with
more potent nanosystems based on linear dextrins.

Keywords: disease; nutraceuticals; nano-carrier; starch; linear dextrin; cyclic dextrin; nanosponges;
drug delivery; nutraceutical delivery

1. Introduction

Industrialization and changing work cultures have caused numerous air and water
pollutions, soil, and food contamination because of the extensive use of various harmful
man-made items such as chemicals, heavy metals, electromagnetic waves, etc. At the same
time, economic development has simultaneously drastically changed human lifestyles,
which have become fast-eating cultures with decreasing nutrient quality. Therefore, due to
nutritional deficiencies, there is an increase in the development of several diseases such as
diabetes, obesity, various cancers, neurodegenerative diseases, heart disease, physiological
problems, hypertension and dyslipidemia, chronic and vascular diseases, osteoporosis,
arthritis, and many others.

Based on the fact that the raised demands for health care have dramatically increased,
more and more people eat minimally processed foods such as vegetables, fruits, and other
plant foods, taking dietary supplements or nutraceuticals instead [1–6]. The maintenance of

Int. J. Mol. Sci. 2022, 23, 4102. https://doi.org/10.3390/ijms23084102 https://www.mdpi.com/journal/ijms462



Int. J. Mol. Sci. 2022, 23, 4102

the normal functioning of human body, recognized as a global issue, is reached by obtaining
appropriate nutrients from various foods [1,6,7].

For centuries, the major concern of humankind around the world has been the research,
development, and commercialization of nutraceuticals, functional food ingredients, and
dietary supplements. There are a few challenges to defining the health benefits of certain
foods, improving immune function, preventing specific diseases, and reducing side effects
and health care costs [3,5,8,9]. The estimation of the mechanism of action and the efficacy of
nutraceuticals have been encouraged as a consequence of the challenges of nutraceuticals
with safety and health claim trials. Nutraceuticals comprise prebiotics, probiotics, polyun-
saturated fatty acids, antioxidants, herbal products, etc. [10,11]. As more consumers use
nutraceuticals for disease prevention [12], their efficacy as therapeutic agents is determined
by different pathways. Based on drug studies and knowledge, the requirements to achieve
the therapeutic purpose comprise the improvement of bioavailability, biocompatibility,
solubility, loading efficacy, and toxicity as well as controlling the release, broadening the
activity, adjusting the pharmacokinetics (PKs) of the drugs, etc. [13]. Therefore, the thera-
peutic efficacy of a drug can be improved, and toxic effects can be reduced by developing a
drug delivery system. The drug delivery system can be controlled and targeted. Among
various drug delivery systems, the molecular nano-carrier has produced great interest
within the scientific world [14]. This review will explicitly focus on the application of
dextrins in the drug delivery industry because of their non-toxic, biodegradable, and bio-
compatible nature, water solubility, or high encapsulation for swelling caused by simple
chemical modifications [15,16]. These findings on well-explored drug delivery systems will
enable the successful development of nutraceutical delivery systems, which are lacking
due to the existing contradictory information regarding the nutraceutical term [17].

Dextrins, starch derivatives [18], are well-known for their great potential to develop
hydrogels because of their efficient absorption related to degradation by amylases, and
their proven clinical tolerability [19]. According to the molecular structure, dextrin can be
divided into linear, branched dextrin, and cyclodextrin [20]. Dextrins consist of D-glucose
units linked primarily by α (1,4)-glycosidic bonds [21], and branched segments linked
by α (1,6)-glycosidic bonds [22]. Cyclodextrins (CDs) and linear dextrins have the same
physicochemical, and biological characteristics, but CDs due to their cyclic structure are
more resistant to non-enzymatic hydrolysis [23]. CDs are characterized by a typical toroidal
cone shape with a lipophilic interior and hydrophilic exterior. Therefore, this peculiar
structure enables CDs to form inclusion complexes with the compounds that have the size
and polarity compatible with CDs structure [24]. Starch hydrolyzates, with the values of
dextrose equivalent (DE, 1–20), are known as maltodextrins. Maltodextrin is a linear dex-
trin consisting of linear (amylase) and branched (amylopectin) carbohydrates [22,25–27].
Whether the linear dextrin acts comparably as CDs, with one side of the molecule being
hydrophilic and the other hydrophobic, is a question that has been addressed over recent
decades. A study suggested that the dextrin chains are amphiphilic ribbons, and under cer-
tain conditions, the hydrophobic surfaces are noticed by either hydrophobic or amphiphilic
molecules [28]. However, viscosity drop during storage, poor solubility, uncontrolled
hydration rate, and microbial contamination are some limitations of dextrin [29]. One
approach that was applied to address the limitations issue is the use of chemical modifica-
tion [30,31]. Chemical modification of dextrin can lead to the formation of dextrin polymers
and nanosponges (NSs). Nanosponges (NSs) are hyper-cross-linked polymers that can be
obtained by reacting CDs or maltodextrins with an appropriate cross-linking agent [32].

As explored from the historical evolution of NSs, cyclodextrin (CD) polymers have
found their applications as food component carriers in the 1990s. Whereas CD-NSs are
widely explored as drug delivery systems in the new millennium [33]. CD-NSs have shown
more advantages compared to the native CDs in entrapping guest molecules, reducing
their side effects, improving their stability, extending their release, etc. [34]. This is because
CD-NSs, as chemically three-dimensional nanoporous polymeric networks, have various
attractive features for use as hydrogels [35]. This strategy facilitates the slower drug elution
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and maintains a high concentration of drugs in the surrounding tissues over an extended
period [36,37]. The CD: cross-linking agent molar ratio affects the nanochannels produced,
the swelling, and therefore the loading capacity, and the drug release [35]. The diffusion
process in the cross-linked polymer or dense macromolecular networks is slow, and thus
the drug release is prolonged and controlled [38]. A free hydrophilic drug, that can freely
spread in the aqueous medium, interacts with the hydrophilic zone of the biological mem-
brane model but is unable to pass through the lipophilic layer of the same membrane. For
instance, in the case of ester-bridged NSs based on β-CD, the electrostatic interactions of the
carboxylic groups of dianhydride bridges with polar moieties of hydrophilic drugs can pro-
vide interaction with the hydrophilic layer of the membrane, while the inclusion complex
formation with the lipophilic part can provide close interaction with the hydrophobic layer
of the membrane, providing a high permeation of the drug [14,35]. Due to electrostatic
repulsion, the polymer swells, and the volume of its network increases. Consequently, this
increases the pore size of the NSs, and the drug is released [39]. CD-NSs have evolved
alongside generations, from the plain NSs to modified NSs, to stimuli-responsive CD poly-
mers, and to molecularly imprinted CD (MIPs-CD) polymers. Delivery challenges for each
native CD have been addressed through the CD-NSs generations which have improved
the delivery kinetics for most of the therapeutic agents. CD-NSs are well-known delivery
systems of several nutraceuticals such as quercetin [40], curcumin [41], resveratrol [42],
thyme essential oil [43], melatonin [44], etc.

The potential of any innovative or discovery process is greater when the obstacles
between two of its basic ingredients, such as having an idea and testing it, are fewer [45].
Thus, our idea to review the nutraceuticals concept, the CD-NSs for their delivery, along
with this entry, will support the use of maltodextrins modification for nutraceuticals
delivery. This review attempts to summarize the recent headway on this new health care
concept. As Hulda Regehr Clark quoted in her book, “The Cure for All Advanced Cancers”:
“ . . . never take defeat. When all is lost, try something new. Life is too precious to let it slip away
from lack of initiative or plain inertia”.

2. Nutraceuticals

2.1. What Are Nutraceuticals?

Nutraceuticals are natural bioactive or chemical compounds that possess valuable
biological activities and demonstrated physiological benefits. Therefore, they offer promo-
tion of the body’s natural healing, prevention, and treatment of the disease [5,46,47]. The
introduction of many nutraceuticals, as presented in Figure 1, has undoubtedly caused
an increasing challenge for nutritionists, physicians, food technologists, and chemists [46]
based on the goal of providing a positive impact on human health [48].

The fascinating topic of the food supply has existed throughout history [46]. The
connection between the use of relevant foods and health was established by the father of
modern medicine, Hippocrates (460–377 BC), more than 2500 years ago, who made the
statement “Let food be thy medicine and medicine be thy food” [1,3,5]. The term “Nutraceutical”
originates from two broad terms such as “Nutrition” and “Pharmaceutical” [4,6,9,17,49–52],
and was coined in 1989 by Stephen DeFelice, MD, founder, and chairman of the Foundation
for Innovation in Medicine (FIM), Cranford, New Jersey. According to him, the term
nutraceutical is defined as “a food or a part of a food that provides medical or health benefits,
including the prevention and the treatment of a disease”, because in his opinion “the nutraceutical
revolution will lead us into a new era of medicine and health, in which the food industry by the
year 2000 will become a research-oriented one similar to the pharmaceutical industry” [45]. This
concept has been presented as a modern approach to food science. However, the definition
of nutraceuticals and a legitimate assessment of their potential in medicine are still in
opposition [17].
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Figure 1. Nutraceuticals.

Stephen L. DeFelice, in a 2014 lecture, admitted that the clinical trials, which have
proven the malfunctioning of the dietary supplements and diets, may not have been
designed properly. From his standpoint, the reason why dietary supplements and diets
do not work is that the cell is not deficient in them and does not need them. Further, he
revealed his theory called, “the cell-nutraceutical acceptance-rejection theory” related to the
lack of efficacy and toxicity. It is a self-explanatory theory, probably explained by the fact
that any medication is unlikely to produce benefits if it does not cause harm. In the end,
DeFelice stated that the nutrition area will be ongoing, and there is just a need for some new
creative thinkers [53,54]. The research in the nutraceuticals area, judging from the number
of journal articles indexed in PubMed, has increased steeply since 2000 and is continuously
developed [17,53], as presented in Figure 2.

Figure 2. Graph representing the number of research papers (found in PubMed) published on
nutraceuticals per year.
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2.2. Nutraceuticals vs. Other Definitions/Regulations

The term nutraceutical has no regulatory definition, and the existing contradictory
information is generating confusion about the possible effective use of these products. This
may be due to a lack of studies on possible mechanisms of action and in vivo research
confirming the declared beneficial health effects on specific pathological conditions, as men-
tioned in the lecture of DeFelice in 2014 [17,49,51]. Therefore, this situation has encouraged
the utmost interest for the need of assessing the safety, mechanism of action, and efficacy
of nutraceuticals with clinical data. There has been a lot of confusion between the term
“nutraceuticals” and the others such as “functional foods”, dietary supplements”, “designer
foods”, “medical foods”, “pharmafoods”, “phytochemicals” etc. (Figure 3). Nutraceuticals,
standing between pharmaceuticals and foods, have experienced challenges with safety
and health claim trials [11,55]. In comparison to the pharmaceuticals, uni-targeted pure
compounds with high-dose use, nutraceuticals are multi-targeted mixtures existing at low
concentrations [47]. While the concepts of nutraceuticals, medical or functional foods, and
dietary supplements do not have a clear accepted definition, they can most often be used in
an exchangeable way [5]. Certain organizations proposed several definitions for nutraceuti-
cals as one of the most active areas of research with a deficiency of a favorable regulatory
environment. The understanding of the modern concept of functional food related to the
maintenance of health in the general population was proposed by the Japanese academic
society in the early 1980s, which implemented the legislation “Foods for Specified Health
Use (FOSHU)” [56].

The definition for “functional food” describes, “food products fortified with special con-
stituents that possess advantageous physiological effects”, whereas, “the approved health claim;
recommended daily intake of the food; nutrition information; guidance on healthy eating; a warning
against excessive intake, if necessary; any other special precautions relating to intake, preparation or
storage; and other information”, has been the completed FOSHU label. The other legislations
that have influenced the dissemination of information to consumers about the relationship
between the diet and health in food regulations are the Functional Food Science in Europe
(FUFOSE) Concerted Action, NLEA in 1990 [57], the Dietary Supplement Health and Ed-
ucation Act (DSHEA) in 1994 [58], FDA Modernization Act, in 1997 [59], and Functional
Food Center (FFC) [56,60–68].

Functional foods provide the required amounts of vitamins, fats, proteins, carbohy-
drates, etc., that the human body needs for healthy survival. The functional foods are
called a Nutraceutical when they assist in the precaution and the treatment of any disease
or disorder [69]. As dietary supplements are not considered to treat, cure, or prevent dis-
ease [66], the definition of nutraceuticals as, “those diet supplements that deliver a concentrated
form of a presumed bioactive agent from a food, presented in a non-food matrix, and used to enhance
health in dosage that exceeds those that could be obtained from normal food” is used to distinguish
whole foods from the isolated components derived from them and to create the category of
nutraceuticals for dietary supplements that can obtain pharmacological effects [65,70].

Medical foods are a specific category of therapeutic agents that are intended for the
specific dietary management of the disease [66,69]. The term “phytochemicals” refers to
a group of plant secondary metabolites that may account for numerous beneficial health
effects [71,72] and have the potential of being incorporated into foods, nutraceuticals, or
pharmaceuticals [73]. The United Kingdom, Germany, and France are the first countries
considering that diet is a more important factor than exercise in achieving good health.

The health ministry of Canada, the Ministry of Agriculture, Fisheries and Food of
Britain, the Merriam Webster Dictionary, the dietary supplement industry, the North
American Veterinary Nutraceutical Council Inc. presented various definitions that modified
the meaning of the term “nutraceutical” [2,53,74,75].
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“A substance that is cultivated/produced/extracted or synthesized under optimal and repro-
ducible conditions and when administered orally to patients, would provide the nutrient required
for bringing altered body structure and function back to normal, thus improving the health and
wellbeing of the patients”, is a more appropriate definition for nutraceuticals based on the
abovementioned definitions [9].

Nutraceuticals have the advantage over foods and drugs because they may comprise
more than a single food or plant component, that may be a contributing active ingredient,
but their regulation varies widely around the world [2,9,19]. Nutraceuticals comprised
herbal products, isolated nutrients, dietary supplements, diets, genetically engineered
foods and processed products such as soups, cereals, and beverages [46] but then, with
the passage of the Dietary Supplement Health and Education Act of 1994, was expanded
to include minerals, herbs, vitamins, and other botanicals, aminoacids and any dietary
substance [76]. As evidenced by the number of existing nutritional terms that are mentioned
above and published elsewhere in the literature, the presence of a consistent definition, to
what “functional foods”, “nutraceuticals”, and other terms mean is essential to properly
educate the public about these products which are adequate to deal with future chronic
disease prevention and care [56].

2.3. Global Market of Nutraceuticals

Even though there is a disagreement among experts as to what a nutraceutical is,
the movement regarding nutraceuticals in the global market is “unstoppable” [77]. The
lack of strict regulations controlling nutraceuticals is the main factor that leads to inflating
the market share of these products [78]. The beneficial role of nutraceuticals and healthy
foods in wellness promotion and disease prevention has been demonstrated by nutrition-
ists and health professionals and has led to an increase in the number of nutraceuticals
worldwide [79]. Consumers, thanks to the information available on health-related foods
and supplements, spend billions of dollars each year purchasing them. It is significant to
evaluate the global nutraceutical market that engenders constant controversy [73]. The
industry of nutraceuticals is broken down into functional foods, natural or herbal products,
and dietary supplements.

An USD 80 billion nutraceuticals market was identified by the Nutrition Business
Journal (NBJ) in 1995 and as USD 91.7 billion in 1997. In 1996, more than USD 6.5 billion
were invested in dietary supplements by U.S. consumers, almost doubling this market to
USD 12 billion in 1998. Dietary supplements (19.5% per year) and natural or herbal products
(11.6% per year) were the most rapidly growing segments of the industry. According to
BCC Research, in 2007, the global nutraceuticals market was worth USD 117.3 billion,
whereas, in 2013, it was USD 176.7 billion. Nutraceutical foods were the largest market
segment in 2007, worth USD 39.9 billion [2,50,70,75]. In 2004, the global nutraceuticals
market was estimated to be approximately $106 billion [80], USD 142.1 billion in 2011 [9],
and USD 117 billion in 2017 [78]. The global market for food supplements was estimated to
be worth between EUR 45 billion and EUR 50 billion in 2009, whereas the EU market was
between EUR 8.2 billion and EUR 8.6 billion [81]. Emerging nutraceuticals technology has
created a global market with impressive growth rates, with the United States followed by
Japan and the European Union as major markets. In 2016, the global nutraceutical industry
has experienced an increment of USD 198.7 billion [78] and, in 2018, USD 231 billion is
projected to grow at a compound annual growth rate (CAGR) of 7.8% from 2018 to 2023 [82].
Figure 3 presents the global nutraceutical market by region (%) in 2015.
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Figure 3. Global Nutraceutical Market by Region (%) in 2015: U.S.A. (36%), Asia Pacific (30%), Europe
(26%), and others include the rest of the world (8%) [83].

2.4. Classification of Nutraceuticals

Nutraceuticals can be classified into broad classes based on food bioavailability, mech-
anism of action of active component, and chemical nature, as presented in Figure 4. Further,
they are classified into several sub-classes as follows [84,85]. More comprehensively,
nutraceuticals, regarding their promise, can be classified in two ways such as potential
nutraceuticals including the majority of nutraceuticals that maintain a promise of a par-
ticular health or medical benefit, and established nutraceuticals related to the attainment
of the efficient clinical data that prove these benefits [2,6,86]. For instance, folic acid was
first considered a potential nutraceutical. Subsequently, it was altered to an established
nutraceutical after the release of sufficient clinical evidence that confirmed neural tube
defects prevention [45].

 

Figure 4. Classification of Nutraceuticals.
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2.4.1. Nutraceuticals Based on Food Bioavailability

Regarding the food source, nutraceuticals can be divided into traditional and non-traditional.
Traditional nutraceuticals comprise food that is sourced directly from nature without

any further modification. This group, for example, many fruits, fish, grains, tomatoes,
salmon or soy, tea, chocolate, which contain various constituents such as fatty acids,
lycopene, omega-3, saponins, etc., deliver benefits beyond basic nutrition. Chemical
constituents, probiotic microorganisms, and nutraceutical enzymes are several types of
traditional nutraceuticals. Nutraceutical enzymes are proteinous in nature, specific in
action, and are produced by cells of the body. They can also increase the rate of metabolic
activity occurring inside the cells [54,87]. The symptoms of medical conditions such as
hypoglycemia, blood sugar disorders, digestive problems, and obesity can be eliminated by
adding enzyme supplements to the diet. These enzymes are derived from animal, plant, and
microbial sources [88]. Probiotic refers to viable microorganisms that have a vital position
in the medical field by making the gastrointestinal tract (GT) more favorable to processes
such as metabolism and absorption. Probiotics are counted as an impressive number of
microbial species that eradicate toxic flora inside the intestine because of their tolerance to
acid and bile salts. With respect to foods, probiotics are considered as, “viable preparations in
foods or dietary supplements to improve the health of humans and animals” [54,89,90]. In addition,
chemical constituents incorporate nutrients, herbals, and phytochemicals. Nutrients are
substances with established nutritional functions to sustain the life or health of a person,
animal, or part of the body. These substances are antioxidants, minerals, vitamins, amino
acids, and fatty acids. Herbals are herbs or botanical products subjected to treatments
such as distillation, extraction, fractionation, purification, concentration, etc. They can
be found in berries, leaves, roots, and flowers as various parts of plants that are used for
medicinal purposes. The combination of herbal products with nutraceuticals can treat many
chronic disorders [52–54,84]. Phytochemicals have become more popular as a result of the
increment of studies on nutrients. Based on a wide variety of chemical compounds that
plants carry, phytochemicals include phenolics, nitrogen-containing compounds, alkaloids,
and terpenoids. When phytochemicals are present in plant-rich diets, they lower morbidity
and mortality in adult life [71,91].

Further, agricultural or food engineering and product development are the main
factors of the appearance of non-traditional nutraceuticals on the market. They are foods
enriched with supplements or biotechnologically designed crops to raise the nutrients and
ingredients, comprising orange juice fortified with calcium, cereals with added vitamins
or minerals, β-carotene-enriched rice, soybeans, and flour with added folic acid [76,92].
They are arranged into fortified and recombinant nutraceuticals. Fortified nutraceuticals
comprise fortified foodstuff from agricultural production or the addition of the compatible
nutrients to the main ingredients such as flour fortified with calcium, minerals added
to cereals, milk fortified with cholecalciferol to treat deficiency of vitamin D, etc. Apart
from these, recombinant nutraceuticals involve foodstuffs which are a source of energy.
These nutraceuticals, produced using various biotechnological processes, comprise cheese,
bread yogurt, vinegar, fermented starch, etc. The cheese and bread, through a fermenta-
tion process, extract the enzyme useful for providing necessary nutrients at an optimum
level [54,88,93].

2.4.2. Nutraceuticals Based on Chemical Nature

These types are classified based upon nutraceutical chemical nature, more specifically
upon functional groups. Based on their primary and secondary metabolite sources, there
include several large groups such as isoprenoid derivatives, phenolic substances, fatty
acids, structural lipids, carbohydrate derivatives, amino acid derivatives, microbes, and
minerals, which provide a basis for subclassification [71,84,94]. Justus von Liebig, the
German chemist, proposed that the nutritive value of food and feed can be predicted
from the knowledge of the chemical composition of energy-yielding substances such as
carbohydrates, fats, proteins, and a few minerals. These substances represent the essentials
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of a nutritionally adequate diet. The basic structure of proteins, carbohydrates, lipids,
vitamins is made up largely of six elements such as hydrogen, oxygen, carbon, nitrogen,
phosphorus, and sulfur. The atoms of the aforementioned elements, in organic molecules,
are held together by covalent bonds. These bonds are formed when two atoms share a pair
of outer orbital electrons and each covalent bond allows the organic molecule to serve as
the energy source of the body [95].

Isoprenoid Derivatives

Isoprenoids, also known as terpenoids, are synthesized from a universal compound
isopentenyl diphosphate (IPP) and belong to a vast group of secondary metabolites such as
carotenoids, polyprenyl alcohols, sterols, ubiquinone (coenzyme Q), prenylated proteins,
and heme A [96]. The evidence that isoprenoids are extremely diverse in chemical structure
is demonstrated by the characterization of over 23,000 individual isoprenoid compounds
and the announcement of hundreds of new structures each year [97].

Phenolic Substances

Phenolic compounds or polyphenols, referring to more than 8000 compounds found
in the plant kingdom, are plant secondary metabolites that possess at least an aromatic
ring with one or more hydroxyl functional (-OH) groups. They are essential for the growth,
development, and reproduction of plants. Their classification can be based on the source of
origin, biological function, and chemical structure. To render comprehensible, the classifica-
tion according to their chemical structure is taken into account. Polyphenols can be divided
into several sub-groups such as simple phenols and phenolic acids (hydroxybenzoic and hy-
droxycinnamic acids), flavonoids (flavones, flavonols, flavanones, isoflavones, flavanonols,
anthocyanidins, tannins), stilbenes (resveratrol), and lignans found in plants and foods of
plant origin [98–100]. Rich sources of phenolic compounds are fruits, vegetables, whole
grains, tea, chocolate, wine, herbs, spices, cereals, oils, seeds, legumes, and others [101–103].
As there are 100 glucosinolates, 200 phytoestrogens, 700 carotenoids, and 4000 mono- and
polyphenolics, it is impossible to cover all the information about their mode of action and
clinical activity [104].

Fatty Acids and Structural Lipids

Lipids are a heterogeneous group of molecules that are insoluble in water but soluble
in organic solvents. They are structurally quite diverse, ranging from simple short hydrocar-
bon chains to more complex molecules. Their classification includes eight categories such
as fatty acyls, glycerophospholipids, sphingolipids, glycerolipids, saccharolipids, sterol
lipids, prenol lipids, and polyketides [105–107]. One of the most fundamental categories of
biological lipids is the fatty acyl structure representing the major lipid building block of
complex lipids [108]. The category of fatty acyls contains fatty acids, aldehydes, alcohols,
esters, and amines [107]. Fatty acids are the main constituents of the human cell [109]. They
are hydrocarbon chains of varying lengths and degrees of unsaturation, with a methyl
group (-CH3) at one end and a carboxyl group (-COOH) at the other end. The α carbon is
the carbon atom next to the carboxyl group, whereas the β carbon is the subsequent one.
The last position of fatty acids (-CH3 group) is designated as omega (ω) carbon. The first
step in the synthesis of fatty acids involves the conversion of acetyl-CoA to malonyl-CoA
by the enzyme acetyl-CoA carboxylase. Fatty acids can be classified, according to the
presence or absence of double bonds, as saturated without double bonds (the most com-
mon ones contain 12 and 22 carbon atoms), monounsaturated fatty acids with one C = C
located in different positions, and polyunsaturated fatty acids (PUFAa) with more than
one double bond. The unsaturated fatty acids can be classified based on the configuration
of the double bonds as cis or trans. Further, they can be categorized, based on the first
double bond position from the fatty acid methyl-end, as ω-3 PUFAs including primarily
α-linolenic acid (ALA) and its metabolic products such as eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), as ω-6 PUFAs including primarily linoleic acid (LA) and
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its derivative arachidonic acid (AA), and as ω-9 monounsaturated fatty acids including
primarily oleic acid. These are considered major fatty acids among others. PUFAs, with the
first double bond on C3 (α-linolenic acid) and C6 (linoleic acid) from the methyl end, are
intended essential because the human body cannot synthesize them, therefore, they have to
be taken from a diet [110–112]. The predominant PUFAs, in all diets, are the ω-6 fatty acids
with the linoleic acid as their representative whereas α-linolenic fatty acid is the precursor
of other ω-3 long-chain PUFAs [109]. Vegetable oils, dairy products, meat products, eggs,
soybean, certain seaweeds, grains, and fatty fish or fish oils are the most important dietary
sources of fatty acids [110,113].

Carbohydrate Derivatives

Carbohydrates, derived from plant sources, are the most abundant class of organic
compounds found in living organisms. They are divided into sugars with a degree of
polymerization (DP) 1–2, oligosaccharides with a DP 3–9, and polysaccharides with a
DP ≥ 10. Sugars include monosaccharides, disaccharides, and sugar alcohols, whereas
oligosaccharides include α-glucans and non-α-glucan. As for polysaccharides, they are clas-
sified into starch (α-1:4 and 1:6 glucans), and non-starch, or the cell-wall polysaccharides
(NSPs). The storage carbohydrates (starch, oligosaccharides and sugars), and the cell-wall
polysaccharides (derived from plants, fungi and algae) are two important classes of plant
carbohydrates with a contrasting but an important impact on human health [114–116].
The major storage carbohydrate in plants is starch. Starch is a mixture of two glucose
polymers such as unbranched amylose comprising (1→4) α-linked chains of up to several
thousand glucose units and highly branched amylopectin comprising (1→4) and (1→6)
α-linkages of over 100,000 glucose residues. On the other side, cell-wall polysaccharides
may be widely grouped into three major categories such as hemicelluloses, cellulose, and
pectic polysaccharides. They are mainly found in the plant cell wall and consist of certain
monosaccharides residues joined to each other by glycosidic linkages. Plant cell walls are
highly complex structures that determine the quality characteristics of many plant-based
foods. As one of the main plant cell wall components, cellulose is a complex polysaccharide
consisting of a covalent structure as a β (1-4)-linked D-glucan with a DP of more than 10,000
in secondary walls and 2000–6000 in primary cell walls. The formation of hydrogen bonds
during the interactions of parallel glucan chains leads to the synthesis of newly cellulose
microfibrils conferring the formation of a strong and extensible three-dimensional network.
Further, pectic polysaccharides consist of polysaccharides rich in α-D-galacturonic acid
(GalA) residues, in which varying proportions of the acid groups are present as methyl
esters. As complex macromolecules, they can be composed of 17 different monosaccharides
comprising more than 20 different linkages. The major types of pectic polysaccharides back-
bone are homogalacturonan (HG) and rhamnogalacturonan I (RGI). They, in the primary
cell wall, are characterized by certain amounts of neutral sugars present as side chains. The
most abundant neutral sugars are arabinan and galactan [114,116–121]. Hemicelluloses as
another category of NSPs, are characterized by β-(1→4)-linked backbones of sugars with an
equatorial configuration, a DP of between 150 and 200, and can be extracted with alkaline
treatment. They comprise xyloglucans, xylans, mannans, and glucomannans [116,122,123].
The major sources of carbohydrates in the human diet are cereals, tubers, legumes, pulses,
fruits, vegetables, fungi, algae, seaweeds, guar, etc. [115].

Amino Acid Derivatives

Proteins are the essential components of tissues in all organisms [124]. The nutrition
chemistry, in its investigations, has emphasized the significance of amino acids as the funda-
mental factors in all concerns in which the proteins have been involved over the years [125].
The three-dimensional structure of proteins affects their function [126]. François Magendie,
French experimental physiologist, in 1816 showed that dogs fed foods, containing protein,
remained healthy. Whereas dogs fed, containing only fat or carbohydrates, lost weight
and developed a corneal ulcer for two weeks and after a month they died. These obser-
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vations have identified the protein as a specific essential dietary component [95,127]. The
nutritional value of dietary protein has been raised as, during hydrolyzation by proteases
and peptidases, it generates amino acids, dipeptides, and tripeptides in the lumen of the
gastrointestinal tract. A protein contains various amounts of 20 different amino acids which
are linked to each other via amide bonds, the so-called peptide bonds [124]. Amino acids, as
organic substances that provide nitrogen, hydrocarbon skeletons, and sulfur, have played a
significant role in the nutrition and health maintenance of humans and animals. Almost
all amino acids have an asymmetric carbon and show optical activity. Glyceraldehyde
has been used as a reference to define the absolute configuration of amino acids such as
L- or D-isomers. Even though there are more than 100 amino acids in nature, only 20 of
them are considered as building blocks of protein. These amino acids have an amino group
(+NH3), a hydrogen atom, a carboxyl group (COO−), and a side chain (R) attached to the
central α-carbon. Amino acids are classified, based on nitrogen balance, as nutritionally
essential or non-essential for humans and animals. Nutritionally non-essential amino acids
are synthesized by animals or humans and are not necessary to be provided from the diet.
Contrarily, the essential ones cannot be synthesized by an animal, and therefore must be
ingested with feed. There are nine essential amino acids, of the 20 standard protein amino
acids, including L-leucine, L-valine, L-threonine, L-isoleucine, L-methionine, L-lysine,
L-phenylalanine, L-histidine, and L-tryptophan [128–131]. Amino acids that are impressive
regulators of key metabolic pathways to improve health, maintenance, growth, immunity,
and reproduction of organisms, have led to the development of the functional amino acids
concept. The major sources of amino acids are several natural plant proteins and animal
products [130].

Microbes and Minerals

In recent years, the great demands, for augmenting the value of nutraceuticals to cure
diseases, have notably affected the signs of the progress of nutraceuticals production via
metabolic engineering of microbial-based platforms [132]. Some of the microbes, among
trillion others that colonize the human body, can potentially be beneficial or harmful. An im-
balance of them may cause several diseases, therefore, probiotic and prebiotic supplements
may be effective to prevent such conditions. According to a joint Food and Agriculture
Organization of the United Nations (FAO) and World Health Organization (WHO) in 2001,
probiotics are defined as, “Live microorganisms which, when administered in adequate amounts,
confer a health benefit on the host.” Afterwards, the study of beneficial bacteria revealed
the nondigestible food ingredients, called prebiotics, which stimulate the activity and the
growth of these bacteria in the intestinal tract. Human origin, non-pathogenic quality,
stability in acid and bile, resistance to technological processes, production of antimicrobial
substances, the modulation on the immune system, the persistence within the GI tract,
the influence on metabolic activities are some criteria, among others, that a microbe must
accomplish to be classified as probiotic [132–134]. The most known probiotics are the lactic
acid bacteria Lactobacillus acidophilus, Lactobacillus casei, and bifidobacterial types. The main
sources of them are yogurts and other dairy products such as buttermilk, frozen desserts,
milk powder, and acidophilus milk and some non-dairy products such as fruits, vegeta-
bles, legumes, and cereals [135,136]. Furthermore, dietary essential minerals are crucial
components to uphold several bodily functions [137]. It has been established that several
mineral elements are indispensable for normal nutrition constituting approximately be-
tween 4% and 6% of body weight. Mineral nutrition has been more important than vitamin
nutrition since the body, using some minerals, can replace the lacking vitamins. Whereas,
the opposite is hopeless [138]. There are 20 essential minerals for humans divided up into
major minerals and trace minerals. Sodium, chloride, phosphorus, potassium, magnesium,
calcium, and sulfur are major minerals. On other hand, the trace minerals comprise iron,
zinc, iodine, selenium, copper, manganese, fluoride, chromium, and molybdenum. Milk
and dairy products are considered to be significant sources of the daily intake of essential
minerals [139–141].
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2.4.3. Nutraceuticals Based on Mechanism of Action

Concerning specific therapeutic properties, nutraceuticals are known for anti-
inflammatory, anti-microbial, anti-oxidant, anti- hypercholesterolemic, anti-aggregate, anti-
hypertensive, anti-carcinogenic, osteogenetic, or bone protective properties, etc. [84,94].

Nutraceuticals and Health Benefits

The establishment of a vibrant nutraceutical research community is necessary to spread
scientific knowledge about nutraceuticals. This has enabled the creation of the established
nutraceuticals from the potential ones and offered the delivery of their enormous bene-
fits across the globe. The reflection of the continuous research, market expansions, and
consumer interest is made by the constant changing list of nutraceuticals being investi-
gated [142]. As a result of the unhealthy diet, tobacco use, harmful use of alcohol, irregular
sleeping habits, and a lack of daily physical exercise, there are countless global health
problems related to the advancement of diabetes mellitus, cardiovascular morbidity and
mortality, chronic respiratory diseases, metabolic syndrome, and cancer. They may be sum-
marized with the term “Chronic Non-Communicable Diseases” (NCDs) as a distinguishing
feature of lifestyle diseases. Fighting of the aforementioned has evoked several arguments
on nutraceuticals efficiency [92,143–145]. The challenge has been to define the interrela-
tionship between the disease and nutrient [104]. Many industries such as foods, herbals,
and pharmaceutical manufacturing have evaluated nutraceuticals as beneficial products
related to the cure of many health troubles. In addition, the nutraceutical safety and their
side effects such as allergic reactions, cardiac arrhythmias, insomnia, their interactions with
other nutraceuticals and therapeutic drugs, etc., are marked [146]. Although the adverse
side effects of nutraceuticals are usually minimal compared to synthetic drugs [104], their
use must be regulated and controlled with experimental assessment or clinical trials [146].
According to the World Health Organization (WHO), lifestyle diseases are one of the most
momentous challenges of twenty-first century medicine. The statistics in 2016 have shown
that 40.5 million (71%) deaths are due to NCDs among 56.9 million of total premature
deaths, 17.9 million (44%) deaths are due to cardiovascular pathologies, 9 million (22%)
to cancer, 3.8 million (9%) to chronic respiratory diseases, and 1.6 million (3%) to type 2
diabetes. The main concern is that the toll of deaths can reach 52 million in 2030 if the
growth rate continues so [143].

According to the literature described in this subsubsection (2.4.3.), some prominent
evidence in the new era of the twenty-first century have shown the enormous growing
of nutraceuticals as potent therapeutic supplements. The preventive therapeutic efficacy
of new nutraceuticals can be practically extended if their miraculous health benefits are
investigated [147]. Therefore, in this review, various nutraceuticals applications will be con-
sidered focusing on the rise of more recent afflictions such as cancer, diabetes, neurological,
cardiovascular, and chronic diseases, which have emerged as public health problems in
many countries [148].

Anti-Microbial Activity

The role of nutraceuticals in the inhibition of microorganisms and alteration of bacterial
populations is still implied despite the incompleteness of information. The products such
as aloe, goldenseal, St. John’s wort, garlic, zinc oxide, echinacea, and zinc gluconate, are
studied for their antibacterial activity. As the gram-positive bacteria, Staphylococcus aureus
ATCC 29213 is used whereas Escherichia coli ATCC 25922 is used as the gram-negative
bacteria. It has been observed that some products can be selective agents in the development
of antibiotic resistance and lose their antibacterial properties quickly [12]. Therefore,
their effectiveness needs further investigation. Phenolic compounds can also be used as
antibiotics, antidiarrheal, or antiulcer agents [149], being involved in various physiological
processes of plants and plant defense mechanisms against microbial infections [150].
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Anti-Oxidant Activity

The significant and important application of oxygen in clinical medicine can also bring
certain toxic effects [151]. Oxygen is considered a double-edged sword; it has promoted
and destroyed life for two centuries. Liebig, in 1842, highlighted that toxic oxygen, capable
of burning up all the tissues, can be removed from the organism by carbon and hydrogen,
that acts as antioxidants, in food. He believed in this since in starvation there is no
food to remove the oxygen, and therefore the particles of the brain begin to undergo the
process of oxidation. On the other hand, carbon and hydrogen-rich food, considered as
antioxidant, by reacting with oxygen can inhibit the destructive influence of oxygen in
the tissue [152]. The development of major diseases is supported by oxidation processes
that occur naturally in the human body [153]. Therefore, oxygen toxicity has emerged
as one of the most fundamental phenomena in biological sciences. Gerschman, in 1954,
formulated a general theory of oxygen toxicity describing the oxygen-induced damage
that is caused by free radical intermediates. The oxidizing free radicals are generated in
excessive amounts when the living organisms are exposed to the increased pressure of
oxygen [152,154]. Free radicals and other reactive oxygen species (ROS) are considered
potentially harmful agents but are also known to produce various cellular structures and
to fight pathogens [155,156]. The superoxide •O2−, hydroxyl radical •OH, and hydrogen
peroxide H2O2 are free radicals produced by metabolic reactions in the human body,
as shown in Figure 5. These are molecules with one or more unpaired electrons. ROS
refer to any free radical containing oxygen but can also include non-free radical species
such as hydrogen peroxide H2O2, ozone O3, singlet oxygen 1O2, hypochlorite −OCl, and
peroxynitrite ONOO−. In comparison with non-radicals, the free radical reactions result in
new radicals leading to chain reactions.

Figure 5. Formation of superoxide radical (•O2−), hydrogen peroxide (H2O2), hydroxyl radical
(•OH), and water by stepwise, univalent reductions of molecular oxygen.

The •O2− radical is produced by the first one-electron reduction of molecular oxygen.
It can operate as an important second messenger in the cell even though its reactivity and
toxicity are low. Further, the H2O2 falls as a result of the dismutation of •O2−. Owing to
high reactivity, H2O2 forms the •OH when it reacts with partially reduced metal ions. The
•OH is considered the most important radical, among others, with a high impact on the
cell damage as it can directly evoke DNA damage. The general mechanism that the free
radicals can be oxidized to oxygen and reduced to water protects the biological systems
from the potential hazards of those radicals. The backbone of the cellular antioxidant de-
fense system is composed of the antioxidant enzymes superoxide dismutase (SD), catalase
(CAT), and glutathione peroxidase (GPX). The dismutation of •O2− to H2O2 is catalyzed
by SD, whereas the detoxification of H2O2 is made by CAT. In addition, GPX, using reduced
glutathione (GSH) as the electron donor, reduces organic hydroperoxides and H2O2. GSH
is a tripeptide with a reactive sulfhydryl group, and has multiple effects regarding the
antioxidant defense. These effects comprise its action as a scavenger of free radicals such as
•O2−, •OH and lipid hydroperoxides, as a substrate for the antioxidant enzyme GPX and
in the direct repair of oxidative DNA lesions. As the effects of oxidative stress on human
health are considered a serious issue [157], nutraceuticals with antioxidant activities have
received attention [96]. The antioxidant activity of nutraceuticals is affected by their chem-
ical structure [158]. Dietary components with important antioxidant functions comprise
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ascorbate, α-tocopherol, β-carotene, linoleic and linolenic acids, copper, manganese, zinc,
selenium, and cysteine [152]. The clinical trials on the role of antioxidants have mainly fo-
cused on several compounds, such as carotenoids, vitamins C and E [155]. Carotenoids are
efficient antioxidants involved in the scavenging of singlet molecular oxygen and peroxyl
radicals. The physical quenching enables the direct transfer of energy between carotenoids
and 1O2. The ground state oxygen and a triplet excited carotene are yielded as a result of
the transfer of 1O2 energy to the carotenoid molecule. Further, the carotenoid dissipates
its energy returning to the ground state throughout its interaction with the surrounding
solvent [159]. β-carotene, among the various carotenoids, is an effective quencher of singlet
oxygen preventing lipid oxidation (Table 1).

Table 1. The mechanism of the quenching of singlet oxygen by β-carotene.

1O2 + β-carotene  O2 + β-carotene *
β-carotene *  β-carotene + energy (heat)
β-carotene *  all-trans-β-carotene

β-carotene * -triplet excited carotene.

Vitamin E or α-tocopherol prevents membrane-mediated effects of oxygen free radi-
cals because it efficiently protects biological membranes from lipid peroxidation, as it is
described by a nonenzymatic reaction (Table 2) [160].

Table 2. Vitamin E reaction with oxygen free radicals.

Vitamin E + RO  Vitamin E + ROH

The reduction of vitamin E radical must go further by its interaction with ascorbic
acid or vitamin C (Table 3). The ascorbate is considered an antioxidant because of its direct
participation in the scavenging of the “activated oxygen”.

Table 3. The reaction of vitamin E radical with ascorbic acid.

2 Vitamin E + ascorbate  2 Vitamin E + dehydroascorbate

The combination of both β-carotene and α-tocopherol inhibits the lipid peroxidation
more efficiently than their individual use [159]. The reaction scheme of α-tocopherol
during the autoxidation of polyunsaturated fatty acids is presented in Figure 6. Initiation,
propagation, and termination, are three stages that the autoxidation as a chain reaction
proceeds. The carbon-centered lipid radical or an alkyl radical is produced in the initiation
step by the abstraction from a polyunsaturated fatty acid moiety. The alkyl radical, in
the propagation step, reacts with molecular oxygen at a very high rate, giving a peroxyl
radical. The peroxyl radical is a chain-carrying radical and, therefore, can attack another
polyunsaturated lipid molecule. Although the initial peroxyl radical is converted to a
hydroperoxide, a new alkyl radical is produced and rapidly converted to another peroxyl
radical. The chain reaction continues until inactive products are formed because of the
combination of the chain-carrying peroxyl radical with another radical. α-Tocopherol
inhibits the propagation step as a chain-breaking antioxidant. A peroxyl radical, after
receiving the phenolic hydrogen atom by α-tocopherol is converted to a hydroperoxide.
The tocopherol radical, incapable of continuing the chain, is formed. Further, it is removed
from the cycle by the reaction with another peroxyl radical to form an inactive and non-
radical product. The measure of the antioxidant efficiency of α-tocopherol is made by the
rate at which it reacts with peroxyl radicals [161]. Phenolic compounds are considered as
strong antioxidants that complement the functions of enzymes and antioxidant vitamins as
a protection against oxidative stress caused by excess reactive oxygen species (ROS) [99].
Their elevated capacity is related to scavenging free radicals [162]. Flavonoids, an important
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class of phenolic compounds, suppress reactive oxygen formation during the antioxidant
mechanism, by scavenging reactive species, inhibiting enzymes, chelating trace elements
involved in free-radical production, protecting and up-regulating antioxidant defenses [157].
Therefore, they are among the most efficient antioxidant molecules [162]. Tannins [158],
terpenes [163], sterols [153], and fiber [164], have also shown antioxidant activities. Further,
the excessive production of ROS can also cause many other disorders such as hypertension,
inflammation, cataract, cardiovascular disease, diabetes, cancer and neurodegenerative
diseases, and osteoporosis emphasizing the significance of phenolic compounds in the
inhibition of the ROS formulation [101,165].

 
Figure 6. The reaction of α-tocopherol during the autoxidation of unsaturated lipids. LOOH-lipid
hydroperoxide; LO•-lipid-alkoxyl radical; L•carbon-centered lipid radical; LOO•-lipid-peroxyl
radical; TO•-α tocopheroxyl radical; k-rate constant in M−1 s−1.

Anti-Hypertensive Activity

Hypertension is known as one of the most frequent chronic medical conditions in
the developed world. It is also considered a major hazard factor for coronary heart dis-
ease, stroke, congestive heart failure, and renal disease. Hypertension is a result of the
environment-genetics interaction. Inflammation, subsequent gene expression, oxidative
stress, nutrient–gene interactions can positively or negatively affect human vascular biol-
ogy [166]. As hypertension is mainly treated with anti-hypertensive drugs, the use of blood
pressure-lowering nutraceuticals is of great interest [167]. Vitamin D3, vitamin C, vitamin
B6, amino acids (taurine, arginine, carnitine), chlorogenic acids, melatonin, coenzyme Q10,
quercetin, probiotics, and resveratrol are some nutraceutical supplements with an influence
in the treatment of hypertension [166].

Chlorogenic acids can be found in fruits, plants, and vegetables such as coffee beans,
tomatoes, apples, etc. The mechanism of chlorogenic acids for reducing blood pressure
is well-known. Firstly, the consumption of chlorogenic acid is important because it is
an antioxidant. The superoxide radical causes hypertension by forming peroxynitrite in
vascular walls through the destruction of nitric oxide (NO). NO bioavailability can be
increased by inhibiting the reactive oxygen species. This step generates enzymes such as
xanthine oxidase and DAD(P)H, and reduces the formation of peroxynitrite. Secondly, the
protective role of chlorogenic acid in eNOS causes the induced anti-hypertensive activity.
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The antihypertensive response of chlorogenic acid in hypertensive rats (SHR) is blocked by
the addition of the N(G)-nitro-L-arginine methyl ester (L-NAME) as a NOS inhibitor. As
it is known that the blood pressure is adversely associated with the plasma level of NO
metabolites, chlorogenic acid intake increased the urinary NO metabolites in SHR. The effect
of blood pressure reduction is mediated by inhibiting angiotensin-converting enzyme (ACE)
activity, modulating nitric oxide (NO) production, scavenging free radicals, and improving
endothelial function through the products that naturally contain the nutraceuticals [168].

Vitamin D is produced by the non-enzymatic conversion of provitamin D3 to pre-
vitamin D3 [169]. Vitamin D receptors are found in the kidney (juxtaglomerular cells),
leukocytes, cardiac myocytes, and vascular smooth muscle cells of the human body. A
study demonstrated that vitamin D directly suppresses renin synthesis. This is because
of the reduction in renin mRNA transcription in the kidney. The plasma renin appears
because of vitamin D deficiency. Further, vitamin D alters the epidermal growth factor
receptor function and, therefore, inhibits the proliferation of vascular smooth muscle cells.
Vitamin D suppresses pro-inflammatory cytokines, reduces asymmetric dimethyl arginine,
improves endothelial function and arterial elasticity, increases nitric oxide (NO), and de-
creases vascular smooth-muscle hypertrophy. For optimal blood pressure lowering effects,
it is recommended a vitamin D level of 60 ng/mL [170].

Resveratrol is another nutraceutical that presents an anti-hypertensive effect [171]
and can be found in red grapes, and in plants that can survive harsh environmental
conditions [172]. Resveratrol improves endothelial dysfunction, prevents the uncoupling
of endothelial nitric oxide synthase (eNOS), increases the flow-mediated vasodilation in a
dose-related manner, and blocks the effects of angiotensin II [173].

Lycopene can be found in tomatoes, red grapefruits, watermelon, etc. [174]. A study
presented a significant blood pressure reduction of 5.4/3 mmHg over six weeks after the
administration of standardized tomato lycopene extract [166]. Further, the spontaneously
hypertensive rats (SHR) were studied. In this strain, the hypertension was progressively
increased over time, and a four-week of lycopene supplemented diet was employed. An
effective blood pressure reduction, in both young and adult rats, was observed. This
research supported the effectiveness of lycopene in hypertension prevention [175]. This
is because of the anti-hypertensive effects of lycopene inhibiting angiotensin-converting
enzyme (ACE), reducing oxidative stress that is induced by angiotensin-II, and transversally
enhancing the production of nitric oxide in the endothelium [174].

Anti-Inflammatory Activity

The various classes of terpenoids demonstrate health benefits through their connection
with key molecular players in animal and human physiology, action as immunostimulants,
antioxidant activity booster, blood coagulation hemostasis modulator, related to anti-cancer,
anti-malaria, anti-bacterial and anti-viral activities. Terpenoids also modulate transcription
factors like the nuclear factor kappa B (NF-κB) related to the regulation of a cascade of
events in inflammatory pathways that cause various chronic diseases such as cardiovascular
disease, diabetes, Alzheimer’s, etc. Scientific studies have shown that several terpene-
based volatile compounds occurred in plant essential oils including compounds such
as α-pinene, β-limonene, p-cymene, linalool, β-phellandrene, and terpinenes, can have
anti-inflammatory, anti-oxidant effects, and can cross the blood-brain barrier and treat the
Alzheimer’s disease [176].

Fatty acids can affect cellular functions and physiological responses due to their prin-
cipal roles as energy sources and membrane constituents [105,106]. Fatty acids serve as
substrates for the biosynthesis of biologically active lipid mediators and play direct roles
in cell signaling that influences gene expression. The responsiveness, and functionality
of the cells and tissues can be modified through the mix of complex lipids and their con-
stituent fatty acids. This phenomenon is well-defined for immune, metabolic responses
and inflammatory, cardiac and neurological function, platelets, etc. The inflammatory
effect of the fatty acids is the most considered. A well-functioning immune system is
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crucial to human health and serves to protect the host from the effects of infectious agents
that exist in the environment. An immune response to host tissue is generated when the
immune system recognizes the host antigens as “non-self” rather than as “self”, leading to
tissue damage as a characteristic of so-called chronic inflammation [177]. Therefore, the
inflammatory process appears when the human body tries to fight infection or to repair
damaged tissue, leading to the progression of some chronic diseases such as rheumatoid
arthritis, inflammatory bowel diseases, asthma, cardiovascular disease, neurological dis-
ease, type-1 diabetes, cancer, oncologic or endocrinologic diseases. Fatty acids have a
high impact on human health by influencing the appearance or evolution of those dis-
eases [105,109]. Omega-3 and omega-6 PUFAs are the most important fatty acids, and
their balance can be important in determining the seriousness and development of the
diseases. The inflammatory process can be generated by a high intake of omega-6 PUFAs,
particularly arachidonic acid. Conversely, long-chain omega-3 PUFAs are potentially po-
tent anti-inflammatory agents that decrease the expression of adhesion molecules and the
production of inflammatory mediators such as eicosanoids, cytokines, and reactive oxygen
species. The anti-inflammatory effect of omega-3 PUFAs is related to their direct action
attributed to their capability of competing with arachidonic acid or their indirect action
of affecting the transcription factors or nuclear receptors responsible for inflammatory
gene expression [109,178,179]. The data from experimental and clinical studies [177] have
presented the long-chain ω-3 PUFAs as potential therapeutic agents for inflammatory and
autoimmune diseases [180]. The most valuable long-chain omega-3 PUFAs are eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA). Their beneficial effects regarding
the cardiovascular diseases interfere with the broad spectrum of anti-arrhythmic, lipid-
lowering, anti-thrombotic and anti-inflammatory properties [109,181–183]. Moreover, the
direct role of ω-9 fatty acids, in comparison to the ω-3 and ω-6, in inflammatory pathways
has been unclear [113] until several in vivo experiments demonstrated it. It has been re-
lated to the decreasing production of proinflammatory cytokines such as tumor necrosis
factor-alpha (TNF-α) and interleukin 1-beta (IL-1β), and with enhancing production of
anti-inflammatory cytokine such as interleukin-10 (IL-10) [184]. Cytokines are a group of
cell-derived polypeptides that participate in a complex network of interactions exhibiting
both negative and positive regulatory effects in growth, development, or activity of various
target cells [177,185]. The ROS-scavenging activity of β-carotene and lycopene has enabled
their use as anti-inflammatory substances [186].

Anti-Hypercholesterolemic Activity

The high levels of lipids such as cholesterol, triglycerides, and fat phospholipids in the
blood cause the pathological condition called hypercholesterolemia. A prolonged increase
in insulin levels, as well as a high level of O-GlcNAc (O-linked β-N-acetylglucosamine), can
affect hypercholesterolemia, and lead to dyslipidemia [187]. The development of cardiovas-
cular diseases (CVDs) is more likely to be present in patients with hyperlipidemia [188]. The
oxidative stress, induced by reactive oxygen species (ROS) [189], can develop the CVDs and
atherosclerosis as previously described in the subsubsubsection of antioxidant activity that
oxygen species are likely to be involved in the pathophysiology of many human diseases,
such as CVD, cancer, etc. In CVDs, oxidative stress alters the gene expression. Further,
the transcription factor activity, particularly NF-κB, activator protein-1 (AP-1), and the
peroxisome proliferators-activated receptor (PPAR) family of transcriptional activators are
modulated by increased ROS levels. The oxidative modification of low-density lipoprotein
(LDL) is one of the first events, in CVDs, that appeared as a consequence of increasing ROS
generation [190]. The abnormally low uptake of low-density lipoprotein (LDL) by the liver
is caused by a genetic defect of the low-density lipoprotein receptor (LDLR), leading to fa-
milial hypercholesterolemia (FH) [191]. It is found that 20% of patients are diagnosed with
FH, and only a minimum of them have received the appropriate treatment [192]. Therefore,
hypercholesterolemia can be ameliorated by having an appropriate drug treatment, and
adequate lifestyle [187]. Red yeast rice, berberine, plant sterols and stanols, dietary fibers,
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polyphenols, flavonoids, and apple polyphenolic extract are some of the nutraceuticals
which claim to have a cholesterol-lowering effect. Plant sterols and stanols are found to
inhibit the absorption of cholesterol if they are taken at a dose of g/day. At this dose,
they lower LDL-cholesterol (LDL-C) levels by 8 to 10%, and reduce plasma triglycerides
between 6 and 9%. However, the effective use of plant sterols and stanols, on total choles-
terol and LDL cholesterol, has been observed [193,194]. Further, some bioflavonoids are
found to lower cholesterol levels but the information about their bioavailability, presence
of contaminants in their original vegetal matrix, and their unwanted side effects, is still
lacking [194].

Anti-Aggregate Activity

Another factor that causes the cardiovascular disorders has been the blood platelet
activation. The progression of hemostasis, atherosclerosis, and other diseases of the car-
diovascular system has been linked to the dysregulation of blood platelet activity. Blood
platelet aggregation has been a result of the modulation of platelet function. Platelets, or
thrombocytes, are anucleate cells, between 2 and 4 μm in greatest diameter, produced by
megakaryocytes. Before being eliminated by the liver and spleen, they circulate in the
human bloodstream between seven and ten days [195,196]. Nutraceuticals, as antiplatelet
agents, are found to have beneficial effects. As resveratrol has been well-known for its
various biological activities, one study [197] investigated the effect of cis-resveratrol on
platelet aggregation. The 4-channel aggregometer was used to perform the platelet ag-
gregation. Acid-citrate-dextrose (1:6) was used as an anticoagulant to collect the blood
from the abdominal aorta of ether-anesthetized rats. The indicated concentrations of cis- or
trans-resveratrol were used to incubate the platelets obtained. Whereas the sub-maximal
concentrations of thrombin, collagen, or ADP were used to induce aggregation. This aggre-
gation was further suppressed by both, cis-resveratrol and trans-resveratrol. It is found that
3.6 μg/L resveratrol reduces collagen-induced platelet aggregation by 50.3%. Resveratrol
interferes with platelet aggregation by inhibiting Ca2+ influx that is essential for platelet
aggregation [198]. The modulation of nitric oxide (NO) is another anti-platelet aggregation
mechanism of resveratrol. Resveratrol promotes NO production via increasing eNOS ex-
pression and activity [199]. This activity is beneficial because NO maintains the vasculature
homeostasis, and regulates intracellular signaling pathways. NO limits the thrombotic
process by decreasing endothelial cell adhesion and inhibiting platelet aggregation. NO
inhibits platelet aggregation by upregulating cyclic guanosine monophosphate, reducing
dimerization of integrin αIIbβ3, and hindering von Willebrand factor (VWF)-mediated
platelet adhesion [200].

Anti-Carcinogenic Activity

The treatments of assorted forms of cancer, leading cause of death worldwide, are
poorly controlled and have serious side effects. ROS are likely to be involved in the patho-
physiology of many human diseases. The imbalance and high level of free radicals such
as ROS and reactive nitrogen species (RNS) can affect cancer development. Chemother-
apy causes undesired side effects, therefore, diet-related agents are a category of cancer
chemopreventive agents that have generated much attention and interest during recent
decades [201–203]. However, the physiological relevance of these agents is uncertain [204].
The phenolic compounds are powerful antioxidants that have been used as alternative
treatments for cancer [201]. Several studies showed that quercetin, luteolin, kaempferol, api-
genin, taxifolin, (-)-epigallocatechin-3-gallate (EGCG) [205], ethanolic extracts of Curcuma
rhizome and Zingiber rhizome [206], curcumin [207], are some natural phenolic compounds
exhibiting anticancer effects. These compounds affect human cancer cell lines by protecting
or reducing the number of tumors and their growth [208]. Their anticancer efficacy may be
due to the inhibition of the epithelial-mesenchymal transition (EMT) (Figure 7a), as one
of the main pathways employed in cancer development and metastasis, in cancer cells.
The phenolic compounds can also prevent cancer initiation, relapse, and metastasis [209].
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Further, carotenoids play a significant role in cancer prevention. The effect of a carotenoid
on cellular differentiation and proliferation, the prevention of free radical-induced damage
to cellular DNA (Figure 7b), and other molecules from the antioxidant function, and the
enhancement of immune surveillance in tumorigenesis from the immunomodulatory ef-
fects, are several mechanisms related to the cancer prevention of carotenoids. β-carotene,
lycopene, lutein and zeaxanthin are the most studied carotenoids [210]. Aside from the
beneficial effects, β-carotene and other carotenoids have been found to increase cancer
risk but the level of evidence is limited. The effectiveness of chemopreventive agents has
been related to the determination of the proper effective dose. For instance, humble levels
of folic acid supplementation suppress the development of cancer and vice versa [202].
Furthermore, a high dose of β-carotene can expand the risk of lung cancer [203,210].

Figure 7. (a) The inhibition of the epithelial–mesenchymal transition (EMT) by phenolic compounds.
The EMT is a critical part of cancer metastases and consists of the following key steps: Step 1 describes
the subjecting of epithelial cancer cells to EMT which cells may then intravasate into the systemic
circulation (Step 2). These EMT-induced cells must survive in the circulation (Step 3) before reaching
the target. Then, the cells that reach Step 4 must extravasate into the tissue parenchyma upon reaching
the target organ site and form micrometastases. At the end (Step 5), the mesenchymal–epithelial
transition (MET) activation, another critical event for the metastasis of carcinomas, is required as
a subsequent development into potentially life-threatening macrometastases [211,212]. (b) The
prevention of free radical-induced damage to cellular DNA by carotenoids.

Bone Protective Activity

Bone is a dynamic tissue in a continuous cycle of bone resorption followed by bone
formation. Established bone is degraded by osteoclasts through adherence, acidification,
and proteolytic digestion. Then, osteoanabolic therapies are used for new bone formation.
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A role in promoting bone health is shown by the dietary intake of fruits and vegetables,
more specifically by the polyphenols that describe the physiological effects associated
with bone material density and bone metabolism [213,214]. Osteoporosis and osteopenia,
corresponding with a decrease in bone formation, can be prevented by lifestyle modifica-
tions. Adequate nutraceutical supplementation such as calcium intake supplemented by
vitamin D, magnesium, potassium, copper, resveratrol, green tea, prebiotics and probiotics,
polyunsaturated fatty acids, melatonin, have shown promising results for the management
of osteoporosis [215,216].

3. Delivery Systems for Nutraceuticals

A nutraceutical has not always met the requirements to achieve the therapeutic pur-
pose [10]. Therefore, the systems for their delivery must be designated to produce products
that have consistent quality attributes. The “biomaterials science” is considered as the
main focus toward the development of materials, tailored to a specific application, that
can elicit highly precise reactions with proteins and cells. The biomaterials synthesis,
characterization, testing, optimization, and the biology of host-material interactions are
highlighted during the most intense investigation. The biomaterial must accomplish var-
ious requirements such as toxicology, biocompatibility, functional tissue structure, and
pathobiology, mechanical and performance requirements, healing, industrial involvement,
regulation, etc. (Figure 8) [217]. Nanotechnology is advantageous for manipulating the
properties and structures of materials at the nanometer scale, and therefore has opened
up new opportunities for numerous applications in biotechnology, molecular biology,
medicine, environmental science, etc. [218]. The field of nanotechnology, through the
efficacy of nano-drug delivery systems, is contributing to every walk of life improving the
bioavailability, biocompatibility, solubility, drug loading efficacy, and surface modifications
of bioactive and chemical molecules [219]. The application of nanotechnology in health
care is extensively adopted as a robust driver of biomedical novelty [220].

Figure 8. The essential requirements involved in biomaterial design for nutraceuticals delivery.
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3.1. Advisable Features of Delivery Systems
3.1.1. Encapsulation and Controlled Release Capacity

To deal with the limitations of the aforementioned nutraceuticals, encapsulation tech-
nology has stood out for decades [221]. The encapsulation requires essential considerations
such as stability, the inherent physicochemical characteristics, the interactions between
the active component and the matrix, etc. [222]. Bioactive molecules such as isoprenoid
derivatives, fatty acids, phenolic substances, structural lipids, carbohydrates, aminoacid
derivatives, microbes, and minerals, must be encapsulated before their delivery into a
system. The incorporation of the bioactive component in a solid or liquid matrix, the
dispersion or spraying of liquid in case of a solid matrix solution, and the stabilization of
the system through a physical, chemical, or physicochemical process, are the stages that
comprise the encapsulation process. It helps that the bioactive substances are protected
from adverse environments, thus, improving their bioavailability [223]. The surface release,
diffusion through the swollen matrix, and erosion of the matrix are the three steps that
result in the release of the bioactive from encapsulants [224]. The release kinetics can be
controlled by the diffusion of a drug molecule through the carrier matrix, and it is desirable
to develop drug carriers that provide the sustained or controlled release of the drug with a
low dosing frequency. Drug release from carriers is affected by various factors including
the composition (drug, polymer, and additives), their ratio, physical and/or chemical
interactions among the components, and the methods of preparation [225].

3.1.2. Solubility

The foremost issue encountered with the formulation development of new drugs
is the low aqueous solubility [226]. Poor water solubility is a significant risk factor in
low oral absorption [227] because the molecular dispersion of a drug is necessary for its
absorption across biological membranes. The drug, firstly, must be dissolved within the
gastrointestinal tract (GIT) [228], and then absorbed. Subsequently, it reaches the systemic
circulation that is important for producing the desired pharmacological response after oral
administration. The low solubility of many drugs is a major obstacle to the development
and the large-scale production of oral solid dosage forms. Accordingly, the major goals
of designing and developing new drugs are the improvement of the solubility and the
determination of its negative influence on the drug absorption, bioavailability, stability, and
therapeutic effect [229,230].

3.1.3. Bioavailability

As previously mentioned, poor bioavailability is the major challenge in designing oral
dosage forms. First-pass metabolism, aqueous solubility, dissolution rate, drug permeabil-
ity, presystemic metabolism, and susceptibility to efflux mechanisms, are various factors on
which the oral bioavailability depends [226]. The study of nutraceuticals bioavailability
is an important [231], and an urgent necessity, because of the growth of health challenges,
and rapid population [232]. β-carotene, vitamin E, various polyphenols such as phenolic
acids, stilbenes, flavonoids, lignans, etc., are slowly absorbed, and therefore have a lim-
ited bioavailability [233]. Bioavailability is a property of the drug alone and its delivery
systems. Low bioavailability of the drug on its therapeutic use can be considered safe for
oral administration because it can be administered in excess without any adverse effects.
To increase the bioavailability, the development of powerful drug delivery systems, for
surviving the harsh acidic environments of the stomach and rising absorption through the
intestinal wall, is considered [232,234].

Bioaccessibility (B*), absorption (A*), and transformation (T*), are the three main
stages that the studies on the nutraceutical bioavailability climax. Bioaccessibility, the
first step is defined as the fraction of ingested nutraceutical that becomes accessible for
absorption through the epithelial membrane of the intestine, whereas absorption, the
second step, comprises biocomponent absorbed at the level of the gastrointestinal tract
(GIT) epithelial cells. Further, transformation, the third step, describes the chemical or
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biochemical transformations in the GIT fluids during their digestion and metabolism in the
liver [235].

3.2. Delivery Systems Design

As the properties of nutraceuticals such as encapsulation, release capacity, bioavailabil-
ity and biocompatibility, solubility are challenges still to be overcome, nanotechnology has
involved the design and development of organic and inorganic materials at the nano scale,
with tailor-made physical, chemical, and biological properties [220]. Many scientists, when
designing various delivery systems, utilized approaches such as protection of labile com-
pounds, extension of gastric retention time, controlled/delayed-release, lymphatic uptake
facilitation, intestinal permeability enhancement, and modulation of metabolic activities for
an optimum nutraceutical delivery system [236]. Lipid, surfactant, and biopolymer-based
delivery systems are widely explored as carriers for drug delivery.

The strategies needed for the nutraceutical delivery systems are obtained including the
strategies based on drug delivery [237]. Lipid-based delivery systems include liposomes,
nanoemulsions, solid lipid nanoparticles (SLNs), niosomes, nanostructured lipid carriers
(NLCs), and self-emulsifying drug delivery systems (SEDDSs) [238]. In contrast, surfactants
tend to self-assemble in aqueous solutions into micelles, bilayers, vesicles, liquid crystals,
and reverse micelles. Some of the lipid-based delivery systems are unstable systems over
time or when they are exposed to environmental stresses, they are optically opaque, not
easily prepared, and they have limitations to encapsulate, deliver, and protect certain
substances. Additionally, surfactant-based delivery systems are optically transparent and
thermodynamically stable, but their relatively low loading capacity, and taste are considered
as drawbacks. Therefore, biopolymer-based delivery systems are mostly preferred because
the fat and surfactant level is reduced [239].

3.2.1. Biopolymer-Based Delivery Systems

Biopolymers are biodegradable, biocompatible, and biofunctional materials with a
structural backbone made of carbon, oxygen, and nitrogen atoms. Biodegradation en-
ables them to break into carbon dioxide, water, organic macromolecular material, biomass,
etc. They are divided into four major categories such as: extracted from microorganisms,
biomass, petrochemical, and biotechnological products. Polysaccharides (starches, cellu-
loses, alginates, pectins, gums, and chitosan), proteins of animal origin (whey, collagen,
and gelatin), proteins of vegetal origin (zein, soya, and wheat gluten), and lipids (bees
wax, carnauba wax, and free fatty acids), are biopolymers from biomass products. Most of
the work has been conducted based on polysaccharides because of their better properties
compared to proteins or lipids [240,241]. Polysaccharides are non-toxic, stable, biocompati-
ble, cheap, hydrophilic, and chemically modified because of their reactive sites. The most
used polysaccharides incorporate carbohydrates derived from animals (such as chitosan,
and chondroitin sulfate), carbohydrates derived from plants (such as starch, pectin, and
guar gum), and carbohydrates derived from other sources (such as alginate derived from
algae) [241]. For this review, we discuss dextrins which are synthetic substances obtained
from enzymatic degradation of starch and have been considerably used for drug delivery
applications [242].

Starch

Starch is one of the most promising natural, biodegradable, abundant, and renewable
biopolymers on earth. It is composed of α-amylose (20–30%), and amylopectin (70–80%)
(Figure 9).
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Figure 9. Chemical structure of starch with amylose, and amylopectin.

α-Amylose is a linear macromolecule of several thousands of glucose residues linked
by α-(1→4) bonds in a helix conformation. Amylopectin is a branched molecule with
α-(1→6) branch points every 24 to 30 glucose residues on average, and consists mainly
of α-(1→4)-linked glucose residues. Amylopectin molecules contain up to 106 glucose
residues, making them some of the largest molecules in nature [155,240,242,243]. Starch
can be isolated from natural resources such as rice, wheat, corn, and potato. Because of
the unique physiochemical and functional characteristics of the starch, various studies
suggest that starch-based nano and micro-materials can be utilized for a wide range of
applications in pharmaceutical and biomedical research [244,245]. However, the native
starch is well-known for the substantial swelling and rapid enzymatic degradation causing
the fast drug-release, and limitations in the controlled release of drug delivery systems.
To enhance the functionalities and new applications, native starch is modified chemically,
physically, genetically, and enzymatically [246]. The modification process alters the physic-
ochemical properties and structural attributes and increases the technological value of the
native starch [247]. This has led to the use of starch derivatives that are more resistant to
enzymatic degradation, the process of cross-linking, and the formation of co-polymers [248].
Since the mid-1900s, a large-scale starch processing industry has emerged. An excellent
review published by Van der Maarel et al. [248] detailed the starch-processing industry.
The first step is the liquefaction into soluble and short-chain dextrins, and then the sacchari-
fication of the starch-hydrolysate syrup to a high concentration glucose syrup. The mobility
of the starch chain is caused by the α-(1→4) glucose units. Due to the various hydroxyl
groups starch can be easily functionalized [249]. The starch is chemically or enzymati-
cally processed into diverse products such as starch hydrolysates, starch or maltodextrin
derivatives, cyclodextrins, glucose syrups, or fructose [250]. The development of modified
dextrin-based chemically cross-linked hydrogels for drug delivery applications is the main
focus in this review [16].

Dextrin

Dextrin is one of the most noteworthy polymers because of its various features such
as hygroscopicity, fermentability, sweetness, stability, gelation, solubility, bioavailability,
and molecular compositions. Dextrin is a low-molecular-weight carbohydrate produced by
enzymatic and/or acid partial hydrolysis of starch, with the same general formula as starch,
but smaller and less complex. It contains α-(1→4) D-glucose units of amylose and the
α-(1→4) and α-(1→4,6)-D-glucose units of amylopectin with lower polymerization. During
the enzymatic degradation of starch, linear and cyclic dextrins are formed [16,251–254].

484



Int. J. Mol. Sci. 2022, 23, 4102

Dextrins are widely used in a variety of applications such as adhesive in the manufacture of
textiles, in cosmetics, gummed tapes, and paper, biomedical, and pharmaceutical applica-
tions [252]. Because dextrins are easily degraded by α-amylase, the chemical modification
can tailor the dextrin structure for satisfying a variety of drug delivery objectives [21]. In
general, native starches are often modified as a consequence of their unfavorable properties
such as high hydrophilicity, and poor solubility, and herein enhance their application.
Although there are several methods of starch modification, as described in Figure 10,
chemical modification is the most commonly used. The chemical modification means the
introduction of functional groups to the molecule of starch giving characteristic proper-
ties [247,255,256]. Among dextrins, cyclodextrin (CD) modifications have become a major
area of interest for numerous investigations and, therefore they are widely explored as
drug delivery systems.

Figure 10. Methods of starch modification.

Nanoparticle-Cell Interactions In Vitro, and In Vivo

Throughout the years of investigating the interaction of dextrin-based nanomaterials
with the cells, researchers stumbled upon questions of how this nanoparticle-based on
polymeric materials influences the cellular uptake. With all these nanoparticles at hand,
and the new ones, more in vitro and in vivo experiments will be performed after a clear
understanding of intracellular trafficking and the fate of the nanoparticles after the endocy-
totic process [257]. The higher cell affinity and easier uptake of the nanoparticles are due to
interactions of the ligands on their surface with the receptors on the cell membranes [258].
The in vitro and in vivo stability are altered by nanoparticle size, stability, responsivity,
composition, and surface charge. As already discussed, the therapeutics can be encapsu-
lated within the nanoparticle core, can be chemically conjugated to the polymer, bound to
the surface of nanoparticles, or can be entrapped in the polymer matrix. Nanocapsules or
cavities surrounded by a polymeric membrane, nanospheres, or solid matrix systems, are
the most common forms of polymeric nanoparticles (Figure 11a).
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Figure 11. (a) Schematic representation of polymeric nanoparticles and (b) a model of the interaction
between the aqueous phase containing a free hydrophilic drug or drug-loaded nanoparticle and the
biological membrane model.

The nanoparticles encounter diverse interactions with the surface of the cell membrane.
Cationic nanoparticles can damage the cell membrane and cause cytotoxicity if are too
positively charged, whereas anionic nanoparticles, due to repulsive forces, can fight to
contact the cell surface. Therefore, the first contact between a cell and a nanoparticle, de-
pendent on nanoparticle and cell properties, can determine the prospect of the nanoparticle,
and its therapeutic potential [259]. A huge nanoparticle with hydrophobic moieties is
attached to the membrane because the chemical barrier is one of the fundamental elements
that regulate the interaction of nanoparticles with the cell membrane. The strength of
the chemical barriers is influenced by membrane compositions. When there are enthalpic
interactions between nanoparticle hydrophobic ligands and the membrane interior, caused
by lipids with longer tails, an increase in barrier strength is observed [260]. Figure 11b)
presents the use of nanoparticles as drug delivery systems to prevail the barriers of drug
penetration into cells. An appropriate nanoparticle coating can encourage the insight of
hydrophilic drugs through the biological membrane. The hydrophilic drug or free drug

486



Int. J. Mol. Sci. 2022, 23, 4102

can freely diffuse in the aqueous medium. However, the diffusion of this drug can be
limited because it is incapable of interacting with the outer-hydrophilic zone of the mem-
brane without passing through the lipophilic layer of the same membrane. Therefore, the
outer hydrophilic shell of the nanoparticle is introduced to ensure the interaction with
the hydrophilic layer of the membrane, whereas the internal lipophilic core of the particle
interacts with the hydrophobic layer of the membrane. A high permeation of the drug is
provided. Although the major demands for drug delivery devices are still pending, the
in vitro and in vivo results showed the constant improvement that has been made starting
from microtechnology, crossing to nanotechnology, and recently viewing the selective drug
delivery [10].

3.2.2. General Features of Cyclodextrins and Cyclodextrin-Based Polymers as Delivery
Systems Matrices

Cyclodextrins (CDs) are cyclic oligosaccharides produced via cyclodextrin (CD)-
glycosyltransferase from starch, by certain microbes such as Bacillus macerans. CDs contain
six (αCD), seven (βCD), eight (γCD), or more (α-1,4)-linked α-D-glucopyranose units. The
truncated shape of CDs is because of the chair conformation of glucopyranose units with
the hydroxyl groups orientated to the cone exterior. The primary hydroxyl groups of the
sugar residues are at the narrow edge of the cone, and the secondary hydroxyl groups are
at the wider edge [261]. CDs tend to form inclusion complexes because of their lipophilic
interior and hydrophilic exterior. The mechanism of the complexation includes the absence
of the covalent bonds and the presence of the driving force releasing enthalpy-rich water
molecules from the cavity part. CDs can include molecules of size and polarity compatible
with their lipophilic inner cavity [262,263]. The formation of hydrogen bridges, between
the polar hosts and the primary hydroxyls, establishes simultaneously polar interactions,
whereas hydrophobic hosts will be housed inside the CD cavity because of the hydrophobic
Van der Waals type interactions [23,264,265]. The versatility of CDs is wide and promising
in the pharmaceutical and nutraceutical industries, so far, 26,895 research articles about
CDs have been published in PubMed, by typing the word “cyclodextrins” [266].

Even though the unique structure of CDs has fascinated scientists around the world,
native CDs are appropriate only for the molecule recognition of a wide range of sub-
strates. Moreover, they have various limitations such as the inability of including certain
hydrophilic compounds or high molecular-weight drugs, low aqueous solubility, and
toxicity in case of β-CD when administered intravenously [267–269]. Therefore, specific
applications require overcoming the aforesaid limitations by chemical modifications of CD
structures [26,267].

In CDs, hydroxyl groups can be modified by replacing the hydrogen atom or the
hydroxyl group with a variety of substituting groups [270]. CD derivatives and CD-based
polymers appear as powerful tool. CD derivatives comprise the randomly methylated
β-CD, the hydroxypropyl derivatives of β- and γ-CD, sulfobutylether β-CD, and the
branched CDs [271], whereas CD-based polymers, containing two or more covalently
linked CD-units, can be water-soluble and moderately swelling or insoluble and strongly
swelling [272].

CD-based nanosponges (NSs) can easily be obtained by reacting the nucleophilic
hydroxyl group of the selected CD with a suitable cross-linking reagent, containing two
electrophilic sites, that convert molecular nanocavities into insoluble three-dimensional,
nanoporous structures. Widely-used cross-linkers that influence the behavior of the CD
units, are epichlorohydrin for hydrophilic NSs synthesis, and diphenyl carbonate (DPC), py-
romellitic dianhydride (PMDA), diisocyanates, carbonyldiimidazole (CDI) for hydrophobic
NSs synthesis. With a highly porous nanomeric and insoluble nature, CD-NSs are capable
of encapsulating a variety of substances, particularly of increasing the solubility of poorly
water-soluble drugs, prolonging their release, and improving their bioavailability and
stability. Because of these characteristics and their harmlessness, CD-based NSs are used in
certain fields such as chemistry, gene delivery, agriculture, cosmetics, food, biomedicine,
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biotechnology, biocatalysis, etc. In addition, the main area of investigation so far is the phar-
macy, in which CD-NSs have been proposed as drug delivery systems [262,263,273–279].
Therefore, it is no wonder that the demand and the need for an explosive scientific and
technological revolution have increased over the years.

Historical Developments of Cyclodextrin-Based Nanosponges as Delivery
Systems Matrices

Developing effective CD-based systems that can improve the properties of the nu-
traceutical has been attractive for many applications, particularly the field of pharmaceuti-
cals as delivery systems. Delivery systems with which the CDs are associated comprise
nanoparticles, liposomes, microspheres, hydrogels, and NSs [280]. From a historical point
of view, CD-based polymers, reviewed by Petitjean et al., can be observed that have pro-
gressed as the result of the enormous research conducted over the years. Despite this, the
investigations of CD-based polymers application in pharmaceuticals, food chemistry, and
biomedicine, are not as abundant as on the parent CDs applications [281]. CD-NSs appear
as advanced drug carriers and, therefore, can also contribute as nutraceutical carriers. As
with all of the evidence in the history of CD-NSs [33], detailed by Krabicovà et al., over
the years significant progress has been made on CD-NSs synthesis and applications in
several scientific and technological fields. According to their chemical composition and
properties, CD-NSs with particular attention to the pharmaceutical field, are divided into
four generations, as overviewed by Caldera et al. [280]. As already described, poor water
solubility, low bioavailability, low stability, low permeability, low efficacy, are some drug
features that affect the applications of drugs [23,263,280,282,283]. Therefore, to distinguish
between the generations of CD-NSs in the improvement of the aforementioned limitations,
several experimental results are compared. The first generation of CD-NSs remains among
the most commonly explored NSs as drug delivery systems [284].

The First Generation of Cyclodextrin Nanosponges

The first generation comprises urethane (or carbamate), carbonate, ester, and ether
CD-NSs [285] (Figure 12).

Cyclodextrin-Based Urethane Nanosponges

Diisocyanates such as hexamethylene diisocyanate (HDI), toluene-2,4-diisocyanate
(TDI), are used to synthesize urethane (or carbamate) CD-NSs, and are characterized by a
very low surface area (1–2 m2/g), high resistance to chemical degradation, rigid structure,
and a negligible swelling in organic solvent and water [263,285].

A study by Thatiparti and von Recum synthesized CD-based gels by dissolving CD in
N, N-dimethylformamide (DMF), and adding 2-isocyanatoethyl 2,6-diisocyanatohexanoate
(LTI), and 1,6-diisocyanatohexane (HDI). The antibiotics such as rifampin (RM), novobiocin
(NB) sodium salt, and vancomycin (VM) hydrochloride, were loaded to this cross-linked
polymer by using a common solvent/solution absorption method. Due to the minimal
swelling ability of the synthesized polymer, the percent loading was too low (not more than
3.5%). The antibacterial activity of these antibiotics-loaded gels confirmed a clear zone of
inhibition. Additionally, it was observed that the CD-based gels were capable of providing
long-term sustained release of these antibiotics. This work developed an anti-infectious
drug delivery system [286].

Further, Merritt et al. synthesized CD-based polymers by dissolving γ-CD in N,N
dimethylformamide (DMF), or dimethyl sulfoxide (DMSO), and adding hexamethylene
diisocyanate (HDI) as a cross-linker. Mitomycin C (MMC), an anti-proliferative drug,
was loaded in those polymers. MMC release rates were adjusted to be slower, and more
sustained because of the affinity between the MMC and polymer. This therapy, due to
less overall exposure to MMC, was suggested to have less clinical risk to the patient and
surgical staff compare to traditional treatments [287].
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Figure 12. Schematic representation of the synthesis of cyclodextrin (CD)-based ester (PMDA), ether
(EPI), carbonate (CDI), and urethane (TDI) nanosponges (NSs).

Cyclodextrin-Based Carbonate Nanosponges

Active carbonyl compounds such as 1,1′-carbonyldiimidazole (CDI), triphosgene, and
diphenyl carbonate (DPC), are used to synthesize carbonate CD-NSs, and are characterized
by a low surface area (around 2 m2/g), short cross-linking bridges, good stability to acidic
and slightly alkaline solutions, and reduced swelling ability [263,285].

Quercetin, a flavonoid with strong antioxidant activity and many others, has phar-
maceutically been challenging because it has a very low solubility of 7.563 μg/mL in
water. Therefore, Jullian et al. used β-CD and its derivatives such as hydroxypropyl-
β-cyclodextrin (HP-βCD), and sulfobutyl ether-β-cyclodextrin (SBE-βCD) to increase
quercetin solubility [288]. Furthermore, Anandam et al. investigated the improvement
of the chemical stability, and aqueous solubility of quercetin by utilizing the NSs syn-
thesized from β-CD and DPC in five various molar concentrations (1:2, 1:4, 1:6, 1:8, and
1:10). The solubilization efficiency was increased from 7.563 μg/mL (plain quercetin) to
152.543 μg/mL (quercetin-loaded NSs). As the cross-linking ratio influenced the release
of quercetin, it was observed from its rapid burst release of 97% within 60 min. These
improvements influenced the increased antioxidant activities of quercetin and offered a
potential drug delivery system for oral and topical delivery [40].
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Curcumin, another nutraceutical with many potential applications, was loaded into
βCD-based NSs synthesized using dimethyl carbonate (DMC) by Darandale and Vavia.
The in vitro release study of this formulation showed sustained curcumin release. In
comparison with plain curcumin (0.4 μg/mL), and the β-CD complex (5.88 μg/mL), it
was also observed higher solubilization of curcumin loaded into CD-NSs (20.89 μg/mL)
generating a potential drug delivery system for curcumin in cancer treatment [41].

Ansari et al. presented the possibility to administer resveratrol loaded at two different
weight ratios of βCD:CDI (1:2 and 1:4) as buccal delivery and topical application. This is
because CD-NSs significantly increased the stability, solubility, and permeation of resver-
atrol, a polyphenolic phytoalexin with many health benefits [40]. Further, Dhakar et al.
demonstrated the high encapsulation efficiency of resveratrol (77.3%) and oxyresveratrol
(80.33%) into the β-CD:CDI NSs. In comparison to drug molecules alone, solubilization of
resveratrol- and oxyresveratrol-loaded NSs was higher, and therefore, a better antioxidant
activity was observed [289]. Matencio et al. studied the complexation of the oxyresveratrol
with two different weight ratios of β-CD:CDI NSs (1:4 and 1:8) using a new methodology.
The apparent inclusion complex constant (KFapp) between β-CD:CDI NSs, and oxyresver-
atrol was calculated using the UV-Vis measurement and the Benesi-Hildebrand method
with modifications. This study represented the feasibility of the drug-CD-based NSs com-
plexation, and the use of oxyresveratrol, which exhibits a wide range of biological activities,
as an ingredient in nutraceutical products [290].

Rezaei et al. incorporated thyme essential oil (TEO), a natural phenolic compound
with high antimicrobial and antioxidant activity, into β-CD:DPC (1:4, 1:6, 1:8) NSs. The
highest amount of loading capacity, encapsulation efficiency, and solubility were of the
ratio of β-CD:DPC (1:4) nanosponge. The solubility of TEO increased from 2.7% (free TEO)
up to 41% (TEO encapsulated into the nanosponge). A controlled and slow release of TEO
from β-CD:DPC NSs was indicated from the in vitro release. Therefore, TEO-loaded into
the β-CD:DPC NSs presented the potential to be used as a natural preservative in the food
industry [43].

Norfloxacin [291], kynurenic acid [292], tamoxifen [293], rilpivirine [294], acyclovir [295],
camptothecin [296], telmisartan [297], babchi oil [298], chrysin [299], paclitaxel [277], sul-
famethoxazole [300], ferulic acid [301], melatonin [44], D-limonene [302], azelaic acid [303],
paliperidone [304], griseofulvin [305], flutamide [306], econazole nitrate [307], piper-
ine [308], etc., are several other drugs loaded in carbonate CD-NSs. In all these findings
it was observed an enhancement of the biocompatibility and aqueous solubility of the
aforementioned drugs when they are loaded in NSs compare to CD-inclusion complexes or
uncomplexed drugs. The indicated ones present CD-NSs a promising nanocarrier system.

Cyclodextrin-Based Ether Nanosponges

Cross-linking agents with epoxide groups such as epichlorohydrin (EPI), bisphenol
A diglycidyl ether, ethylene glycol, and diglycidyl ether, are used to synthesize ether CD-
NSs, and are characterized by a tunable swelling capability, and high chemical resistance.
Although the EPI toxicity, the EPI-based CD-NSs, are widely studied [285].

Machín et al. synthesized CD-EPI insoluble polymer, a novel polymeric hydrogel for
the controlled release of anti-inflammatory drugs such as naproxen (NAP), and nabumetone
(NAB), and antifungal drugs such as naftifine (NF), and terbinafine (TB). According to this
study, these hydrogel matrices were considered as potentially suitable sustained release
systems [309].

Rodriguez-Tenreiro et al. synthesized new biocompatible hydroxypropyl-β-CD-based
hydrogels using ethylene glycol diglycidylether (EGDE) as a cross-linker and incorporated
other structurally related polymers such as hydroxypropylmethylcellulose (HPMC). Di-
clofenac, a nonsteroidal anti-inflammatory drug [310], was chosen as a suitable candidate
to be loaded into the synthesized hydrogels. The hydrogels were able to load and sustain
the release of diclofenac for several hours [311].
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Gami et al. synthesized novel hydrogels from xylan and β-CD using ethylene glycol
diglycidyl ether, as a crosslinker, in an alkaline medium. Two anticancer drugs loaded in
hydrogels were curcumin (26%), and 5-fluorouracil (98%). The highest cumulative release
of 56% 5-fluorouracil, and 37% curcumin, from the synthesized gels, was observed after
24 h. This study synthesized, characterized, and explored hydrogels as an in-vitro drug
delivery vehicle [312].

Cyclodextrin-Based Ester Nanosponges

Dianhydrides or di/polycarboxylic acids such as pyromellitic dianhydride (PMDA),
ethylenediamine-tetraacetic dianhydride (EDTA dianhydride), butane tetracarboxylic dian-
hydride, citric acid (CA), etc., are used to synthesize ester- based CD-NSs. These NSs are
characterized by a huge absorption of water forming, thus, the hydrogels [263].

Appleton et al. proposed β-CD:PMDA NSs as a solution for the oral delivery of insulin.
The loading capacity of insulin was 14.41%, and the encapsulation efficiency was 91.40%.
In this study it was hypothesized that the β-CD:PMDA nanosponge can be suitable for
loading insulin, protecting it from degradation in the stomach, and promoting its intestinal
absorption due to controlled release properties [313].

Another study made by Argenziano et al., used β-CD:PMDA for the topical delivery
of imiquimod (IMQ, 1-[2-methylpropyl]-1H-imidazo[4,5-c] quinoline-4-amine), an immune
response modifier. The loading capacity of the IMQ into β-CD:PMDA nanosponge was
14.2%, and the encapsulation efficiency was 96.5%. In this work, a nanomedicine-based
topical formulation for the prolonged and controlled release kinetics of IMQ through the
skin was developed [314].

Ester nanosponge based on PMDA was also used to maximize the therapeutic efficacy
of acetyl salicylic acid (a non-steroidal anti-inflammatory and antipyretic drug) [315],
doxorubicin (an anti-cancer drug) [316], meloxicam (a non-steroidal anti-inflammatory
drug) [317], rilpivirine (an antiviral drug) [318]. In all instances, a controlled and prolonged
drug release, a remarkable increase in the drug solubility and bioavailability, was observed.

Other Generations of Cyclodextrin Nanosponges

Other generations of CD-NSs comprise the functionalized CD-NSs, stimuli-sensitive
NSs, and molecularly imprinted polymers (MIPs) [285].

Singh et al. enhanced the cellular binding efficiency of β-CD nanosponge by func-
tionalizing its surface with cholesterol as an endogenous physiological molecule. The
cholesterol grafting enhanced the adsorption of the anticancer drug Dox because of the
hydrophobic charge on the surface. Therefore, the cholesterol-modified β-CD nanosponge
system was proposed to be a site-specific drug delivery carrier improving the solubility
and bioavailability of small drug molecules with low water-solubility [319], (Figure 13).

Another study made by Asela et al. developed a new nanomaterial based on βCD
based NSs for the transport of phenylethylamine (PhEA), as an antidepressant, and 2-
amino-4-(4-chlorophenyl)-thiazole (AT), as an anti-microbial, and anti-inflammatory agent.
These complexes were functionalized with gold nanoparticles (AuNPs). In comparison to
the native βCD, the loading capacity of βCD NSs was eight times higher for PhEA (90%),
and AT (150%). Additionally, βCDNS presented a higher degree of solubilization and
complexation efficiency of PhEA and AT than native βCD. The immobilization percentage
of AuNPs reached 85%. This study demonstrated the versatile materials (βCD NSs, PhEA,
AT, and AuNPs) with an efficient loading capacity for potential applications in the transport
of therapeutic agents [320].
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Figure 13. The cholesterol hydrogen succinate (CHS) grafting, in CD-based carbonate NSs (β-CD:DPC
NSs), using coupling reaction.

Although CD-NSs are capable of high drug loading, their non-selectivity remains a
challenging task regarding pharmacologic efficacy. To offer the advantage of site-specific
drug delivery, stimuli-responsive drug delivery was designed by Palminteri et al. In their
study, they presented the synthesis of glutathione responsive (GSH) CD-NSs from PMDA
and 2-hydroxylethyldisulfide for improving the tumor-specific delivery of resveratrol.
GSH-NSs enhanced the aqueous solubility of resveratrol more than four-fold (201 μg/mL)
compared to free resveratrol (46 μg/mL). The encapsulation efficiency was 80.64%, whereas
the drug loading was 16.12%, representing the GSH-responsive NSs as an effective delivery
system for targeting cancer cells. Daga et al. synthesized the GSH-responsive based NSs
using β-CD, 2-hydroxyethyl disulfide, and PMDA as cross-linking agents (Figure 14).
Doxorubicin, an anticancer drug, was loaded into GSH-NSs. Dox-GSH-NSs showed a good
safety profile, and their hepatotoxicity, observed both in vitro and ex vivo, resulted to be
comparable with free Dox. It was observed a slowed and prolonged drug release, and no
initial burst effect. No cytotoxicity in vitro and ex vivo was caused by GSH-NSs. Therefore,
GSH-NSs are considered a suitable carrier of chemotherapeutic drugs [321].

Coviello et al. presented a study of the use of carbonate CD-NSs, based on DPC
as a cross-linker, for targeted drug delivery. Into the synthesized NSs, a novel multi-
effective heterocyclic compound, 2-(3,4-dimethoxyphenyl)-3-phenyl-4H-pyrido (DB103),
was loaded. DB103, as the ideal drug candidate for drug-eluting stents (DES), was efficiently
loaded, and slowly released. The novel DB103-NSs system represented an innovative and
credible prototype of formulation used for the local therapy of the vessel’s wall subjected
to percutaneous intervention [322].

Deshmukh, Tanwar et al. functionalized the surface-active CDI cross-linked β-CD NSs
by lysozyme. Calcium carbonate, and carboxymethyl cellulose, were added to effectively
elevate loading efficiency. Lysozyme was delivered in a conformationally stable structure
by damaging bacterial cell walls. This was made by catalyzing the hydrolysis of 1,4-β-
linkages between N-acetyl-D-glucosamine and N-acetylmuramic acid residues, present in
peptidoglycan layer surrounding the bacterial cell membrane, for controlling the calcium
release in hypocalcemia condition for 24 h. The NSs formulation is an encouraging carrier
for antibacterial protein [323].
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Figure 14. Schematic representation of the synthesis of glutathione-responsive NSs, and molecularly
imprinted CD-based carbonate NSs (L-DOPA used as a template).

Deshmukh et al. synthesized molecularly imprinted polymer (MIP) of PMDA cross-
linked βCD-based NSs. The work was compared with non-molecularly imprinted polymer
(NIP) NSs, and the glucose was used as a template. The synthesized MIP-NSs showed
more significant specificity, and binding for glucose compared to their NIP-NSs [324].

Trotta et al. synthesized a MIP NSs of CDI cross-linked β-CD-based NSs. The L-DOPA,
as a non-proteinogenic amino acid widely used for the treatment of Parkinson’s disease
(PD), was used as a template. This study showed that the polycarbonate β-CD-based
MIP-NSs, as an oral formulation, can be a promising new drug delivery system for the
prolonged release, and the protection of L-DOPA [325] (Figure 14).

The safety issue has invoked important remarks regarding the clinical applications
of CD-NSs, as drug delivery systems, as they were predominantly synthesized in organic
solvents which may cause cellular damage. To overcome the toxic effects, several surveys
comprised the green syntheses of a series of CD-based NSs in natural deep eutectic solvents
(NADES) [326], and dextrin-based solvent-free NSs synthesis [327], which need to be further
studied for medical, and pharma applications. Another promising platform for therapeutic
applications that can be considered is a combination therapy with CD-NSs [328].

3.2.3. General Features of Maltodextrins and Recent Trends in Their Applications as
Delivery Systems Matrices

Maltodextrin is defined as a hydrolyzed starch product [329] consisting of D-glucose
units linked primarily by α (1,4)-glycosidic bonds [330]. Maltodextrins are classified
by their values of dextrose equivalent (DE). The DE ranges up to 20 and expresses the
number of reducing sugars present in the polymer. Maltodextrins with different dextrose
equivalent (DE) values have different properties. A low fraction of glucose and a high
fraction of polysaccharides refers to a low DE, and vice versa [25,331,332]. The different
reaction sites in repeating glucose moieties of maltodextrins provide wide alternatives
in the chemical conjugation process [333]. The characteristics and the physicochemical,
nutritional, functional, and technological properties enable the numerous applications
of maltodextrins in the food, medical food products, beverage, and the pharmaceutical
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industry in tablet and powder applications [334]. Maltodextrin is considered the most used
starch hydrolysate by the food industry [335].

Sun et al. developed casein-maltodextrin Maillard conjugates to entrap proanthocyani-
dins (PAs). PAs are a group of polyphenolic compounds with potent antioxidant capacity.
However, the practical application as antioxidants is limited because they are easily affected
by environmental stress during the processes and storage, and chemically degraded in
the gastrointestinal tract. The in vitro release test presented the exhibition of strong pro-
tective effects, by casein-maltodextrin-PAs nanoparticles, during the storage and thermal
treatments, and PAs bioaccessibility improvement. Thus, the casein-maltodextrin-PAs
nanoparticles have been considered as novel antioxidants for applications in pharmaceuti-
cal and nutraceutical products. The release rate of encapsulated PAs and free PAs was 30%
and 80% after 120 min [336]. The maltodextrins, through the nanoencapsulation, improved
the stability, efficiency, and thermal resistance of ellagitannin extracts from pomegranate
peels [337].

Further, Gurturk et al. modified liposomes with maltodextrins, and loaded levodopa
as the most effective drug to ameliorate the symptoms of Parkinson disease. Therefore, this
study suggested an effective way of targeting the blood-brain barrier (BBB) with controlled
and sustained drug release properties, improved cellular binding, and lowered cellular
cytotoxicity [338].

Lai et al. used maltodextrins as a film-forming material, and glycerin as a plasticizer to
enhance the quercetin oral bioavailability. Maltodextrin films provided long-term storage
stability, and fast dissolution rate [339].

Helal et al. chemically conjugated the maltodextrin via the formation of the ester bond
with vitamin E succinate. The designed bio-conjugates showed higher aqueous solubility, a
slighter toxicological effect on the main body organs, and a higher total antioxidant capacity
than the vitamin E succinate [333].

Laurent et al. impregnated the ciprofloxacin (CFX) into an artificial polypropylene
(PP) abdominal wall implant that was functionalized with citric acid and hydroxypropyl- -
cyclodextrin (HP CD), or with maltodextrin. The use of the HP CD, and maltodextrins,
as two carbohydrate oligomers produced from starch, offered a safe and green process of
functionalization, avoiding the common extreme technologies of functionalization such as
plasma or radiative technologies. It was observed a higher CFX loading and release over a
sustained period in the case of HP CD with regard to maltodextrins. The HP CD-finished
meshes showed antimicrobial activity, and this not only because of the ionic and hydrogen
bonding between CFX and CD-finished textile, but also because of the inclusion in the
cavity [18].

Maltodextrins were also used to produce proniosomes formulation with a potential
application in the delivery of hydrophobic or amphiphilic drugs [340]. Shruthi et al.
prepared the resveratrol-loaded proniosomes using maltodextrin, lactose monohydrate,
and pullulan as wall materials. The encapsulated resveratrol presented a more consistent
and sustained release, and a higher stability under gastric and intestinal conditions [341].

As CDs, maltodextrins may be chemically modified to improve their physical, and
functional characteristics. The maltodextrins are less expensive, and have a higher aqueous
solubility than that of comparable cyclic dextrins [25,342]. Compared to modified CDs,
modified maltodextrins are less studied in pharmaceutical applications. Therefore, the
development of modified CDs, which have been shown for various applications, already
discussed in this entry, will fully instruct the linear dextrins to be modified and used for
nutraceuticals delivery.

Castro-Cabado et al. synthesized the cross-linked system consisting of maltodextrin
with citric acid and tartaric acid [343].

Cecone et al. synthesized the sustainable cationic cross-linked polymers, suitable for
eco-friendly scaling-up, based on maize-derived maltodextrin (Glucidex 2®) as a building
block, 1,4-butane-diol diglycidyl ether as a cross-linker, and 1,4-diazabicyclo[2.2.2]octane,
imidazole, triethylamine, and guanidine hydrochloride were as supplements to obtain the
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amine-mediated epoxy ring-opening reaction [344]. These materials, considered genuinely
good eco-friendly alternatives, can be further studied as green adsorbents for environmen-
tal, medical and pharmaceutical applications because of their high adsorbing feature.

Ivàn Melèndez-Ortiz et al. synthesized the hydrogels with antimicrobial activity based
on the maltodextrin, previously modified with glycidyl methacrylate (GMA), copolymer-
ized with acrylic acid (AAc) or acrylamide (Aam) to endow mechanical properties and
chemical functionality. This step enabled to host bioactive nanoparticles such as zinc
oxide nanoparticles (ZnO). ZnO-loaded hydrogels showed antimicrobial activity against
Staphylococcus aureus and Escherichia coli. This study has been promising for the possible
application of the maltodextrin-based hydrogels as wound dressings [345].

Yan et al. presented a novel design of entrapping simvastatin (SIM), a hypolipidemic
drug, to promote bone regeneration in an injectable maltodextrin-based micelle/hydrogel
composite system. The SIM-loaded aldehyde-modified micelles were anchored to the
hydrogel network by Schiff base linkage. It was observed a great enhancement of the
mechanical strength of hydrogels, good biocompatibility, slow and sustained release, and
osteogenic capability of SIM [346].

Furthermore, Demasi et al. selected Kleptose Linecaps® DE17 (LC), apart from CD, as
a highly soluble maltodextrin. The study synthesized the carbonate and ester NSs, by cross-
linking α-, β-, and -CD, and LC with PMDA and CDI. Dextrin-based NSs encapsulated
ailanthone (Ail) as a natural compound with anti-tumor, anti-malarial, anti-inflammatory,
anti-parasitic, anti-feedant, and herbicidal activities, but with low insistence and immediate
degradation in organic substrates. The encapsulation process increased and extended the
phytotoxic activity, preserved the efficacy, and prolonged the release kinetics of Ail [347].

A safe and sustainable synthesis of NSs based on β-CD, and LC with citric acid in
water, using sodium hypophosphite monohydrate as catalyst, was performed by Rubin
Pedrazzo et al. The synthesized citrate NSs were able to selectively adsorb a significantly
higher amount of heavy metals from aqueous solution [348]. Thanks to the helical structure
of the amylose chains, maltodextrins can act as complexing agent demonstrating a strategy
to integrate drug loaded carriers into hydrogels for drug delivery and tissue engineering
applications [347]. We still lack deeper knowledge of the forces involved in the complex
formation of maltodextrins with nutraceuticals, and of the pharmaceutical applications.

4. Concluding Remarks

Healthier living, preventive care, and secondary source medication are the focus of
the global population since the healthcare costs have risen. The adverse effect of drugs
and the risk of toxicity caused a worldwide revolution in nutraceuticals. Nutraceuticals
are considered a powerful instrument to facilitate lifespan, optimal health, and quality
of life. They act against various nutritionally induced diseases such as obesity, cancers,
diabetes, neurodegenerative diseases, cardiovascular disease, allergy, respiratory disorders,
arthritis, etc.

In this review, we listed many nutraceuticals classified based on food bioavailability,
chemical nature, and mechanism of action, with various health benefits, and summarized
common problems that prevent their applications. Similar to the case of any other drug,
the health benefits of the nutraceuticals are limited by the low bioavailability, low efficacy,
low aqueous solubility, degradation and metabolism, and epithelial permeability.

The polymer-based nanocarriers, with a tripartite structure: monomer, linker, and
therapeutic agent, are extensively studied to overcome the aforementioned shortcomings
of nutraceuticals. This review shows the use of dextrin-based chemically cross-linked
polymer as the most preferred, advanced, biocompatible, and natural system to deliver
nutraceuticals. One of the most commonly studied systems is cyclodextrin (CD)-based
nanosponges (NSs). CD-NSs are synthesized by reacting CDs with cross-linkers such as
carbonyl-diimidazole (CDI), diphenyl carbonate (DPC), pyromellitic anhydride (PMDA),
etc. Due to their highly porous nanomeric nature, CD-NSs are found in different applica-
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tions ranging from chemistry, pharmacy, biomedicine, gene delivery, food and biotechnol-
ogy, environment, etc.

Nutraceuticals such as curcumin, resveratrol, thyme essential oil, Babchi oil, mito-
mycin C (MMC), diclofenac, imiquimod, doxorubicin, rilpivirine, melatonin, L-DOPA, etc.,
are successfully formulated using CD-NSs. CD-NSs are efficient encapsulating agents of
delivering nutraceuticals with controlled kinetics through the topical, oral, and parenteral
routes. The nanomaterials based on CD-NSs, in contrast to free nutraceuticals and na-
tive dextrin units, improved the solubility, biocompatibility, bioavailability, encapsulation,
and release capacity of the nutraceuticals, and therefore are considered the most effective
delivery systems.

Until now, these nanoparticles have been explored in terms of their physicochemical
properties, drug-loading ability, in vitro and in vivo tests. The concerns, such as the specific
interaction of the nanoparticles with human organs, tissues, cells, or biomolecules, their
effect on human metabolism, and their application in drug delivery, etc., await further
intense research, which will be a focus henceforward.

As reviewed above, numerous nanoparticle drug delivery systems, as the most ad-
vanced approach contributing to every walk of life, have been prepared. Although mal-
todextrins are known for a higher aqueous solubility and are less expensive than CDs, their
modified forms need to be further studied in pharmaceutical applications. Therefore, the
extensive literature about the synthesis, characterization, and applications of the modified
CDs, will fully instruct the modified dextrins.

It can be forecasted that the more advanced nanoparticle drug delivery systems will
be released and overtake the market.
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Abstract: Current anti-seizure drugs fail to control approximately 30% of epilepsies. Therefore, there
is a need to develop more effective anti-seizure drugs, and medicinal plants provide an attractive
source for new compounds. This study aimed to evaluate the possible anti-seizure and neuropro-
tective effects of neferine, an alkaloid from the lotus seed embryos of Nelumbo nucifera, in a kainic
acid (KA)-induced seizure rat model and its underlying mechanisms. Rats were intraperitoneally
(i.p.) administrated neferine (10 and 50 mg/kg) 30 min before KA injection (15 mg/kg, i.p.). Neferine
pretreatment increased seizure latency and reduced seizure scores, prevented glutamate elevation
and neuronal loss, and increased presynaptic protein synaptophysin and postsynaptic density protein
95 expression in the hippocampi of rats with KA. Neferine pretreatment also decreased glial cell
activation and proinflammatory cytokine (interleukin-1β, interleukin-6, tumor necrosis factor-α)
expression in the hippocampi of rats with KA. In addition, NOD-like receptor 3 (NLRP3) inflamma-
some, caspase-1, and interleukin-18 expression levels were decreased in the hippocampi of seizure
rats pretreated with neferine. These results indicated that neferine reduced seizure severity, exerted
neuroprotective effects, and ameliorated neuroinflammation in the hippocampi of KA-treated rats,
possibly by inhibiting NLRP3 inflammasome activation and decreasing inflammatory cytokine se-
cretion. Our findings highlight the potential of neferine as a therapeutic option in the treatment
of epilepsy.

Keywords: neferine; anti-seizure; neuroprotection; antiinflammation; NLRP3 inflammasome; kainic
acid; hippocampus

1. Introduction

Epilepsy is a chronic neurological disorder characterized by recurrent, spontaneous,
and unpredictable seizures and affects up to 70 million people worldwide [1]. Currently
available anti-seizure drugs (ASDs), which are the main treatment for epilepsy, mainly act
by blocking Na+ channels, inhibiting glutamatergic transmission, or enhancing GABAergic
transmission [2]. However, long-term treatment with these ASDs is often accompanied
by many side effects, and approximately 30% of patients with epilepsy do not respond
to these drugs [3,4]. Therefore, there is still a need to search for new, more effective and
safer anti-seizure medications. In this context, medicinal plants can potentially play an
important role in the development of new ASDs since a diverse group of plant-derived
compounds have shown promising anticonvulsant effects in different seizure models [5–9].
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Neferine is an alkaloid extracted from the seeds of lotus, Nelumbo nucifera Gaertn [10,11],
and has been reported to exhibit antioxidant, anti-inflammatory, antithrombotic, antidia-
betic, cardioprotective, and antitumor properties [12–17]. In addition, its neuroprotective
activity in animal models was also noted. It attenuates brain damage, improves memory
and learning abilities, and has antidepressant action [18–23]. However, there is no scientific
evidence regarding the anti-seizure effect of neferine. The general objective was therefore
to evaluate the action of neferine on kainic acid (KA)-induced seizures in rats and its
underlying mechanisms. KA is an analog of glutamate, and the systemic administration of
kA to animals causes behavioral seizures and neuropathological lesions which are similar
to human epilepsy [24,25]. Therefore, the KA-induced seizure model has been widely
recognised as an important experimental model in the research of epilepsy and drug dis-
covery. Our results indicate that pretreatment with neferine significantly attenuated seizure
activity, neurotoxicity, and neuroinflammation induced by KA. These beneficial effects are
likely mediated by downregulating glutamatergic hyperactivity and the NOD-like receptor
3 (NLRP3)-mediated inflammatory signaling pathway. In fact, experimental models have
demonstrated the implication of increased glutamatergic activity and NLRP3 inflamma-
some activation in the mechanism of epileptogenesis [26–28]. Our findings reveal for the
first time that neferine possesses potential as an antiepileptogenic agent as well as efficacy
in the management of epilepsy.

2. Results

2.1. Pretreatment with Neferine Attenuates Seizure Activity in KA-Treated Rats

The experimental process is shown in Figure 1A. We first evaluated the anti-seizure ef-
fect of neferine. For this, the effect of neferine on seizure activity induced by KA (15 mg/kg,
intraperitoneally (i.p.)) was investigated by administering neferine (10 or 50 mg/kg, i.p.)
30 min before KA injection. The dose and schedule of administration were chosen based on
our pilot study and others [29,30]. Data analysis by Kruskal–Wallis test yielded statistically
significant differences between the tested groups of animals (seizure latency, statistic = 21.9,
eta squared = 0.42, p < 0.001, n = 9–13/group, Figure 1B; seizure score, statistic = 15.6,
eta squared = 0.46, p < 0.001, n = 11–13/group, Figure 1C). Dunn’s post-hoc test showed
that pre-exposure to neferine in KA-treated rats significantly delayed seizure onset and
decreased seizure severity compared with the KA alone group (p < 0.01; Figure 1B,C). In
addition, KA caused 32% mortality in injected rats, and this phenomenon was decreased
by 15–18% by neferine pretreatment.

2.2. Pretreatment with Neferine Alleviates Neuronal Damage in the Hippocampi of KA-Treated Rats

Morphological changes in the hippocampus, particularly the CA1 and CA3 regions,
have been shown in KA-induced seizure rats [8,31]. To evaluate whether neferine has
a neuroprotective effect in KA-treated rats, we performed Nissl staining at 72 h after
KA injection to observe the neuronal morphology in the hippocampus. As shown in
Figure 2A, neurons in the hippocampi of rats in the control group (rats that received
dimethylsulfoxide (DMSO)) were regularly arranged. However, rats in the KA group
exhibited disorganized neurons and a considerable loss of neurons in the CA1 and CA3
regions. Neferine pretreatment alleviated these phenomena. One-way ANOVA yielded
statistically significant differences between the tested groups of animals (CA1, F(3, 19) = 48.4,
eta squared = 0.88, p < 0.001; CA3, F(3, 19) = 70.6, eta squared = 0.91, p < 0.001; n = 5–
6/group). Tukey post hoc test showed that the number of live neurons in the CA1 and
CA3 regions decreased significantly in the KA-treated group compared with the control
group (p < 0.001). Pre-exposure to neferine in KA-treated rats significantly prevented
this reduction compared to the KA alone group (p < 0.001) (Figure 2B). In addition, the
number of neuronal nuclei (NeuN)-positive cells, which was measured by using NeuN
immunohistochemistry in the CA1 and CA3 regions, was counted to investigate neuronal
death in the hippocampus (Figure 2A,C). One-way ANOVA yielded statistically significant
differences between the tested groups of animals (CA1, F(3, 21) = 12.9, eta squared = 0.65,
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p < 0.01; CA3, F(3, 21) = 25.9, eta squared = 0.79, p < 0.001; n = 5–7/group; Figure 2C). Tukey
post hoc test showed that the number of NeuN-positive cells in the CA1 and CA3 regions
decreased significantly in the KA-treated group compared with the control group (p < 0.01).
Pre-exposure to neferine in KA-treated rats increased the number of NeuN-positive cells
compared to the KA alone group (p < 0.001) (Figure 2C). The expression levels of NeuN
in the hippocampus were also examined using Western blotting (Figure 2D). One-way
ANOVA yielded statistically significant differences between the tested groups of animals
(F(3, 16) = 58.8, eta squared = 0.92, p < 0.001; n = 5/group). Tukey post hoc test indicated
that the expression of NeuN in the hippocampi of KA-treated rats was significantly lower
than that in the control group (p < 0.001), whereas neferine pretreatment significantly
increased the expression of NeuN compared with the KA group (p < 0.001) (Figure 2D).

Figure 1. Neferine reduces KA-induced seizure activity. (A) Experimental design. (B,C) Seizure
behavior analysis in the different groups (n = 9–13 rats/group). Statistical results showed that neferine
increased the latency of seizures (B) and decreased seizure score (C) (one-way ANOVA). ** p < 0.01,
*** p < 0.001 vs. KA-treated group.
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Figure 2. Results of Nissl and NeuN staining in the rat hippocampus. (A) Representative im-
ages and (B,C) quantitative data for the number of Nissl- or NeuN-positive hippocampal neurons
(n = 5–7 rats/group). Neferine increased the numbers of Nissl- or NeuN-positive hippocampal neu-
rons in the CA1 and CA3 areas (one-way ANOVA). (D) Representative Western blot images in the dif-
ferent groups and densitometric values for NeuN were normalized to β-actin levels (n = 5 rats/group).
Statistical results of immunoblot analysis show that neferine increased the band intensities of NeuN
(one-way ANOVA). ** p < 0.01. *** p < 0.05 vs. control group. # p < 0.05 vs. KA-treated group.

2.3. Pretreatment with Neferine Decreases Glutamate Elevation and Increases the Expression of
Synaptic Proteins in the Hippocampi of KA-Treated Rats

Excess glutamate and synaptic dysfunction are observed in the hippocampi of KA-
treated rats and are associated with neuronal death [32,33]. Accordingly, we performed
high-performance liquid chromatography (HPLC) and Western blot analysis at 72 h
after KA injection to evaluate the effect of neferine pretreatment on the concentration of
glutamate and the expression of presynaptic protein synaptophysin and postsynaptic
density protein 95 (PSD95) in the hippocampus (Figure 3). One-way ANOVA revealed
statistically significant differences between the tested groups of animals (glutamate
level, F(3, 16) = 33.5, eta squared = 0.68, p < 0.001, n = 5/group, Figure 3A; synaptophysin,
F(3, 16) = 32.8, eta squared = 0.86, p < 0.001; n = 5/group; PSD-95, F(3, 16) = 24.4, eta
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squared = 0.82, p < 0.001; n = 5/group; Figure 3B). Tukey post hoc test showed that the
concentration of glutamate was increased (p < 0.001), whereas the expression levels of
synaptophysin (p < 0.001) and PSD95 (p < 0.001) were decreased in the hippocampi of rats
in the KA-treated group compared with the control group. Pre-exposure to neferine in
KA-treated rats decreased glutamate levels (p < 0.001) but increased synaptophysin and
PSD95 expression in comparison with the KA alone group (p < 0.001) (Figure 3A,B).

Figure 3. (A) HPLC analysis of hippocampal glutamate level in the different groups (n = 5 rats/group).
Results show that neferine reduced the levels of glutamate (one-way ANOVA). (B) Western blot
analyses of synaptophysin and PSD95 proteins in rat hippocampal tissue. Representative Western
blot images in the different groups and densitometric values for synaptophysin and PSD95 were
normalized to β-actin levels (n = 5 rats/group). Statistical results of the immunoblot analysis showed
that neferine increased the band intensity of synaptophysin and PSD95 (one-way ANOVA). *** p < 0.05
vs. control group. # p < 0.05 vs. KA-treated group.

2.4. Pretreatment with Neferine Suppresses the Activation of Glial Cells in the Hippocampi of
KA-Treated Rats

To gain further insight into the anticonvulsant activity of neferine, we analyzed the
activation of glial cells, including astrocytes and microglia, which are known to be involved
in the mechanism of epileptogenesis [34]. We assessed the effects 72 h after KA injection
by measuring the protein expression level of glial fibrillary acidic protein (GFAP) for
astrogliosis and CD11b for microgliosis within the hippocampus (Figure 4). One-way
ANOVA yielded statistically significant differences between the tested groups of animals
(GFAP, F(3, 16) = 121.1, eta squared = 0.96, p < 0.001; n = 5/group; CD11b, F(3, 16) = 17.8,
eta squared = 0.77, p < 0.001; n = 5/group; Figure 4). Tukey post hoc test indicated that
KA induced an increase in the expression levels of the GFAP and CD11b proteins in
the hippocampus compared with the control group (p < 0.001). Pre-exposure to neferine in
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KA-treated rats significantly decreased the expression of these two reactive gliosis biomark-
ers in the hippocampus compared with the KA-treated group (p < 0.001; Figure 4). Immuno-
histochemistry results further revealed that KA-induced gliosis occurred in the hippocam-
pus, as illustrated by the higher numbers of GFAP- and CD11b-positive cells in the CA1
and CA3 regions than in the control group (GFAP: CA1, F(3, 20) = 27.1, eta squared = 0.8,
p < 0.001; CA3, F(3, 20) = 16.9, eta squared = 0.72, p < 0.001; n = 4–8/group, Figure 5A,B;
CD11b: CA1, F(3, 16) = 123.1, eta squared = 0.96, p < 0.001; CA3, F(3, 16) = 130.7, eta
squared = 0.96, p < 0.001; n = 5/group; Figure 5C,D). Compared with the KA group, KA-
treated rats pre-exposed to neferine had reduced numbers of GFAP- and CD11b-positive
cells in the CA1 and CA3 regions (p < 0.001; Figure 5B,D).

Figure 4. Western blot analyses of GFAP and CD11b proteins in rat hippocampal tissue. Representa-
tive images in the different groups and densitometric values for GFAP and CD11b were normalized
to β-actin levels (n = 5 rats/group). Statistical results of the immunoblot analysis show that neferine
reduced the band intensity of GFAP and CD11b (one-way ANOVA). *** p < 0.05 vs. control group. #
p < 0.05 vs. KA-treated group.
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Figure 5. Results of GFAP and CD11b staining in the rat hippocampus. (A,C) Representative images
in the different groups and (B,D) quantitative data for the number of GFAP- or CD11b-positive
hippocampal neurons (n = 4–8 rats/group). Neferine decreased the numbers of GFAP- or CD11b-
positive hippocampal neurons in the CA1 and CA3 areas (one-way ANOVA). *** p < 0.05 vs. control
group. # p < 0.05 vs. KA-treated group.

2.5. Pretreatment with Neferine Decreases the Expression of Proinflammatory Cytokines in the
Hippocampi of KA-Treated Rats

As KA-induced gliosis is closely associated with the production of proinflammatory
cytokines [35,36], we analyzed the protein expression levels of the proinflammatory cy-
tokines interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α)
at 72 h after KA injection in the rat hippocampus using Western blot analysis. One-way
ANOVA revealed statistically significant differences between the tested groups of animals
(IL-1β, F(3, 16) = 187.1, eta squared = 0.97, p < 0.001; n = 5/group; IL-6, F(3, 16) = 1651.8, eta
squared = 0.99, p < 0.001; n = 5/group; TNF-α, F(3, 16) = 634.1, eta squared = 0.99, p < 0.001;
n = 5/group; Figure 6). Tukey’s post hoc test indicated that KA-induced an increase in
the expression levels of IL-1β, IL-6, and TNF-α proteins in the hippocampus compared
with the control group (p < 0.001). Pre-exposure to neferine in KA-treated rats significantly
decreased the protein expression levels of these three proinflammatory cytokines in the
hippocampus compared with the KA-treated group (p < 0.001).
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Figure 6. Neferine affects proinflammatory cytokine production in rat hippocampal tissue. Repre-
sentative Western blot images in the different groups and densitometric values for IL-1β, IL-6, and
TNF-α were normalized to β-actin levels (n = 5 rats/group). Statistical results of immunoblot analysis
showed that neferine reduced the band intensities of IL-1β, IL-6, and TNF-α (one-way ANOVA). ***
p < 0.05 vs. control group. # p < 0.05 vs. KA-treated group.

2.6. Pretreatment with Neferine Decreases the Activation of the NLRP3 Inflammasome Pathway in
the Hippocampi of KA-Treated Rats

To further explore whether the NLRP3 inflammasome pathway is involved in the
anti-inflammatory action of neferine, we assessed the expression levels of the NLRP3
inflammasome signaling-related proteins—NLRP3, caspase-1, and interleukin-18 (IL-18)
in the hippocampus at 72 h after KA injection. Western blotting analysis with one-way
ANOVA revealed statistically significant differences in the expression levels of NLRP3
(F(3, 16) = 463.9, eta squared = 0.99, p < 0.001; n = 5/group), caspase-1 (F(3, 16) = 1651.8,
eta squared = 0.99, p < 0.01; n = 5/group), and IL-18 (F(3, 16) = 634.1, eta squared = 0.93,
p < 0.001; n = 5/group; Figure 7). Tukey post hoc test indicated that KA induced substantial
increase in the protein expression levels of NLRP3, caspase-1, and IL-18 in the hippocampus
compared with the control group (p < 0.001). Pre-exposure to neferine in KA-treated
rats significantly decreased NLRP3, caspase-1, and IL-18 expression in the hippocampus
compared with only KA-treated group (p < 0.001).
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Figure 7. Western blot analyses of NLRP3 inflammasome-related proteins in rat hippocampal tissue.
Representative images in the different groups and densitometric values for NLRP3, active caspase-1,
and IL-18 were normalized to β-actin levels (n = 5 rats/group). Statistical results of the immunoblot
analysis show that neferine reduced the band intensity of NLRP3, active caspase-1, and IL-18 (one-way
ANOVA). *** p < 0.05 vs. control group. # p < 0.05 vs. KA-treated group.

3. Discussion

Epilepsy is a chronic neurological disease that affects millions of people. Current ther-
apy suffers from various limitations, including low efficacy and serious side effects [1,3]. A
solution to this problem is to seek out a novel anti-seizure drug from medicinal plants. In
fact, plant-derived compounds are known to exhibit anti-seizure activity in animal models
with fewer side effects [37]. Therefore, this study aimed to evaluate the effect of neferine
pretreatment on seizures induced by the glutamate analog KA in rats. In this model, which
mimics the main features of human epilepsy [24], the systemic administration of KA to
animals induces tonic-clonic seizures and causes severe loss of neurons and synaptic dys-
function in the central nervous system, particularly in the hippocampus [28,31,32,38]. In the
present study, epileptic animals were pretreated with neferine. The results showed that ne-
ferine significantly increased seizure latency and decreased seizure severity, demonstrating
its anti-seizure activity. Neferine pretreatment also decreased neuronal loss in the CA1 and
CA3 regions of the hippocampus, which is prone to damage by KA [39,40]. Furthermore,
the decreases in the expression levels of the synaptic proteins synaptophysin and PSD95
in the hippocampi of KA-treated rats were reversed by neferine pretreatment. In fact,
downregulation of synaptophysin and PSD95 in the hippocampi of rats treated with KA
was associated with the observed hippocampal neuronal loss [31,32]. Therefore, we suggest
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that neferine can prevent KA-induced seizures and have preventive effects on nerve cell
damage and synaptic dysfunction in the hippocampus. Although the ability of neferine
to pass the blood-brain barrier remains to be elucidated, its neuroprotective effect on the
central nervous system (CNS) has been reported in several animal models of neurological
disorders, including cerebral ischemia, Alzheimer’s disease, and depression [18,19,21–23].

Various mechanisms have been investigated to understand the etiopathology of KA-
seizures; excessive glutamate—a key neurotransmitter in the CNS—has been proposed
as one of the main underlying mechanisms [33,41]. Accordingly, the concentration of
glutamate in the hippocampus was determined to elucidate the possible mechanism of
the anti-seizure and neuroprotective actions of neferine in our study. Consistent with
previous studies, KA-treated rats showed a significant increase in hippocampal gluta-
mate concentrations. Interestingly, in KA-treated rats, neferine pretreatment significantly
reduced glutamate levels in the hippocampus, suggesting that its anti-seizure and neuro-
protective effects might result from the attenuation of glutamatergic hyperactivity. This
suggestion was supported by our previous study showing the ability of neferine to inhibit
glutamate release from rat cortical nerve terminals [42]. In addition to glutamate, however,
further evaluation of the influence of neferine on other neurotransmitter systems, such as
γ-aminobutyric acid (GABA) and serotonin, which have been suggested to be involved in
epilepsy disorders [43,44], is still warranted.

Suppression of neuroinflammation in the hippocampus of KA-treated rats was another
beneficial effect exerted by neferine. Numerous clinical studies and animal experiments
have confirmed that the inflammatory response is linked to neuronal death and epilep-
togenesis [30,42,43]. Glial cells, including astrocytes and microglia, in the CNS, play a
key role in the inflammatory reaction. Activation of these cells has been observed in the
hippocampi of rats with epilepsy [8,45]. In vivo studies also proved that activated glial
cells produce large amounts of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6,
which, in turn, cause neuronal damage in the hippocampus of rats with epilepsy [46]. In
line with previous studies [8,27,32], we found that treatment of the rats with KA caused
significant brain neuroinflammation, as evidenced by increased expression levels of GFAP
(an astrocytic marker) and CD11b (a microglial marker), glial cell activation, and proin-
flammatory cytokine overproduction in the hippocampi of KA-treated rats. These findings
suggest the important role of neuroinflammation in the pathophysiology of KA-induced
seizures. Additionally, in line with previous studies that have demonstrated that neferine
has anti-inflammatory activity [15,16], we found that neferine pretreatment caused sig-
nificant suppression of neuroinflammation in KA-induced seizure rats, as evidenced by
reduced KA-induced gliosis and proinflammatory cytokine production in the hippocampus.
Therefore, the ameliorative effect of neferine on inflammation in the hippocampus might
participate in its anti-seizure and neuroprotective effects in KA-treated rats.

Previous studies have highlighted the importance of the NLRP3 inflammasome in neu-
roinflammatory processes during epileptogenesis [27,47–49]. The NLRP3 inflammasome
is a multiprotein complex that results from the assembly of NLRP3, apoptosis-associated
speck-like protein (ASC), and pro-caspase-1. Activation of the NLRP3 inflammasome
causes the activation of caspase-1, which cleaves the inactive proinflammatory cytokines
pro-IL-1β and pro-IL-18 into mature IL-1β and IL-18 [50,51]. In animal and clinical epilepsy-
related research, increased levels of the NLRP3 inflammasome and neuroinflammatory
cytokines have been detected in hippocampal tissues [24,27,46]. Moreover, numerous stud-
ies have reported that inhibiting NLRP3 activation and inflammatory cytokine secretion
decreases the loss of neurons and the severity of seizures [52,53]. In the present study,
the results revealed increases in NLRP3, caspase-1, IL-1β, and IL-18 expression levels in
the hippocampi of rats with KA, phenomena that were significantly reversed by neferine
pretreatment. Therefore, the suppression of NLRP3 inflammasome activation and down-
stream inflammatory cytokine secretion by neferine may play a role, at least in part, in the
amelioration of seizures and neuronal death in KA-treated rats. Our findings are similar to
previous results in which neferine was found to exert neuroprotective effects and effectively
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suppress NLRP3 inflammatory activation [23,48]. However, how neferine affects NLRP3
inflammasome signaling is still unclear. Further research is necessary to clarify the precise
mechanisms.

In the present study, neferine, at 10 and 50 mg/kg, exerts similar effects in all analyzed
parameters. We infer that the preventive effects of neferine in KA-induced seizure rats
might also occur in a lower dose range. Although we did not examine the effect of neferine
at the relatively low dose in this study, our finding is consistent with previous studies,
which have reported that neferine at a dose of 12–50 mg/kg attenuates ischemia-induced
brain damage in rats [18,19,23].

4. Materials and Methods

4.1. Chemicals and Their Sources

Neferine (purity > 98%, CAS No. 2292-16-2) was purchased from ChemFaces (Wuhan,
Hubei, China). KA, DMSO, and other general reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

4.2. Animals and Ethics

Male Sprague-Dawley rats weighing 150–200 g were purchased from BioLASCO
(Taipei, Taiwan) and were housed under controlled conditions (18–25 ◦C; 50–60% humidity;
12 h light/dark cycle) with food pellets and water available ad libitum. The animals were
used after a one-week period of quarantine and acclimatization. All experimental protocols
in this study were approved by the Institutional Animal Care and Use Committee of Fu Jen
Catholic University (A10911, 26 August 2020), and the animals were cared for in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

4.3. Seizure Induction and Animal Grouping

Seizures were induced by i.p. injection of rats with KA (15 mg/kg), which was
dissolved in distilled water. The dose of KA was based on previous studies in KA-treated
seizure rats [9,54]. After KA injection, the rats were placed individually in cages and
observed for 3 h for the development of seizures. The latency to and intensity of seizures
were recorded. Seizure stages were scored according to the scale devised by Racine et al.,
(1972) [55]: stage 1, facial clonus; stage 2, head nodding; stage 3, forelimb clonus; stage
4, forelimb clonus with rearing; and stage 5, rearing, jumping, and falling. The rats
were divided into four groups, including the control (rats-received DMSO), KA, neferine
10 mg/kg + KA, and neferine 50 mg/kg + KA. Neferine was dissolved in a saline solution
containing DMSO 1% and administrated (30 μL, i.p.) 30 min before KA injection. 72 h after
KA injection, the rats were euthanized using CO2 or cervical dislocation to obtain the brain
tissue samples. Totally 52 rats were used in this study. The seizure behavior was evaluated
in all rats. Immunohistochemistry was performed on the fixed brain tissue of 32 rats in four
groups (n = 5–8 rats/group). Fresh brain tissue of 20 rats was used for HPLC and Western
blotting in four groups (n = 5 rats/group).

4.4. Immunohistochemistry

Seventy-two hours after KA injection, rats were euthanized with CO2 then perfused
intracardially with ice-cold phosphate-buffered saline (PBS) followed by 4% paraformalde-
hyde. Brains were removed, fixed in 4% paraformaldehyde for 24 h, then underwent
dehydration using 30% sucrose, then finally were cut into 25 μm coronal sections (frozen
cryosections). For Nissl staining, the sections were mounted on gelatin-coated slides and
air-dried overnight. The slides were rehydrated in distilled water and stained in a 0.1%
cresyl violet solution (Sigma-Aldrich, St. Louis, MO, USA) for 20 min. After rinsing with
distilled water, the slides were gradually dehydrated with a series of alcohols, cleared in
xylene, and cover-slipped. Each stained section was observed with a light microscope BX-50
(Olympus, Tokyo, Japan) to assess the degree of nerve cell loss within the hippocampus.
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NeuN immunofluorescence staining was performed as described previously [8]. The
sections were incubated in phosphate-buffered saline containing 10% normal goat serum
for 1 h to block nonspecific antibody binding. The sections were then incubated with NeuN
antibody (1:500, Merck Millipore, Billerica, MA, USA) at 4 ◦C overnight. The next day, the
IgG-DyLight 594 (1:1000, Vector Laboratories, Burlingame, CA, USA) was applied for 1 h
at room temperature. Finally, 4,6-diamino-2-phenylindole (DAPI) was used for nucleus
staining, and sections were mounted onto gelatin-coated glass slides and coverslipped with
a mounting medium.

For GFAP and CD11b staining, the sections were treated with primary antibodies
(GFAP, 1:1000; Cell Signaling, Beverly, MA, USA; CD11b, 1:500; Abcam, Cambridge, UK)
at 4 ◦C overnight. The sections were then incubated with goat biotinylated anti-mouse
secondary antibodies (1:200; Vector Laboratories, Burlingame, CA, USA) for 2 h and
subsequently incubated with ExtrAvidin peroxidase (1:1000) for 1h at room temperature.
After rinsing in 0.1 M phosphate-buffered saline for 20 min, the sections were reacted with
0.025% 3,3-diaminobenzidine tetrahydrochloride (DAB) solution in phosphate-buffered
saline containing 0.0025% hydrogen peroxide for 6 min. The sections were then mounted
onto gelatin-coated glass slides and coverslipped with a mounting medium.

Images were captured at 4×, 10×, and 20× magnification using a fluorescence micro-
scope (Zeiss Axioskop 40, Göttingen, Lower Saxony, Germany) under identical settings for
each channel. The number of surviving neurons and NeuN-, GFAP-, or CD11b-positive
cells were counted in an area of 255 μm × 255 μm of the hippocampal CA1/CA3 in 6 to 8
randomly chosen sections from each animal and averaged for each animal using ImageJ
software (Synoptics, Cambridge, Cambridgeshire, UK).

4.5. Quantification of Brain Glutamate Content

The measurement of glutamate levels in the hippocampus is based on a previously
described method [54]. In brief, rats were euthanized by cervical dislocation 72 h after
KA injection. The hippocampi were rapidly dissected, blotted, weighed, put into 1 mL
ice-cold perchloric acid, homogenized, and centrifuged at 10,000× g for 10 min. Subse-
quently, the supernatant (10 μL) was filtered and injected directly into an HPLC system
with electrochemical detection (HTEC500, Eicom, Kyoto, Japan). The relative free gluta-
mate concentration was determined based on peak areas by an external standard method.
Glutamate content was expressed as μM/mg of brain tissue.

4.6. Western Blotting

At 72 h after KA injection, the rats were euthanized by cervical dislocation, and the
hippocampus was rapidly dissected. Dissected hippocampi were immediately immersed
individually in a lysis buffer and sonicated for 10 s. Immunoblotting was performed as
described previously [8,54]. Briefly, equal amounts of protein were separated with sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (Bio-Rad, Hercules, CA, USA)
and transferred onto polyvinylidene fluoride membrane by using Trans-Blot Turbo Transfer
System (Bio-Rad). The membranes were then incubated overnight at 4 ◦C with anti-β-actin
(1:5000; Cell Signaling, Beverly, MA, USA), anti-NeuN (1:3000; Merck Millipore, Billerica,
MA, USA), anti-GFAP (1:5000; Cell Signaling, Beverly, MA, USA), anti-synaptophysin
(1:5000; Cell Signaling, Beverly, MA, USA), anti-PSD95 (1:1000; Abcam, Cambridge, Cam-
bridgeshire, UK), anti-CD11b (1:8000; Abcam, Cambridge, Cambridgeshire, UK), anti-IL-1β
(1:500; Cell Signaling, Beverly, MA, USA), anti-IL-6 (1:100; Abcam, Cambridge, Cam-
bridgeshire, UK), anti-TNF-α (1:200; Abcam, Cambridge, Cambridgeshire, UK), anti-IL-18
(1:2000; Abcam, Cambridge, Cambridgeshire, UK), anti-NLRP3 (1:3000; Abcam, Cambridge,
Cambridgeshire, UK), or anti-cleaved caspase-1 (1:2000; Cell Signaling, Beverly, MA, USA)
antibodies. The membrane was then incubated with a horseradish peroxidase-conjugated
secondary antibody (1:5000; Genetex, Zeeland, MI, USA) for 2 h at room temperature.
After extensive washing, the bands were developed using enhanced chemiluminescence
(Amersham ECL Detection Reagents; Cytiva, Little Chalfont, Buckinghamshire, UK). The
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densities of the bands were measured and analyzed using ImageJ software (Synoptics,
Cambridge, Cambridgeshire, UK). To determine the relative band density ratio, all values
were normalized against β-actin.

4.7. Data Analysis and Statistics

The data were presented as means ± standard error of the mean (SEM) per group.
Data were checked for normal distribution using the Kolmogorov-Smirnov test. Data for
Figure 1 were analyzed using Kruskal-Wallis with Dunn post hoc test. Data for Figures 2–7
were analyzed using a one-way analysis of variance (ANOVA) with Tukey’s post hoc test.
Eta squared was used to assess the effect size [56]. All analyses were conducted using
GraphPad Prism 8 (version 8.4.3, GraphPad Software, San Diego, CA, USA). p < 0.05 was
considered significant.

5. Conclusions

This study introduces new information on the ameliorative effect of neferine on KA-
induced seizures in rats. Neferine reduced seizure severity, attenuated neuronal loss,
inhibited excess glutamate, and suppressed inflammation in the hippocampi of seizure rats.
Suppression of NLRP3 inflammasome activation and inflammatory cytokine secretion is
the main mechanism underlying the protective effect of neferine. Therefore, our results
demonstrated that neferine might be a potentially valuable resource for the prevention and
therapy of epilepsy.
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Abstract: Dysregulation of one-carbon metabolism affects a wide range of biological processes and is
associated with a number of diseases, including cardiovascular disease, dementia, neural tube defects,
and cancer. Accumulating evidence suggests that one-carbon metabolism plays an important role in
COVID-19. The symptoms of long COVID-19 are similar to those presented by subjects suffering from
vitamin B12 deficiency (pernicious anemia). The metabolism of a cell infected by the SARS-CoV-2
virus is reshaped to fulfill the need for massive viral RNA synthesis, which requires de novo purine
biosynthesis involving folate and one-carbon metabolism. Many aspects of host sulfur amino acid
metabolism, particularly glutathione metabolism underlying antioxidant defenses, are also taken
over by the SARS-CoV-2 virus. The purpose of this review is to summarize recent findings related to
one-carbon metabolism and sulfur metabolites in COVID-19 and discuss how they inform strategies
to combat the disease.

Keywords: folate; purine biosynthesis; methionine; S-adenosylmethionine; S-adenosylhomocysteine;
homocysteine; cysteine; glutathione; choline; methionine sulfoxide

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an enveloped (+)ss-
RNA virus, in which the infecting RNA acts as a messenger RNA (mRNA). After entering
the host cell, SARS-CoV-2 is replicated. This process involves the translation of viral mRNA
by cellular ribosomes to produce the viral replicative enzymes, which generate new RNA
genomes and the mRNAs for the synthesis of the components necessary to assemble the
new viral particles [1].

SARS-CoV-2 is the cause of a global pandemic of coronavirus disease of 2019 (COVID-19).
On 31 December 2019, the World Health Organization’s (WHO) country office in China reg-
istered cases of ‘viral pneumonia’ in Wuhan. A month later, on 30 January 2020, WHO’s
Director-General declared the novel coronavirus outbreak a public health emergency of inter-
national concern. On 11 March 2020, WHO made the assessment that COVID-19 could be
characterized as a pandemic. Globally, as of 4 April 2022, there have been 494 million con-
firmed cases of COVID-19, including 6.15 million deaths. The highest number of COVID-19
cases, some 80.1 million, were in the United States, and included 0.98 million deaths. The scale
of health and economical threats caused by the pandemic outbreak urged many scientific
groups to research the mechanisms triggered by the virus to allow treatment and vaccination.
Several SARS-CoV-2 variants have emerged since the first identified strain, apparently with
higher transmissibility/virulence and immune escape capabilities.

Interestingly, COVID-19 patients present a diverse severity of clinical manifestations,
ranging from no symptoms to death. Of the total COVID-19 cases, about 80% are either
asymptomatic or experience a mild course of the disease, while about 14% develop severe
symptoms, such as pneumonia, and about 5% present critical symptoms, such as septic
shock, respiratory failure, or multi organ failure, and finally about 2% of the subjects die.
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In general, the worse course of the disease is associated with old age and comorbidities, es-
pecially chronic obstructive lung disease, obesity, diabetes mellitus, cardiovascular disease
and hypertension [2].

To complicate matters, in a considerable fraction of patients, SARS-CoV-2 infection
is followed by a complication called long COVID-19, which can last for months and
has diverse symptoms such as fatigue, headache, ‘brain fog’, anosmia, myalgia, dizzi-
ness, breathlessness, palpitations, and gastrointestinal problems. The prevalence of long
COVID-19 is based on ten reporting studies, and ranged from 4.7% to 80%. The frequency
of most prevalent long COVID-19 symptoms that may last from weeks to months after
acute infection was as follows: chest pain—up to 89%, fatigue—up to 65%, dyspnea—up to
61%, cough and sputum production—up to 59%, cognitive and memory impairment—up
to 57.1%, arthralgia—up to 54.7%, sleep disorders—up to 53%, and myalgia—up to 50.6%.
The list of other signs and symptoms of long COVID-19 with lower frequency contains
over thirty records, all of which are listed with reporting studies [3].

The progression of COVID-19 can be divided into three overlapping phases: early in-
fection, pulmonary phase and hyperinflammation [4]. As the lung parenchyma is targeted
by the virus, the organism activates innate immune response, and the following effects
may be triggered: inflammation, damage to the vessel walls, vasodilation and endothelial
permeability, pulmonary restriction, hypoxemia, and increased cardiovascular stress. Res-
piratory failure, if present, together with viral infiltration into myocardial tissue and cardiac
inflammation leads to cardiac injury [4]. Kumar et al. [2] have described the COVID-19
mechanisms in the human body, including symptomatology, virus–host interactions, and
host factors affecting transmissibility, severity and outcomes (age, sex and comorbidities)
as well as organ-specific pathologies ongoing in the respiratory, cardiovascular, renal,
digestive, and nervous systems during SARS-CoV-2 infection [2].

A summary of over twenty proteomic studies on plasma and serum of COVID-19
patients revealed three deregulated KEGG pathways: complement and coagulation cas-
cades, cytokine-cytokine receptor interaction and cholesterol metabolism [5]. Elevations of
inflammation biomarkers such as IL (interleukin)-6, IL-2, IL-7, TNF (tumor necrosis factor),
MCP (monocyte chemoattractant protein)-1, MIP (macrophage inflammatory protein)-1,
G-CSF (granulocyte-colony stimulating factor), CRP (C-reactive protein), procalcitonin
and ferritin are associated with increased mortality [4] and higher disease severity [6].
The results of a cohort study with 84 patients diagnosed with COVID-19 from Wuhan,
China, demonstrated that the level of cardiac enzymes, as well as the abnormalities in the
ECG, correlate positively with the level of inflammation values, in particular CRP and
procalcitonin [7]. As shown recently, multi organ failure in patients with severe COVID-19
complication is caused by systemic vasculitis and cytokine mediated coagulation. Other
identified biomarkers are hematological (lymphocyte count, neutrophil count, neutrophil-
lymphocyte ratio), erythrocyte sedimentation rate, D-dimer, troponin, creatine kinase, and
aspartate aminotransferase. Homocysteine (Hcy) and angiotensin II were also suggested to
play significant roles [8].

The symptoms of long COVID-19 are similar to those presented by subjects suffering
from pernicious anemia (a condition caused by vitamin B12 deficiency), where methylation
status is compromised [9,10]. Vitamin B12 is a cofactor of the key one-carbon metabolism
enzyme—vitamin B12-dependent methionine (Met) synthase (MS) that remethylates Hcy
to Met and links Met and folate cycles (Figure 1). MS generates Met, which then is used for
the production of S-adenosylmethionine (SAM), a universal methyl donor, for a variety of
acceptors, many of which participate in epigenetic regulation of gene expression. Moreover,
one-carbon metabolism supports multiple physiological processes, such as biosynthesis
of purines and thymidine, amino acid homeostasis of glycine (Gly), serine, and Met, and
underlies antioxidant defense via glutathione (GSH) (Figure 1). Additionally, one-carbon
metabolism is also important in the generation of energy via adenosine triphosphate (ATP)
production in the mitochondria [9–11].
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Figure 1. Interconnections between metabolism of folate, one-carbon, and sulfur compounds. In-
dicated metabolites are discussed in the text. CysGly, a product of GSH catabolism, affected in
COVID-19 and discussed in the text, is not shown.

Accumulating evidence suggests that one-carbon metabolism plays an important
role in COVID-19. The purpose of this review is to summarize recent findings related to
sulfur amino acids and one-carbon metabolism in COVID-19 and discuss how they inform
strategies to combat the disease.

2. SARS-CoV-2 Hijacks Host Folate and One-Carbon Metabolism

Metabolism of a cell infected by a virus is reshaped to fulfill the viral needs for its
successful replication. Under viral infection, anabolic reactions are dominant and there is an
upregulation of the ingestion of an extracellular carbon source (e.g., glucose or glutamine),
which is used for lipogenesis and nucleotide synthesis, both of which are crucial for viral
replication [1].

Several amino acids and their derivatives play important roles in one-carbon metabolism
(Figure 1). Activated Met in the form of SAM is a universal methyl donor, Hcy is an inter-
mediate in Cys synthesis, which in turn is needed for glutathione synthesis responsible for
redox homeostasis. Ser is the precursor for the biosynthesis of several amino acids including
Gly and Cys and participates in folate metabolism by donating one-carbon units for the
biosynthesis of purines and pyrimidines.

Insight into how SARS-CoV-2 remodels the host metabolism to support the virus
replication has been provided by ex vivo studies using the African Green Monkey Vero
E6 cells [12]. Upon infection with SARS-CoV-2 isolate, the cells rapidly produced viral
genomic RNA and nucleocapsid protein by 8 h post-infection, at which time the induction
of antiviral genes, NF-kB targets, and ER stress response was observed. These changes
were accompanied by a global decrease in host mRNAs with no changes in levels of
mRNAs encoding metabolic enzymes. The changes in the patterns of mitochondrial DNA
expression indicated ATP depletion. One of the most striking changes was the elevation
of de novo purine synthesis intermediates (PPRP, FGAR, AIR, SAICAR) (Figure 1) in the
SARS-CoV-2-infected cells and the reduction of intracellular folate levels (Table 1). Other
metabolites participating in one-carbon metabolism and sulfur amino acid metabolism
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were also affected by the SARS-CoV-2 infection (Supplementary Data 4 in Ref. [12]). For
example, intracellular Met, cystathionine, pyridoxine, betaine, serine, Gly, 5-oxoproline
(pyroglutamate), and cysteine-glutathione disulfide levels were attenuated, while reduced
glutathione levels were elevated. Intracellular SAM, SAH, cysteine (Cys), oxidized glu-
tathione (GSSG) levels were not affected in the SARS-CoV-2-infected cells. These findings
suggest that SARS-CoV-2 hijacks folate and one-carbon metabolism to meet the demands
for viral replication [12]. As shown in Table S1 and discussed below, these metabolites were
also affected by SARS-CoV-2 infection in vivo in COVID-19 patients.

Table 1. Intracellular metabolites affected by the SARS-CoV-2 infection of Vero E6 cells.

Metabolite Fold Change 1 p Value 2

Purine biosynthesis
Folate 0.62 0.0020

5-Formimino-tetrahydrofolate 0.18 0.0018
Serine 0.87 0.0029

Glycine 0.71 0.0025
Ribose-5-Phosphate/Xylulose-5-phosphate 0.91 0.405
5-Phosphoribos-1-pyrophosphate (PRPP) 1.44 0.005

Formylglycinamide ribonucleotide (FGAR) 2.38 2 × 10−6

Aminoimidazole ribonucleotide (AIR) 3.10 0.0113
Succinylaminoimidazolecarboxyamide (SAICAR) 1.24 0.0218

Methionine cycle
Methionine 0.68 0.0020

S-Adenosylmethionine (SAM) 1.01 NS
S-Adenosylhomocysteine (SAH) 1.19 NS

Trans-sulfuration pathway
Cystathionine 0.70 0.0507

Cysteine 0.80 NS
Glutathione biosynthesis

Pyroglutamate/5-Oxoproline 0.73 0.0028
Glutathione, reduced (GSH) 1.71 0.0012

Glutathione, oxidized (GSSG) 0.97 NS
Cysteine-glutathione disulfide 0.34 0.0025

Taurine biosynthesis
Cysteinesulfinic acid 3.10 0.0291

Choline 1.33 0.0014
Betaine 0.78 0.0497

1 Recalculated from Supplementary Data 4 in Ref. [12]. 2 t-test, 2-sided, unequal variance.

3. S-Adenosylmethionine and Methylation Index

The SAM/SAH ratio, known as the methylation index, may be affected by SARS-
CoV-2 infection. As mentioned earlier, SAM is required for capping of the viral RNA.
The RNA cap (m7GpppN-RNA) is composed of a 7-methylguanosine (m7G) linked to
the 5′-nucleoside (N) of the RNA chain through a triphosphate bridge (ppp). The cap
structure is methylated at the N7 position of the guanosine by the C-terminal (guanine-
N7)-methyltransferase (N7-MTase) domain of nonstructural protein 14 (Nsp14), forming
cap-0 (m7GpppN-RNA), using SAM as a methyl donor [13,14]. The second methylation
reaction during cap synthesis is catalyzed by SAM-dependent Nsp16 methyltransferase,
which adds the methyl group on the ribose 2′-O position of the first transcribed nucleotide
to form cap-1 (m7GpppNm-RNA). The RNA final cap has several important biological
roles in viruses as it is critical for the stability of mRNAs, both for their translation and to
evade the host immune response [14].

It has been hypothesized that SARS-CoV-2 infection may lead to SAM depletion in
patients suffering long-term consequences of COVID-19. However, although SAM has
not been quantified in long COVID-19, this hypothesis doesn’t seem to hold much water
because several studies showed significant increases or no changes in plasma SAM levels in
COVID-19 cases (Table S1). Moreover, SAH levels are either elevated [15,16], attenuated [17]
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or do not change in COVID-19 [18]. For example, a study on fifty-six COVID-19 patients
admitted to the hospital between September and December 2020 in Moscow, Russia, has
shown that an elevated SAM level and SAM/SAH and SAM/glutathione ratios have been
associated with an increased risk of severe lung injury. Furthermore, an elevated SAM
concentration and SAM/SAH and SAM/GSF ratios have been associated with an increased
risk of lung damage [18]. Metabolomic analyses have revealed that SAM was significantly
elevated in critical cases of COVID-19 [15] and those with a fatal outcome [19] as compared
to control, mild and moderate cases of COVID-19 [15] (Table S1). Even though SAM was
highest among severe COVID-19 patients, it was associated with a favorable prognosis. On
the other hand, while there was no association between dimethylglycine, a by-product of
Hcy remethylation to Met by a betaine-dependent enzyme BHMT (Figure 1), and COVID-19
stage, dimethylglycine was significantly lower in patients with an unfavorable progression
of COVID-19 [15].

4. Methionine and Methionine Sulfoxide

The results of metabolomic studies on Met are contradictory, showing upregula-
tion [16], downregulation [20,21], or no change in Met levels [17,22] in COVID-19 cases vs.
healthy controls (Table S1). The direction of changes in Met level depends on compared
groups, i.e., there is a tendency to higher Met levels in critical COVID-19 patients vs. healthy
controls, but Met was lower in mild COVID-19 patients vs. healthy controls and there was
no change in Met levels in patients with moderate COVID-19 vs. controls [15].

Metabolomic analyses of blood samples from COVID-19 patients and COVID-19-
negative subjects revealed the significant impact of SARS-CoV-2 infection on serum Met
sulfoxide, which consistently showed increased levels in four independent studies, sug-
gesting increased oxidant stress [16,17,23,24] (Table S1).

5. Glutathione and Related Metabolites

COVID-19 is associated with disrupted redox homeostasis and reactive oxygen species
(ROS) accumulation. In May 2020, Polonikov published a hypothesis which stated that [25]:
“glutathione deficiency is the most plausible explanation for serious manifestation and
death in COVID-19 patients”. Glutathione (GSH) depletion has been observed in diseases
that increase the risk of COVID-19 [26]. GSH, being the main antioxidant agent, was
suggested to be essential for counterbalancing the inflammation observed in SARS-CoV-2
infected patients (reviewed in Ref. [27]).

The glutathione hypothesis of COVID-19 appears to be supported by available data
(Table S1). Indeed, GSH levels are consistently decreased in COVID-19 patients [17,18,28,29].
For example, a study on fifty-nine COVID-19 patients admitted to the hospital between
August and November 2020 in Moscow, Russia [29], found that the levels of total GSH
(tGSH) were significantly lower in moderate and severe COVID-19 patients compared with
mildly affected subjects, while reduced CysGly (rCG) was significantly decreased in patients
with higher degrees of lung damage based on percentage of lobar involvement (>26%) as
compared to subjects with a lower degree of lung damage (0–25% of lobar involvement)
(Table 2). tGSH and rCG were suggested to be risk markers for the severity of COVID-19
and lung damage in patients [29]. In addition, a negative correlation between rGSH and
advance oxidation protein products in patients with high lung damage was observed [29].
A similar study involving fifty-six COVID-19 patients admitted to the hospital between
September and December 2020 in Moscow, Russia [18], found lower GSH concentration in
patients with a higher degree of lung damage (>50% of lobar involvement) as compared to
patients with a lower degree of lung injury (<25% of lobar involvement). There also has
been a significant increase in SAM level and SAM/GSH ratios, and a tendency to higher
Hcy levels in subjects with more injured lungs [18] (Table 2).
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Table 2. Sulphur metabolites in COVID-19 patients stratified by a degree of lung damage.

Metabolite

Degree of Lung Damage References

CT0–1, <5–25%
(n = 26)

CT2, 26–49%
(n = 16–18)

CT3–4, 50–75%
(n = 14–15)

tGSH, μM 1.81 1.15 1.22 *
[29]rCG, μM 1.59 1.30 1.29 *

GSH, μM 1.81 1.15 1.22 # [18,29]
Hcy, μM 7.4 8.3 9.1

[18]SAM, nM 59 57 84 #

SAM/GSH, nM/μM 3.6 7.2 & 5.5
SAM/GSH, nM/μM 32 57 60 #

* p < 0.05 CT0,1 vs. CT2–4; # p < 0.05 CT3,4 vs. CT0,1; & p < 0.05 CT2 vs. CT0,1. CT, computer tomography.

Another study involving sixty COVID-19 patients hospitalized in Houston, TX and
twenty-four uninfected controls, found that total and reduced red blood cells GSH were
significantly lower in COVID-19 patients then in controls. At the same time, measures of
lipid peroxidation, indicating oxidative stress (TBARS and F2-isoprostanes), were signifi-
cantly elevated in COVID-19 patients and increased with age [28]. Severe GSH deficiency
and oxidative damage also occur in young COVID-19 patients, and the magnitude of these
defects in COVID-19 increased with age (Figure 2).

 
(A) (B) 

Figure 2. Reduced glutathione concentrations (A) and increased oxidative stress (TBARS) (B)
in COVID-19 patients and uninfected controls stratified by age. Reproduced from Ref. [28]
with permission.

Cys levels were elevated in plasma [24], decreased in serum [21] and plasma [20] or
unchanged in serum [22] and plasma [15]. Cystine, the oxidized disulfide form of Cys,
was elevated in serum and plasma in several studies [16,21,22] and downregulated with
IL-6 increase [23]. In another study, Cys was elevated in moderate COVID-19 patients vs.
controls; however, analysis of critical and mild COVID-19 patients showed no changes in
Cys levels vs. control group [15]. Cystathionine, an intermediate in the transsulfuration
pathway (Figure 1), was either upregulated in plasma [30] and serum [17] or downregulated
in the plasma of COVID-19 patients [24]. CysGly, a product of GSH metabolism, was shown
to decrease in patients with higher degree of lung damage as diagnosed by computer
tomography [29] or increase in plasma of COVID-19 patients as compared with controls [16].

Gly, which participates in GSH biosynthesis, was found to either increase [22], de-
crease [15,23], or was unchanged [16,17,21,31] in COVID-19 patients. In addition, pyrogluta-
mate, a metabolite that forms from γ-glutamyl-Cys (glutathione precursor) (Figure 1) when
Gly is limiting, was shown to be downregulated in COVID-19 patients [17] (Table S1).
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6. Homocysteine

Hyperhomocysteinemia (HHcy) is linked to more than a hundred diseases and out-
comes and has numerous detrimental effects, including neurotoxic, neuroinflammatory,
neurodegenerative, proatherogenic, prothrombotic, and prooxidative. HHcy, a risk factor
for cardiovascular disease, may be caused by the C667 > T MTHFR mutation, but also
by reduced levels of folic acid and other B-vitamins [32]. The association of cardiovas-
cular damage with COVID-19 and the fact that ischemic heart disease and hypertension
are among the most frequent pre-existing comorbidities in COVID-19 patients, led to a
suggestion that plasma Hcy can be “a potential marker for severe disease in SARS-CoV-2
patients” [33].

A recent study found that Hcy was significantly elevated in mild (12.73 μM, n = 74)
and severe (15.62 μM, n = 43) COVID-19 cases compared with healthy controls (8.17 μM,
n = 34). In ROC analysis, Hcy cutoff values of 9.18 μM (sensitivity 76.7%, specificity 76.5%,
AUC = 0.951) and 10.3 μM (sensitivity 81.8%, specificity 82.4%, AUC = 1.000) identified
mild and severe COVID-19 cases, respectively [34]. In multivariate logistic regression
analysis, Hcy and two other variables (monocyte/lymphocyte ratio and fibrin D-dimer)
were associated with mild and severe COVID-10. Other relevant variables that are known
to be associated with Hcy levels, such as age and sex, have not been included in these
analyses. Because there were significant differences in age and sex between COVID-19
cases (mild: 57.96 years, 52.5% male; severe: 71.22 years, 62.8% male) and healthy controls
(32.65 years, 20.6% [34], it is not clear whether the differences in Hcy levels were due to
COVID-19 or age/gender differences between the groups.

It has also been suggested that MTHFR C677T polymorphism may provide explanation
for differences in geographical and gender distribution in COVID-19 severity [35] (Novem-
ber 2020). This suggestion was supported by a study [36] of genomic data available in the
Genome Aggregation Database (genomAD), and the COVID-19 prevalence and mortality
data (as of 27 August 2020), which identified a strong correlation between the prevalence of
the MTHFR C677T polymorphism and COVID-19 incidence and mortality worldwide. The
prevalence of MTHFR 677T allele in the Latino and European (non-Finnish) populations,
and the incidence and mortality for COVID-19 were higher than reported for most other
ethnic groups globally [37]. It has also been suggested that B-vitamins should be used to
lower HHcy coexisting with COVID-19 [36]. Consequently to the proposed involvement
of HHcy in COVID-19, it was suggested that Hcy may contribute to severe COVID-19 by
interfering with G-protein-coupled receptors (GPCRs) (AT1R, B2 and CXCR6), by their up-
regulation, being an alternative agonist and inducing their heteromerization [38]. However,
most of these proposals lack an experimental support.

In a multicenter retrospective study on 313 COVID-19 patients hospitalized between
April and September 2020, Hcy was significantly elevated in non-survivors compared with
survivors and the authors stated that Hcy was a predictor of severe disease progression;
however, this is not shown in the results [39,40]. In another study of hospitalized patients
with mild COVID-19 (n = 273), Hcy among other variables (age, monocyte-lymphocyte
ratio, and period from onset to admission) could predict imaging progression on chest CT
at first week from COVID-19 patients [41].

Hcy may be linked to COVID-19 by contributing to coagulopathy and thrombosis,
conditions that often develop in SARS-CoV-2 infected patients. Examination of genome-
wide associations and tissue-specific gene expression, aimed at elucidating the genetic
basis of thrombosis in COVID-19 has led to annotation of various SNPs with five ancestral
terms: pulmonary embolism, venous thromboembolism, vascular diseases, cerebrovascular
disorders, and stroke. The gene-gene interaction network revealed three clusters that
contained hallmark genes for D-dimer/fibrinogen levels, Hcy levels, and arterial/venous
thromboembolism with F2 and F5 acting as connecting nodes. Based on these analyses it
was suggested that genotyping COVID-19 patients for SNPs examined in this study would
help to identify individuals at the greatest risk of complications linked to thrombosis [42].
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However, examination of data from several studies shows inconsistent relationships
between Hcy and COVID-19 (Table S1). Specifically, Hcy has been found to be higher in
COVID-19 cases vs. healthy controls in three studies [33,39,41] and lower in COVID-19
cases vs. healthy controls in two other studies [17,23]. Other studies reported no change in
Hcy levels between COVID-19 cases and controls [18,22,24].

7. Other One-Carbon Metabolites

Metabolomic analyses showed that serum serine was enriched in COVID-19 and
COVID-19-like patients vs. healthy controls [31], while in other studies serine was found to
decrease in more severe COVID-19 cases [20,23] or did not change between patients with
different disease severity [16,17,21]. Serine was decreased in critical COVID-19 patients vs.
controls [15]. Choline and its derivatives were downregulated in COVID-19 patients [43]
(Table S1), suggesting that they might benefit from choline supplementation.

In COVID-19 children with mild symptoms vs. healthy children, methylmalonic acid
MMA), Met sulfoxide and Cys increased, while choline, dimethylglycine, and methyl-
cysteine decreased [24] (Table S1). MMA was upregulated 3.2-fold compared to healthy
children. In contrast to COVID-19 children, MMA was reduced in COVID-19 adults to 3.1%
of its levels in healthy adults. MMA is produced during catabolism of some amino acids
(e.g., valine, isoleucine) and lipids (cholesterol, fatty acids), and is further metabolized
by a vitamin B12-dependent enzyme malonyl-CoA mutase to succinic acid, which is a
substrate for the TCA cycle. Interestingly, MMA was shown to inhibit replication of the
mouse hepatitis virus (MHV), a well-known surrogate for SARS-CoV-2 in rat lung epithelial
cells L2. Moreover, MMA reduced expression of inflammatory cytokines IL-6, TNF-α, and
TGF-β in MHV-infected L2 cells [24]. Taken together, these findings suggest an antiviral
and anti-inflammatory role of MMA in COVID-19-children, which can contribute to a mild
course of SARS-CoV-2 infection in children compared with adults.

AICAR (5-Aminoimidazole-4-carboxamide ribonucleotide) was shown to be upregu-
lated in COVID-19 patients [17], consistent with a suggestion that SARS-CoV-2 hijacks the
host’s folate and one-carbon metabolism for viral RNA synthesis [12]. Adenosine, another
metabolite generated during hydrolysis of SAH (Figure 1), was shown to be upregulated in
COVID-19 patients [16,23], or not affected as a result of SARS-CoV-2 infection [17]. Taurine
was either down-regulated [17,23] or did not change between studied groups [16]. Hy-
potaurine was upregulated in COVID-19 cases, as was cysteinyl-S-sulphate [16] (Table S1).

8. SARS-CoV-2 in Relation to RAS

Apart from basic functions such as regulation of blood pressure and vasoconstriction,
renin-angiotensin system (RAS) may have pro-inflammatory and pro-fibrotic effects. RAS
is implicated in the pathogenesis of hypertension, diabetes mellitus and obesity, which
all increase the risk of a severe course of COVID-19. The binding of angiotensin II to its
receptors mediates the generation of free radicals and causes mitochondrial dysfunction
and tissue damage [44]. As recently discovered, RAS has a direct link to one-carbon
metabolism, through Hcy (discussed below), which was found to activate one of the RAS
receptors [22]. SARS-CoV-2 infection perturbs RAS and energy metabolism [45].

One of the important RAS players is angiotensin-converting enzyme 2 (ACE2) which
converts angiotensin I (Ang I) to angiotensin 1-9 and angiotensin II (Ang II) to angiotensin 1-7.
Membrane bound ACE2 (mACE2) is a zinc-containing a single-pass type I membrane protein
located on the surface of intestinal enterocytes, renal tubular cells and other cells. The
extracellular domain of mACE2 can be cleaved from the transmembrane domain by an
enzyme referred to us ADAM17, during the protective phase of RAS. The resulting cleaved
protein is known as soluble ACE2 (sACE2). sACE is released into the bloodstream where
it cleaves Ang II into angiotensin 1-7 which binds to MasR receptors creating localized
vasodilation and hence decreasing blood pressure.

On the other hand, angiotensin-converting enzyme (ACE), cleaves Ang I into the
vasoconstricting Ang II that causes a cascade of hormonal reactions, which is part of the
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body’s harmful phase of RAS, leading to an increase in the blood pressure. Hence, sACE2
acts as a counterbalance to the ACE, degrading Ang II into angiotensin 1-7, and lowering
blood pressure. A balance between ACE and ACE2 is curtailed for Ang II levels.

Another possible link between RAS and Hcy may involve homocysteinylation of
ACE. Modification with Hcy and/or Hcy-thiolactone increases ACE activity leading to
endothelial dysfunction [46].

The proper function of RAS depends on a balance between the two axis: the ACE-Ang
II-AT1R axis, which has numerous detrimental effects, like vasoconstriction, inflammation,
oxidative stress and fibrosis, and the ACE2-Ang 1-7-Mas receptor axis, which displays
protective functions, like vasodilation, decreased fibrosis, and decreased inflammation. One
of the cellular functions of ACE2 is cleavage of angiotensin II (Ang II) to angiotensin 1-7,
and hence protecting against pathogenic effects of ACE-Ang II-AT1R axis of RAS. Obese
subjects have increased levels of Ang II and proinflammatory cytokines (TNFα, IL-6,
MCP-1) [47]. Tumor necrosis factor-alpha convertase (ADAM17) regulates Ang II and
proinflammatory cytokines and mediates regulated ectodomain shedding of ACE2 [48].
The endocytosis of SARS-CoV-2 increases the activity of ADAM17, which in turn leads to
the ACE2 shedding [49].

Also, spike protein of SARS-CoV was found to down-regulate ACE2 ectodomain
expression [30]. These effects lead to disruption of balance between detrimental ACE-Ang
II-AT1R axis and protective ACE2-Ang 1-7-Mas receptor of RAS and shift the RAS effects
towards induction of inflammation and ROS production [50].

Patients with comorbidities (hypertension, cardiovascular disease, renal insufficiency,
autoimmune disease) associated with severe COVID-19 have increased expression of ACE2
is their lungs [51]. mACE2 also serves as the entry point into cells for some coronaviruses,
including HCoV-NL63, SARS-CoV, and SARS-CoV-2 [5]. It has been suggested that subjects
with comorbidities may have higher chances of developing severe COVID-19, since ACE2
facilitates SARS-CoV-2 entry into the lung cells [51].

ACE2 is a functional receptor for coronaviruses [52], including SARS-CoV-2, which
engages ACE2 for host cell entry through membrane fusion and endocytosis [53]. ACE2
binds to the receptor-binding domain (RBD) of SARS-CoV-2 spike (S) protein. Furthermore,
to enter into the host cell, the priming of the viral spike protein (S) is considered essential
for its fusion to the host cell membrane, which involves cleavage of the “S” protein by
serine proteases called transmembrane serine protease 2 (TMPRSS2) or by cathepsin B or L
(CTS-B or -L) and furin present in the host cell membrane [2]. The entry of SARS-CoV-2 to
the cell is facilitated by a host factor neuropilin-1 facilitates cell entry and infectivity [54,55].

A molecular dynamic study has suggested that binding of the COVID-19 spike protein
to ACE2 is impaired by reduction of the proteins’ disulfide bonds [56]. This was confirmed
experimentally by showing that the substitution of Cys488 with alanine in SARS-CoV-2
spike protein impaired pseudotyped SARS-CoV-2 infection, syncytium formation, and cell-
cell fusion triggered by SARS-CoV-2 spike expression [57]. Consistently, in vitro binding
of ACE2 and RBD, spike-mediated cell-cell fusion, and pseudotyped viral infection of
VeroE6/TMPRSS2 cells were inhibited by the thiol-reactive compounds n-acetyl-Cys (NAC)
and a reduced form of glutathione (GSH), which disrupted the Cys488-S-S-Cys480 disulfide
bond in the spike protein.

ACE2 is a tissue enzyme and thus circulating levels are low, however, elevated cir-
culating ACE2 is observed in patients with active COVID-19 disease and in the period
after infection [58,59] and has been associated with increased risk of major cardiovascular
events [60]. Also, ACE2 serum levels were shown to be significantly elevated in smokers,
obese and diabetic individuals [61]. In a study of 306 COVID-19 positive subjects, it has
been found that high plasma ACE2 during admission was associated with increased max-
imal illness severity within 28 days (OR = 1.8, 95%-CI: 1.4–2.3, p < 0.0001). Additionally,
plasma ACE2 was significantly higher in COVID-19 patients with hypertension compared
with patients without hypertension and with pre-existing heart conditions and kidney
disease compared with patients without these conditions [62].
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Ang II plays its detrimental effect through interaction with angiotensin type 1 receptor
(AT1R). AT1R is linked to one-carbon metabolism through Hcy, which has been recently
discovered to directly interact and activate AT1R, which aggravates vascular injury. It has
been shown that the aggravation of abdominal aortic aneurysm by HHcy is abolished with
genetic deletion of AT1 receptor and by blocking of AT1 receptor with telmisartan in animal
model. Hcy displaces and limits angiotensin II binding to AT1 receptor. There are distinct
conformational changes of AT1 receptor upon binding to angiotensin II and Hcy. It has
been suggested that Hcy regulates the conformation of the AT1 receptor by forming a salt
bridge and a disulfide bond with its Arg167 and Cys289 residues, respectively. Cys289 of
AT1 mediates Hcy-induced AT1 receptor activation. Hcy and angiotensin II synergistically
activate the AT1 receptor [63]. It remains to be determined if ACE2 can also be modified by
homocysteinylation, leading to the change of its structure/function.

9. COVID-19 and Folate Cycle

Apart from activating the glucose metabolism, the SARS-CoV-2 infection activates
the folate metabolism. The folate cycle is crucial for the transfer of one-carbon units for
nucleotide synthesis. The demand for nucleotide synthesis is increased to match the
viral replication needs. Metabolomic studies on Vero E6 cells infected with SARS-CoV-2
have shown that the infection has opposite effects on folate and glutathione abundance,
and causes depletion of folate and increase of glutathione level. And interestingly, the
elevated glutathione was not crucial for the replication of the virus. However, a drug
that is a competitive inhibitor of dihydrofolate reductase and other steps in one-carbon
metabolism and nucleotide synthesis, methotrexate, blocks replication and secretion of
infectious virions. Experiments with inhibitors of cytosolic and mitochondrial forms of
serine hydroxymethyltransferase SHMT1 and SHMT2, respectively), have shown that
for virion production particularly important in the cytosolic branch of host one-carbon
metabolism, especially for viral subgenomic RNA expression [12].

In one study, plasma folate was significantly reduced in mild (4.7 mg/L, n = 74) and
severe (4.6 mg/L, n = 43) COVID-19 cases compared with healthy controls (12.5 mg/L,
n = 34) [34]. However, because there were significant differences age and sex between the
groups (mild COVID-19: 57.96 years, 52.5% male; severe COVID-19: 71.22 years, 62.8%
male; healthy controls (32.65 years, 20.6%) [34], it is not clear whether these differences in
folate levels were due to COVID-19 or age/gender differences between the groups.

Some studies have proposed that folic acid might inhibit the binding of the SARS-CoV-2
spike proteins, which blocks the entry of the virus into the cell. One study suggested that
vitamin B9 acted as an inhibitor of the furin enzyme, and thus prevented the virus from
entering the cell [64]. Another study suggested that folic acid, and its derivatives, 5-methyl
tetrahydrofolic acid and tetrahydrofolic acid, have a strong binding affinity against the
SARS-CoV-2 [65].

Furin belongs to proprotein convertases family, which cleaves its substrates at Arg-
X-X-Arg↓ sites and its impaired activity has been associated with atherosclerosis, cancer
and viral infectious diseases. Furin is a ubiquitous endopeptidase, which facilitates SARS-
CoV-2 infection by proteolytic cleavage of the spike protein at the S1/S2 cleavage site.
This cleavage is essential for entry into human lung cells [66]. Folic acid was tested for
the inhibition of furin activity. Docking study results show that folic acid could be an
inhibitor of furin and it has been suggested that folic acid could be used in prevention
or management of COVID-19-associated respiratory disease in the early stages of the
disease [64].

10. COVID-19 and Vitamin B12

In a small prospective study on forty-nine COVID-19 patients, subjects that had worse
condition (subjects admitted to ICU or those that have died, n = 9) had significantly higher
levels of vitamin B12 that those in a better state (n = 40) but in a multivariate regression
analysis only age was associated with a worse outcome. Folates and Hcy did not differ
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significantly between the two groups [67]. In another study, levels of vitamin B12 did not
differ between COVID-19 children and healthy children [24].

11. Treatment Strategies Targeting One-Carbon Metabolism

Several possible treatment methods for COVID-19 have been recently discussed [68].
The strategies for therapeutics included polymerase inhibitors, protease inhibitors, interfer-
ons, and statins. A variety of nutrients and minerals, such as vitamins A, vitamin B2, B3,
vitamin C, vitamin D, zinc, selenium, and pyrithione have been suggested to be useful in
the management of the disease [68]. Additionally, the use of vitamins B9, B12, probiotics,
and magnesium, may also have a positive impact on the prognosis of the infection. Vitamin
B12 in combination with magnesium and vitamin D has been shown to decrease the severity
of COVID-19 [69,70].

Screening hundreds of nutraceuticals compounds against known therapeutic targets
of SARS-CoV-2 by molecular docking and the analysis of binding energy have predicted
the therapeutic potential of folic acid and its derivatives such as tetrahydrofolic acid and
5-methyl tetrahydrofolic acid against SARS-CoV-2 [65]. Specifically, this computational
study found that folic acid was the top nutraceutical predicted to inhibit Spike-ACE-2
interaction, 5-methyltetrahudrofolate bound to PLpro, while folic acid derivatives bound to
the NSP15 protein. Notably, folates had binding energies that were similar or better than
those for known drugs targeting these SARS-CoV-2 proteins.

However, a suggestion that folates could be valuable drugs against COVID-19 [65]
appears to be in conflict with findings in Vero E6 cells infected with SARS-CoV-2 showing
that antifoliate drugs targeting purine biosynthesis inhibit the virus propagation via antivi-
ral and anti-inflammatory activity [12]. Methotrexate blocks the replication and secretion
of infectious virions in the infected Vero cells and may act synergistically with the antiviral
nucleotide analog remdesivir, with competes with ATP for incorporation by the viral RNA
polymerase [12].

12. Conclusions

Multi-omics studies revealed that SARS-CoV-2 infection leads to significant changes in
numerous metabolites, including those involved in one-carbon metabolism that impact the
virus’s ability to propagate. However, with the exception of three metabolites (glutathione,
Met sulfoxide, and choline) that were consistently affected by COVID-19 in various studies,
comparative analyses of COVID-19 vs. control samples, both in metabolomics and single
compound studies, have often lead to inconsistent results regarding the direction of the
change in a particular differentiating metabolite. This could be due to ethnicity differences
between various studies as well as age/sex differences between COVID-19 and control
groups, which in some studies differed two- to three-fold [21–23], (Table S1). This may
also be caused by differences in COVID-19 cases classification systems and study design
(Table S2), including different sampling times in various studies. In some of the studies,
COVID-19 patients are compared to healthy controls; however, taking into account the very
diverse symptoms and courses of the illness, this may be an oversimplification. On the other
hand, other studies compared groups of subjects manifesting different disease intensity,
but are using diverse classification systems, making it difficult to compare the results
between different studies. Just how important is the classification system of the COVID-19
course is a study [18], in which, depending on the COVID-19 classification system used,
there were or were not differences in SAM levels (Table S2). Finally, data discussed in
this review suggest that therapeutic interventions aimed at normalizing glutathione, Met
sulfoxide, and choline might provide a promising approach to combat the COVID-19
pandemic. Glutathione can be normalized by supplementation with N-acetyl-Cys [71],
or more effectively with Gly + N-acetyl-Cys [28] which, by reducing oxidative stress [28]
should also normalize Met sulfoxide. Supplementation with choline can restore its normal
levels [72]. Further studies are required to determine the therapeutic potential of targeting
these metabolic areas.
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Abstract: Liver fibrosis, depending on the stage of the disease, could lead to organ dysfunction and
cirrhosis, and no effective treatment is actually available. Emergent proof supports a link between
oxidative stress, liver fibrogenesis and mitochondrial dysfunction as molecular bases of the pathology.
A valid approach to protect against the disease would be to replenish the endogenous antioxidants;
thus, we investigated the protective mechanisms of the S-acetyl-glutathione (SAG), a glutathione
(GSH) prodrug. Preliminary in vitro analyses were conducted on primary hepatic cells. SAG pre-
treatment significantly protected against cytotoxicity induced by CCl4. Additionally, CCl4 induced a
marked increase in AST and ALT levels, whereas SAG significantly reduced these levels, reaching
values found in the control group. For the in vivo analyses, mice were administered twice a week with
eight consecutive intraperitoneal injections of 1 mL/kg CCl4 (diluted at 1:10 in olive oil) to induce
oxidative imbalance and liver inflammation. SAG (30 mg/kg) was administered orally for 8 weeks.
SAG significantly restored SOD activity, GSH levels and GPx activity, while it strongly reduced
GSSG levels, lipid peroxidation and H2O2 and ROS levels in the liver. Additionally, CCl4 induced
a decrease in anti-oxidants, including Nrf2, HO-1 and NQO-1, which were restored by treatment
with SAG. The increased oxidative stress characteristic on liver disfunction causes the impairment of
mitophagy and accumulation of dysfunctional and damaged mitochondria. Our results showed the
protective effect of SAG administration in restoring mitophagy, as shown by the increased PINK1
and Parkin expressions in livers exposed to CCl4 intoxication. Thus, the SAG administration showed
anti-inflammatory effects decreasing pro-inflammatory cytokines TNF-α, IL-6, MCP-1 and IL-1β in
both serum and liver, and suppressing the TLR4/NFkB pathway. SAG attenuated reduced fibrosis,
collagen deposition, hepatocellular damage and organ dysfunction. In conclusion, our results suggest
that SAG administration protects the liver from CCl4 intoxication by restoring the oxidative balance,
ameliorating the impairment of mitophagy and leading to reduced inflammation.
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1. Introduction

Liver fibrosis is a characteristic result of chronic liver injury. It is caused by numerous
insults, including toxic damage, alcohol abuse, viral infection and metabolic disorders.
Additionally, it is well described that a substantial increase in fibrosis and steatosis fre-
quently leads to fatal cirrhosis and even hepatocellular carcinoma in humans [1]. The high
incidence of these hepatopathies places them as one of the most severe diseases. Although
the mechanism of some etiologies of liver fibrosis is not fully described, it is clear that
reactive oxygen species (ROS) play a key role in the pathogenesis of liver diseases [2].
Increased ROS levels are involved in many pathological conditions and diseases, including
cardiovascular disease, diabetes, aging and cancer [3–5]. The repeated administration
of carbontetrachloride (CCl4) has become one of the most commonly used experimental
models for inducing toxin-mediated liver fibrosis [6]. In many aspects, it mimics human
chronic disease associated with toxic damage. CCl4 induces severe liver cell damage
through the elevation of ROS, resulting in apoptosis, fibrosis and liver injury that contribute
to an acute phase reaction characterized by the necrosis of centrilobular hepatocytes, the
activation of Kupffer cells and the induction of an inflammatory response [7]. This sequence
is associated with the production of several cytokines that cause liver fibrosis [8]. CCl4 is
metabolized in the liver by the cytochrome P450 superfamily of monooxygenases (CYP
family) to the trichloromethyl radical (CCl*3). Subsequently, this radical reacts with nucleic
acids, proteins and lipids, thereby impairing key cellular processes, resulting in an altered
lipid metabolism (fatty degeneration and steatosis). The formation of trichloromethylper-
oxy radicals (CCl3OO*) resulting from the oxygenation of CCl3* further initiates lipid
peroxidation and the destruction of polyunsaturated fatty acids. Consequently, the mem-
brane permeability in all cellular compartments (mitochondria, endoplasmic reticulum and
plasma membrane) is lowered and generalized hepatic damage occurs that is characterized
by inflammation, fibrosis and cirrhosis. Biological membranes are particularly prone to the
ROS injuries. The peroxidation of fatty acids in cellular membranes induces a decrease in
membrane fluidity and disruption of membrane function and integrity, which is involved
in severe pathological changes [9]. It is clear that the direct diminution of ROS levels
and inhibition of the oxidative chain reaction induced by CCl4 administration may be
critical for the treatment and prevention of CCl4-induced liver damage [10]. In fact, it has
been previously described that CCl4 injection increased pro-inflammatory mediators and
decreased the antioxidant proteins during liver injury and fibrosis [6,11]. Many endoge-
nous protective mechanisms have been characterized to limit ROS-induced damage [12].
However, additional protective mechanisms of exogenous antioxidants may be important.
Thus, many artificial and natural agents possessing antioxidative effects have been sug-
gested to treat and prevent hepatopathies induced by excessive oxidative stress [13,14].
Therefore, supplementation with anti-oxidants is beneficial for human health. Glutathione
(γ-L-glutamyl-L-cysteinylglycine, GSH) is an endogenous tripeptide and liver is one of
the tissues with the highest content of it. In particular, it is the principal tissue involved
in its biosynthesis [15]. Within the cell, GSH is maintained in its thiol-reduced form by
an NADPH-dependent enzyme (glutathione disulfide (GSSG) reductase). An additional
amount of GSH is present as GSSG and as glutathione conjugates (GS-R). Keeping optimal
GSH:GSSG ratios is fundamental for cell survival, since GSH is one of the most important
endogenous antioxidant defense systems, removing lipid- and hydrogen-peroxides [16].
A valid approach to replenish the endogenous GSH is using S-acyl prodrugs such as S-
acetyl-glutathione (SAG). It is able to cross the cell membrane and increase intracellular
SH groups [17]. Differently from GSH, which enters the cells directly, SAG is more stable
in blood plasma and, once entered into cell cytoplasm, is converted by cytoplasmatic
thioesterases to GSH. In particular, the acetylation of the sulfur atom avoids the GSH
decomposition and simplifies its absorption via the intestinal wall [18].

Therefore, in this study, we evaluated the effects of the SAG administration in a mouse
model of liver injury, focusing the attention on the CCl4-induced fibrosis, oxidative stress,
mitophagy and inflammation.
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2. Results

2.1. Effect of SAG on Cytotoxicity and Hepatoprotective Activity in Cells: Preliminary In
Vitro Data

Primary hepatic cells only exposed to SAG (0.25–2.00 mM) or the CCl4 vehicle (DMSO
0.5%) showed no changes in cell viability (Figure 1A). On the other hand, primary hepatic
cells exposed to CCl4 (4 mM) presented a significant reduction in cell viability when
compared to the control group. In turn, pre-treatment with all concentrations of SAG
followed by exposure to CCl4 significantly protected against cytotoxicity (Figure 1B).

Figure 1. Preliminary data on SAG effect on primary hepatic cells: Viability of cells treated with
SAG (A); Viability of cells pre-treated for 1 h with SAG followed by exposure to CCl4 (4 mM) for
6 h (B); Enzymatic activities of AST (C) and ALT (D) in the supernatant. The results were analyzed by
one-way ANOVA, followed by a Bonferroni post hoc test for multiple comparisons. A p-value of less
than 0.05 was considered significant. A p-value of less than 0.05 was considered significant. # p < 0.05
vs. control, * p < 0.05 vs. CCL4, ## p < 0.01 vs. control, ### p < 0.001 vs. control, *** p < 0.001 vs. CCL4.

In primary hepatic cells exposed to CCl4, both AST and ALT levels presented a marked
increase, respectively (Figure 1C,D, respectively), in relation to the control group. By con-
trast, pre-treatment with SAG at 2.00 mM significantly reduced both levels (Figure 1C,D).

2.2. Experimental Timeline

CCl4 is well-known to cause hepatic injury, apoptosis and necrosis [6]. In order to
investigate the effects of SAG on hepatic damage, mice were intraperitoneally injected
with CCl4 1 mL/kg twice a week for 8 consecutive weeks to induce liver fibrosis and were
treated orally for 8 weeks with SAG (30 mg/kg) dissolved in saline (Figure 2).
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Figure 2. Schematic of study design.

2.3. Effects of SAG on Oxidative Stress Induced by CCl4 Chronic Exposure

CCl4 intoxication downregulated SOD (Figure 3A) and GSH (Figure 3B) compared
to the sham groups. SAG administration significantly restored SOD activity (Figure 3A)
and GSH levels (Figure 3B) in the liver. Additionally, CCl4 administration increased GSSG
levels, as compared to the sham groups, whereas it was significantly decreased by SAG
administration (Figure 3C). Glutathione peroxidase (GPx) activity was impaired after
CCl4 chronic exposure, as compared to the sham groups, whereas SAG administration
significantly restored it (Figure 3D). On the same line, SAG supplementation reduced lipid
peroxidation (Figure 3E), H2O2 levels (Figure 3F) and ROS levels (Figure 3G) in the samples.

Figure 3. Administration of SAG reduced oxidative stress induced by CCl4 injections: SOD
activity (A); GSH levels (B); GSSG levels (C); GPx activity (D); MDA levels (E); H2O2 levels (F);
ROS levels (G). For each analysis, n = 5 animals for each group were employed. The results were
analyzed by one-way ANOVA, followed by a Bonferroni post hoc test for multiple comparisons.
A p-value of less than 0.05 was considered significant. A p-value of less than 0.05 was considered
significant. ## p < 0.01 vs. sham, ### p < 0.001 vs. sham, *** p < 0.001 vs. CCL4.
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2.4. Effects of SAG on Mitophagy Impairments Induced by CCl4 Chronic Exposure

Western blot analysis displayed that the CCl4 induced a decrease in anti-oxidants,
including Nrf2 (Figure 4A), HO-1 (Figure 4B) and NQO-1 (Figure 4C), which were restored
by treatment with SAG. Western blot analysis was also employed to evaluate the effect
of SAG on the mitochondrial homeostasis. Chronic CCl4 exposure impaired mitophagy
and mitochondrial biogenesis. PINK1 (Figure 4D) and Parkin (Figure 4E) levels were
decreased following CCl4 intoxication, whereas SAG administration significantly increased
their levels.

Figure 4. Administration of SAG ameliorated the impaired mitophagy induced by CCl4 injections:
Western blot analysis of: NRF2 (A), HO-1 (B), NQO-1 (C), PINK1 (D) and Parkin (E) levels. For
each analysis, n = 5 animals for each group were employed. The results were analyzed by one-way
ANOVA, followed by a Bonferroni post hoc test for multiple comparisons. A p-value of less than 0.05
was considered significant. A p-value of less than 0.05 was considered significant. # p < 0.05 vs. sham,
* p < 0.05 vs. CCL4, ## p < 0.01 vs. sham, ** p < 0.01 vs. CCL4, *** p < 0.001 vs. CCL4.

2.5. Effects of SAG on Pro-Inflammatory Mediator Secretion Induced by CCl4 Chronic Exposure

ELISA analysis showed elevated levels of TNF-α (Figure 5A), IL-6 (Figure 5B), IL-1β
(Figure 5C) and MCP-1 (Figure 5D) in the liver after CCl4 intoxication, which were re-
duced by SAG administration. In addition, the circulating pro-inflammatory cytokines
(Figure 5E, 5F and 5G, respectively), as well as the chemokine (Figure 5H), were signifi-
cantly increased in the CCl4-treated mice compared to the sham group. However, mice
treated with SAG exhibited a significant downregulation of pro-inflammatory mediators in
the serum.

2.6. Effects of SAG on TL4/NFkB Signaling Activation Induced by CCl4 Chronic Exposure

In order to confirm SAG anti-inflammatory effects, Western blot analyses were con-
ducted. TLR4 (Figure 6A) and MyD88 (Figure 6B) were significantly increased in CCl4-
treated mice, as compared to the sham group. SAG administration significantly reduced
their expressions. Next, the NF-kB pathway was examined. The sham group showed basal
IkB-α cytosolic expression (Figure 6C) and poor nuclear NF-kB p-65 levels (Figure 6D).
CCl4 intoxication importantly degraded cytosolic IkB-α and increased nuclear NF-kB. SAG
administration restored IkB-α in cytosol (Figure 6C) and reduced NF-kB nuclear levels
(Figure 6D).
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Figure 5. Administration of SAG reduced pro-inflammatory mediator secretion induced by CCl4
injections: Liver levels of TNF-α (A), IL-6 (B), IL-1β (C) and MCP-1 (D); Serum levels of TNF-α (E),
IL-6 (F), IL-1β (G) and MCP-1 (H). For each analysis, n = 5 animals for each group were employed.
The results were analyzed by one-way ANOVA, followed by a Bonferroni post hoc test for multiple
comparisons. A p-value of less than 0.05 was considered significant. A p-value of less than 0.05 was
considered significant. # p < 0.05 vs. sham, ** p < 0.01 vs. CCl4, ### p < 0.001 vs. sham, *** p < 0.001
vs. CCl4.

Figure 6. Administration of SAG reduced the activation of the TLR4/NF-kB pathway induced by
CCl4 injections: Western blot analysis of: TLR4 (A), MyD88 (B), IkB-α (C) and NF-kB (D) levels. For
each analysis, n = 5 animals for each group were employed. The results were analyzed by one-way
ANOVA, followed by a Bonferroni post hoc test for multiple comparisons. A p-value of less than
0.05 was considered significant. A p-value of less than 0.05 was considered significant. ## p < 0.01 vs.
sham, ** p < 0.01 vs. CCl4, *** p < 0.001 vs. CCl4.

2.7. Effects of SAG on Liver Fibrosis Induced by CCl4 Chronic Exposure

To evaluate fibrosis, CCl4-induced Masson trichrome staining was performed. CCl4-
treated animals showed an altered lobule structure through paraplastic connective tissue,
and mild to serious fibrosis was detected (Figure 7C,E) compared to the sham group
(Figure 7B,E). No differences were assessed between the sham and sham + SAG groups
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(Figure 7A,E). An assessment of hydroxyproline was used to test the collagen content
in the liver tissue. The hydroxyproline content was also increased in CCl4-treated mice
(Figure 7F), which was well in line with the upregulated levels of α-SMA (Figure 7G) and
TGF-β (Figure 7H), whereas IL10 levels were decreased (Figure 7I) in the liver tissue. SAG
administration significantly reduced the collagen deposition (Figure 7D,E), hydroxyproline
content (Figure 7F) and α-SMA (Figure 7G) and TGF-β (Figure 7H) levels, whereas it
increased IL10 expression (Figure 7I) in the liver tissue. Well in line with the tissue results,
TGF-β levels (Figure 7J) increased in the serum with CCl4, whereas IL10 levels (Figure 7K)
decreased. Both levels in the serum were normalized by SAG administration.

Figure 7. Administration of SAG reduced liver fibrosis induced by CCl4 injections: Masson trichrome
staining: Sham + SAG (A), Sham (B), CCl4 (C), CCl4 + SAG (D), graphical quantification of Masson-
positive area (E); Hydroxyproline content (F); Western blot analysis of: α-SMA (G), TGF-β (H) and
IL10 (I) levels in the liver tissue; Serum levels of TGF-β (J) and IL10 (K). For each analysis, n = 5
animals for each group were employed. The results were analyzed by one-way ANOVA, followed
by a Bonferroni post hoc test for multiple comparisons. A p-value of less than 0.05 was considered
significant. A p-value of less than 0.05 was considered significant. # p < 0.05 vs. sham, ## p < 0.01 vs.
sham, ### p < 0.001 vs. sham, *** p < 0.001 vs. CCl4.
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2.8. Effects of SAG on Histopathological Alterations and Liver Function Induced by CCl4
Chronic Exposure

In liver, CCl4 administration increased the myeloperoxidase (MPO) activity, which
is used as an indicator of polymorphonuclear (PMN) cell infiltration (Figure 8F), liver
cell damage and necrosis (Figure 8C,E), whereas the sham (Figure 8B,E) and sham + SAG
(Figure 8A,E) groups showed normal histological architecture. CCl4 intoxication also
compromised liver function, as shown by ALT (Figure 8G) and AST (Figure 8H) levels.
SAG administration significantly ameliorated histological damage (Figure 8D,E), MPO
activity (Figure 8F) and liver function (Figure 8G,H).

Figure 8. Administration of SAG reduced histological changes and liver dysfunction induced by CCl4
injections: Histological analysis: Sham + SAG (A), Sham (B), CCl4 (C), CCl4 + SAG (D), Histological
score (E); MPO activity (F); ALT (G) and AST (H) levels. For each analysis, n = 5 animals for each
group were employed. The results were analyzed by one-way ANOVA, followed by a Bonferroni
post hoc test for multiple comparisons. A p-value of less than 0.05 was considered significant. A
p-value of less than 0.05 was considered significant. ### p < 0.001 vs. sham, *** p < 0.001 vs. CCl4.

3. Discussion

Liver is an important organ involved in several activities, including bile acid secretion,
the generation of blood clotting factors and detoxification. Liver injury may be induced by
a variety of factors, including drugs, microbes, xenobiotics and several metabolites [19–22].
Previous studies have indicated that increasing GSH plasma levels has beneficial systemic
effects [18], well in line with the described GSH depletion in non-alcoholic fatty liver disease
patients compared with controls [23]. However, the oral administration of GSH does not
significantly enhance GSH in plasma, while GSH derivatives have been described as able to
cross the cell membranes and enhance the oral availability. SAG, a GSH precursor, is more
stable in plasma, uptaken by cells and later converted to GSH. In this paper, we evaluated
the hepatoprotective effects of SAG in a CCl4-model of liver injury, in which, the liver

546



Int. J. Mol. Sci. 2022, 23, 4429

microsomal oxidizing systems related to cytochrome P-450 produce reactive metabolites
of CCl4, including trichloroperoxyl radicals (CCl3O3·) or trichloromethyl radicals (CCl3).
These reactive radicals induce lipid peroxidation, causing inflammation and hepatocellular
damage and enhancing the production of fibrotic. The pre-treatment of primary hepatic
cells with SAG followed by exposure to CCl4 protected cells against the cytotoxicity, indi-
cating that the extracts counteracted the toxicity of products generated by the metabolism
of CCl4. This result was corroborated by the analysis of ALT and AST liver enzymes, which
overflow to the extracellular medium due to membrane permeability alterations after
cellular injury. As expected, exposure to CCl4 induced a marked release of ALT and AST in
primary hepatic cells, while the pre-treatment with SAG promoted the normalization of
liver enzyme levels, indicating the protection of the cell membrane. SAG administration,
thanks to its ability to maintain a cellular reductive state, enhanced antioxidants, including
Nrf2, HO-1 and NQO-1, and restored SOD activity and GSH levels in the liver as well. SAG
also reduced GSSG levels, lipid peroxidation and H2O2 liver levels. Accordingly, recent
evidence focused the attention on the importance of the mitochondrial dysfunction induced
by the sustained ROS in liver fibrosis [24]. Mitophagy is a useful mechanism that aims
to remove impaired mitochondria, and is activated by organelle membrane depolariza-
tion [25]. Once activated, this mechanism leads to PINK1 stabilization on the mitochondrial
outer membrane and to Parkin recruitment from cytosol. The increased oxidative stress
characteristic on liver disfunction causes the impairment of mitophagy and accumulation
of dysfunctional and damaged mitochondria. A failure of mitophagy or mitochondrial
biogenesis affects hepatocellular function during ischemia/reperfusion [26] and cholesta-
sis [27]. Moreover, interplay between these processes and oxidative metabolism, which may
contribute to hepatic cell damage, has been suggested to occur in the steatotic liver [28,29].

Our results showed the protective effect of SAG administration in restoring mitophagy,
as shown by the increased PINK1 and Parkin expressions in livers exposed to CCl4 intoxica-
tion. As already shown [30,31], CCl4 damage is closely associated with inflammation [32].
SAG administration strongly decreased pro-inflammatory cytokines TNF-α, IL-6, MCP-1
and IL-1β in both the serum and liver. This cytokine release is induced by several pathways,
including the TLR4/MyD88, a well-known signaling involved in the CCl4-induced liver
injury. In particular, TLR4 recruits the specific mediator MyD88, which triggers down-
streaming signaling events for the NFkB phosphorylation and a consequent release of
pro-inflammatory cytokines [33,34]. ROS interacts with NF-κB signaling pathways in many
ways. The transcription of NF-κB-dependent genes influences the levels of ROS in the cell,
and, in turn, the levels of NF-κB activity are also regulated by the levels of ROS [35]. NFkB
is a transcription factor normally located in the cytoplasm and bound to the IKK complex.
Thanks to the activation of the TLR4 pathway, Ikb-α is phosphorylated and degraded by
proteasome, leading to NFkB release and translocation into the nucleus to increase the
expression of targeting genes implicated in the inflammatory response [36,37]. Reducing
inflammation and oxidative stress, SAG administration importantly reduced liver fibrosis,
as confirmed by the decreased collagen deposition, assessed by Masson trichrome staining,
and the reduced hydroxyproline contents and α-sma and TGF-β expressions, while it re-
stored IL10 levels. Consequently, SAG administration attenuated histological liver damage,
assessed by hematoxylin and eosin staining; MPO activity, used as an indicator of PMN
cell infiltration [38–40]; and improved hepatic function, as shown by ALT and AST levels.

In conclusion, the present study indicated the potential protective effects of SAG
against CCl4-induced liver damage. The hepatoprotective effects of SAG depend on its
ability to reduce the generation of ROS, as well as pro-inflammatory signaling through
the de-activation of TLR4/NF-κB signaling (Figure 9). Overall, the present study provides
evidence for the protective effects of SAG against CCl4-induced liver injury and suggests
SAG as a potential hepatoprotective agent used to prevent oxidative liver damage.
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Figure 9. Graphical summary of SAG mechanism.

4. Materials and Methods

4.1. Culture of Hepatocytes

Isolated hepatocytes were prepared from male C57BL/6 mice by the collagenase
digestion [41]. Cells were purified by several centrifugations and cultured in DMEM
medium supplemented with 10% FBS, HEPES (4.5 mM), penicillin (100 U/mL), L-glutamine
(2 mM) and sodium bicarbonate (0.17 M). Cells were maintained under standard culture
conditions at 37 ◦C and 5% CO2 in a humid environment and trypsinized for experiments
whenever the cellular confluence was 70%.

4.2. Cytotoxicity Assay

The assessment of the hepatoprotective effect of SAG was performed using the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) reduction assay [42].

Cells (1 × 105 cells/well) were seeded in 96-well plates and maintained for 24 h in
culture conditions in order to adhere to them. The experimental design involved pre-
treatment of primary hepatic cells with SAG (at 0.25, 0.5, 0.75, 1.0, 1.25, 1.5 or 2.00 mM,
dissolved in saline as stock solution and diluted in DMEM) for 1 h followed by exposure
to CCl4 (4 mM diluted in 0.5% DMSO) for 6 h. Control group was carried out without
CCl4 exposure. At the exposure time, the medium was exchanged and, after 21 h, 10 μL of
MTT (5 mg/mL) was added to each well, and the plates were incubated for 3 h in culture
conditions. Supernatants were removed and 100 μL of DMSO was added to each well to
solubilize the formazan crystals. The absorbance was measured on a microplate reader at
570 nm.

4.3. Activities of ALT and AST in Cell Supernatants

An evaluation of the activities of the liver-specific enzymes alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) is recommended for the assessment of hepa-
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tocellular function [43]. For this purpose, primary hepatic cells (1 × 106 cells/well) were
seeded in 24-well plates, incubated for 24 h in culture conditions and subsequently pre-
treated with SAG (at 2.00 mM) followed by exposure to CCl4. Afterwards, supernatants
were collected and centrifuged at 5000 rpm for 5 min using a microtube centrifuge. Analyses
of the enzymatic activities of AST and ALT were performed according to the manufacturer’s
instructions (Sigma-Aldrich, Milan, Italy).

4.4. Animals

Sprague Dawley male rats (250 gr, Envigo, Milan, Italy) and C57BL/6 mice (male
20–22 g; age 6–8 weeks) were purchased from Envigo (Milan, Italy) and employed for
this study. Messina University Review Board for the carefulness of animals permitted the
research (211/2021-PR). All animal experiments agree with the new regulations in Italy
(D.Lgs 2014/26), EU regulations (EU Directive 2010/63).

4.5. Carrageenan-Induced Paw Edema (Preliminary Data)

Carrageenan-induced paw edema was performed as previously indicated by a sub-
plantar injection of carrageenan (0.1 mL/rat of a 1% suspension in saline) (Sigma-Aldrich,
Milan, Italy) into the right hind paw [44]. Increase in paw volume (mL) was measured
using a plethysmometer (Ugo Basile, Varese, Italy) immediately prior to the carrageenan
injection and every hour for 6 h (Supplemental Figure S1).

4.6. Experimental Groups

Respectively, mice were randomly assigned to different groups, as described below:

• Sham + SAG: mice were injected intraperitoneally with olive oil twice a week and
were treated orally for 8 weeks with SAG (30 mg/kg) (Merk, CAS n 3054-47-5,
AMBH95E07091) dissolved in saline.

• Sham: mice were injected intraperitoneally with olive oil twice a week.
• CCl4: mice were intraperitoneally injected with CCl4 1 mL/kg (diluted at 1:10 in olive

oil) twice a week for 8 consecutive weeks to induce liver fibrosis [11].
• SAG: mice were administered with CCl4 to induce liver fibrosis as vehicle group and

were treated orally for 8 weeks with SAG (30 mg/kg) dissolved in saline.

At the end of the experiment, blood samples and liver tissues were collected from the
mice for further assays. The dose of SAG has been chosen based on experiments previously
conducted in our laboratory.

4.7. Analysis of Biochemical Indicators

Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) lev-
els were determined according to manufacturer’s instructions (Sigma-Aldrich). As for
the hepatic hydroxyproline content, snap-frozen liver specimens were collected and the
hydroxyproline content was quantified following the manufacturer’s instructions (Sigma-
Aldrich) [11]. Determination of SOD activity was performed as already described [45].
SOD activity (U/μg protein) was determined using a microplate reader at 560 nm [46].
GSH levels were determined using a microplate reader at 412 nm and expressed as ng/mg
wet tissue [45]. GSSG levels were determined using a microplate reader at 450 nm and
expressed as ng/mg wet tissue (MyBiosource MBS749109). Glutathione peroxidase activity
was estimated by measuring the oxidation of guaiacol in the liver of treated mice according
to a standard method [47]. Lipoperoxidation was estimated using the thiobarbituric acid
reactive substances (TBARS) test [48]. Briefly, liver tissue was weighed and homogenized
in a 1.15% (w/v) KCl solution. A 100 mL aliquot of homogenate was then removed and
added to a reaction mixture containing 200 mL 8.1% (w/v) lauryl sulfate, 1.5 mL 20% (v/v)
acetic acid (pH 3.5), 1.5 mL 0.8% (w/v) thiobarbituric acid and 700 mL distilled water.
Samples were then boiled for one hour at 95 ◦C and centrifuged at 3000× g for 10 min.
The absorbance of the supernatant was measured spectrophotometrically at 532 nm. MDA
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levels were expressed as nmol/g wet tissue weight. Whole liver-derived lysates were
diluted according to the manufacturer instruction (E-BC-K102-S) and incubated with am-
monium molybdate reagent. H2O2 content can be calculated by measuring the absorbance
value at 405 nm. Relative level of ROS was detected centrifuging liver tissue in the ap-
propriate buffer (20 mmol/L Tir-HCl (pH 7.4), 20 mmol/L NaH2PO4, 5 mmol/L MgCl2,
130 mmol/L KCl and 30 mmol/L glucose) and incubating the supernatant with DCFH-DA
(2′, 7′-dichlorodihydrofluorescein diacetate) for 15 min at 37 ◦CC. Then, the reaction was
terminated by adding 1 micromol/L of H2O2. The absorbance value was determined by
fluorescence spectrophotometer [49].

4.8. Determination of Myeloperoxidase Activity

MPO activity in liver tissue was used as an indicator of polymorphonuclear (PMN)
cell infiltration using a method previously described [50]. Briefly, tissue was weighed and
homogenized in a solution containing 0.5% (w/v) hexadecyltrimethylammonium bromide
dissolved in 10 mmol/L potassium phosphate buffer (pH 7.4) and centrifuged for 30 min
at 20,000× g at 4 ◦C. An aliquot of supernatant was then removed and added to a reaction
mixture containing 1.6 mmol/L tetramethylbenzidine and 0.1 mmol/L hydrogen peroxide
(H2O2). The rate of change in absorbance was measured spectrophotometrically at 650 nm.

4.9. ELISA

The levels of tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6 and monocyte
chemoattractant protein (MCP)-1 in serum and liver tissue samples were determined by
ELISA kits (R&D systems) [51], The levels of TGF-β and IL10 in serum were determined by
ELISA kits (R&D systems) [52].

4.10. Histopathological Examination

For histopathological investigations, liver tissues were fixed in formaldehyde solution
(10% in PBS); histological sections were stained with hematoxylin and eosin (H&E) and eval-
uated using a Leica DM6 microscope (Leica Microsystems SpA, Milan, Italy) equipped with
a motorized stage and associated with Leica LAS X Navigator software (Leica Microsystems
SpA, Milan, Italy) [53]. Histopathologic scores were graded following the Ishak scoring
system as follows: 0, no fibrosis; 1, fibrosis expansion of some portal areas ± short fibrous
septa; 2, fibrosis expansion of portal areas ± short fibrous septa; 3, fibrosis expansion of
most portal areas with occasional portal to portal bridging; 4, fibrosis expansion of portal
areas with marked portal to portal bridging, as well as portal to central; 5, marked bridging
with occasional nodules (incomplete cirrhosis); 6, cirrhosis, probable or definite [54–56].
Collagen deposition was evaluated by Masson trichrome staining performed according to
the manufacturer’s protocol (Bio-Optica, Milan, Italy) [57].

4.11. Western Blot Analysis

Western blot analyses were made as previously described [58]. Filters were blocked
with 1× PBS, 5% (w/v) no-fat dried milk (PM) for 40 min at room temperature and then
probed with one of the next primary antibodies: anti-TGF-β (Santa Cruz Biotechnology,
sc-130348), anti-IL-10 (Santa Cruz Biotechnology, sc-8438) or anti-IkB-α (Santa Cruz Biotech-
nology, sc-1643), or anti- NF-kB p-65 (Santa Cruz Biotechnology, sc-8008), or anti-TLR4
(Santa Cruz Biotechnology, sc-293072), anti-MyD88 (Santa Cruz Biotechnology, sc-74532), or
anti-α-SMA (Santa Cruz Biotechnology, sc-53015), or anti-Nrf-2 (Santa Cruz Biotechnology,
sc-365949), or anti-HO-1 (Santa Cruz Biotechnology, sc-136960), or NQO-1 (Abcam), or anti-
PINK1 (Santa Cruz Biotechnology, sc-517353), or anti-Parkin (Santa Cruz Biotechnology,
sc-32282) in 1× PBS, 0.1% Tween-20, 5% w/v no-fat dried milk (PMT) at 4 ◦C overnight.
Membranes were incubated with peroxidase-conjugated bovine anti-mouse IgG secondary
antibody or peroxidase-conjugated goat anti-rabbit IgG (1:2000, Jackson ImmunoResearch,
West Grove, PA, USA) [59]. Blots were also incubated with primary antibody against
β-actin protein (1:10,000; Sigma-Aldrich Corp.) or lamin (1:10,000; Sigma-Aldrich Corp.),
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used as internal standards [60]. The relative expressions of the protein bands were detected
and quantified by densitometry, as previously explained [61]. In the experiments including
Western blot, a representative blot is displayed and densitometric analysis is related in
each figure.

4.12. Statistical Evaluation

All values in the images and text are expressed as mean ± standard error of the mean
(SEM) of N observations. For in vivo studies, N represents the number of animals. In
experiments involving histology and immunohistochemistry, the illustrations represent the
outcomes of at least three independent experiments. The results were analyzed by one-way
ANOVA, followed by a Bonferroni post hoc test for multiple comparisons. A p-value of less
than 0.05 was considered significant. A p-value of less than 0.05 was considered significant.
# p < 0.05 vs. sham, * p < 0.05 vs. vehicle, ## p < 0.01 vs. sham, ** p < 0.01 vs. vehicle,
### p < 0.001 vs. sham, *** p < 0.001 vs. vehicle.
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Abstract: Schizophrenia is associated with several brain deficits, including abnormalities in visual
processes. Neuregulin-1 (Nrg1) is a family of trophic factors containing an epidermal growth factor
(EGF)-like domain. It is thought to play a role in neural development and has been linked to
neuropsychiatric disorders. Abnormal Nrg1 expression has been observed in schizophrenia in clinical
studies. Moreover, in schizophrenia, there is more and more evidence found about pathological
changes of the retina regarding structural, neurochemical and physiological parameters. However,
mechanisms of these changes are not well known. To investigate this, we analysed the function of
the visual system using electroretinography (ERG) and the measurement of visual evoked potentials
(VEP) in transgenic mice overexpressing Nrg1 type III of three different ages (12 weeks, 24 weeks and
55 weeks). ERG amplitudes tended to be higher in transgenic mice than in control mice in 12-week
old mice, whereas the amplitudes were almost similar in older mice. VEP amplitudes were larger in
transgenic mice at all ages, with significant differences at 12 and 55 weeks (p values between 0.003 and
0.036). Latencies in ERG and VEP measurements did not differ considerably between control mice
and transgenic mice at any age. Our data show for the first time that overexpression of Nrg1 type III
changed visual function in transgenic mice. Overall, this investigation of visual function in transgenic
mice may be helpful to understand corresponding changes that occur in schizophrenia, as they may
find use as biomarkers for psychiatric disorders as well as a potential tool for diagnosis in psychiatry.

Keywords: electroretinography; visual evoked potential; neuregulin 1; schizophrenia

1. Introduction

Schizophrenia is a complex disorder that affects 0.5–1% of the adult population
throughout different ethnicities in the world. According to findings reported in the litera-
ture, several genes have been associated with the neuropathology in diverse populations [1].
Among these candidates, genes encoding the proteins neuregulin (Nrg1) and its receptor
ErbB4 have been shown to be promising susceptibility genes of schizophrenia [1]. Nrg1 is a
pleiotropic growth and differentiation factor, which can be classified in six major isoforms,
(Nrg1 type I–VI). Types I, II, IV, V and VI are single transmembrane proteins, whereas type
III contains a cysteine-rich domain that loops back intracellularly along with its N-terminal
sequence [2]. Moreover, Nrg1 types1, II and III are best characterized in the peripheral
nervous system [3]. Clinical studies show that some patients show abnormal levels of
expression of Nrg1 and ErbB4 isoforms in different brain regions [4]. Schizophrenic patients
are impaired in cognitive abilities, including executive control and working memory [5].
In addition, elevated levels of Nrg1 and ErbB4 proteins have been found in studies on
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post-mortem schizophrenic patients [6]. Furthermore, our early work on mice has shown
that elevated Nrg1 expression (Nrg1-III-tg) showed ventricular enlargement and symptoms
similar to schizophrenia [7]. Similarly, Olaya and colleagues showed in 2018 that over-
expression of Nrg1 type III in mice confers schizophrenia-like behavior [8]. Importantly,
another study confirmed that Nrg1/ErbB4 regulates visual cortical plasticity [9].

Researchers have long been aware of the link between schizophrenia and visual
processing impairments, which are accompanied by multiple structural and functional
disturbances in patients. Furthermore, the retina may be particularly affected, as it belongs
to the central nervous system and shows similarities to the brain and spinal cord in terms
of structure, functionality, response to insult, and immunology [10]. In addition, from an
embryonic point of view, the retina and optic nerve, which have a neuroectodermal origin,
emerge from diencephalon and can be seen with the naked eye in its natural state in the
living organism [11]. Impairments of visual processing are well established in schizophre-
nia, including multiple structural and functional disturbances in patients. In addition,
in studies in which patients were checked for factors such as psychotic symptoms and
auditory distortions, visual distortions (including those of the retina) have been associated
with suicidal ideation [12]. These alterations of the visual system include dopaminergic
abnormalities, abnormal output, maculopathies and retinopathies, cataracts, poor visual
acuity, and thinning of the retinal fibre layer (RNFL) [11]. Looking at this from another
angle, some classic ocular pathologies have been found to occur in the context of several
major neurodegenerative disorders, and RNFL thinning is related to brain volume loss
in aging and illness progression as well as cognitive decline in multiple sclerosis and
Alzheimer’s disease [13].

The purpose of this study was to check changes in the function of the visual system of
transgenic mice overexpressing Nrg1 type III, as this protein is linked with both schizophre-
nia and visual processing. Visual function was assessed by the flash electroretinography
(ERG) and measurement of visual evoked potentials (VEP). While several ERG anomalies
have been identified in patients with psychiatric disorders [14], the underlying mechanisms
and visual processing abnormalities in schizophrenia are still unknown. Moreover, we
checked retinal morphology by optical coherence tomography (OCT). This method is non-
invasive and rapid, providing the quantitative measurement of RNFL thickness and retinal
volume (e.g., macula volume/MV) [15].

There are various proteins in the retina that could probably be influenced by over-
expression of Nrg1 type III. We checked frozen sections of the eyes of control mice and
transgenic mice for the immunoreactivity (IR) for an isoform of glutamic acid decarboxy-
lase (GAD65), the voltage-gated K+ channel Kv2.1, and the postsynaptic density protein
95 (PSD-95).

2. Materials and Methods

2.1. Animals

The experiments were performed in accordance with European Communities Council
Directive (86/EEC) and were approved by the Federal State Office for Consumer Pro-
tection and Food Safety of North Rhine-Westphalia (LANUV), Germany (file no. 84-
02.04.2016.A417). All efforts were made to minimize animal suffering and to reduce the
number of animals used in the experiments to the minimum necessary for reliable statisti-
cal analyses.

Animals of three different ages were investigated, young (12 weeks old), midlife
(24 weeks old) and older (55 weeks old) mice. In each age group, transgenic and control
mice were compared. Generation and genotyping of transgenic Nrg1-III-tg mice have been
described in detail in [16].
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2.2. Visual Electrophysiology

Electroretinography was performed as described previously in Schubert et al., 2015 [17].
Briefly, the mice were anaesthetised using a standard intraperitoneal ketamine/xylazine
injection. Sleeping animals were placed on a heating pad to dilate the pupils by tropi-
camide and neosynephrine eye drops. Desensitisation of the cornea was achieved by a
drop of proparacaine.

For the ERG and VEP measurement, the commercial measuring device RetiPort from
Roland Consult (Brandenburg, Germany) was used. During the measurement, the animals
were placed on a heated plate at 37 ◦C to prevent cooling of the animals. For the ERG
measurement, a gold ring electrode was placed on the cornea of the left eye without
damaging the cornea. VEP was recorded simultaneously by inserting a stainless-steel
needle electrode subcutaneously above the visual centre of the mice on top of the skull
between the ears. Another gold electrode that was moistened with saline and placed into
the mouth of the animals served as the reference.

Measurement was performed in the scotopic mode, with animals that were dark-
adapted for at least 12 h. Visual stimulation was performed by the application of flashes
of six different light intensities, ranging from 0.0003 to 30 cd·s/m2. Responses of the
visual system were recorded, averaged, and stored by the RetiPort device. After the
measurement, the still sleeping animals were kept in a separate box and given back into
the cage after awakening.

2.3. OCT

To measure the thickness of the retina, in vivo imaging was performed. Mice were
anaesthetised and the pupils dilated as described above. The mice were put in front of the
“Spectralis” device by Heidelberg Engineering and were examined by optical coherence
tomography (OCT). Formation of cataract was delayed by dropping distilled water onto
the eyes.

Images were centered with the optic nerve head in the centre of the image. Retinal
thickness was determined using the built-in routines in the nasal, superior, temporal and
inferior quadrants of the inner circle and the outer circle of the ETDRS grid.

2.4. Immunohistochemistry

Eyes of euthanised mice were isolated and fixed in 4% paraformaldehyde for 1 h,
washed 2× in PBS pH 7.4 for 5 min and frozen in NEG-50™. Cryo sections (thickness
10 μm) were cut using a Cryostar NX70 cryostat (Thermo Fisher Scientific, Waltham, MA,
USA), placed on Starfrost Advanced Adhesive glass slides (Engelbrecht) and stored at
−20 ◦C until used for immunohistochemistry.

For immunohistochemistry, sections were blocked with Power Block™ reagent (HK085-
5K, BioGenex) at room temperature for 6 min, then washed 3× with 0.1 M PBS and in-
cubated overnight with primary antibodies at 4 ◦C. The sections were then washed 3×
with 0.1 M PBS and incubated with appropriate secondary antibodies for 1 h at room
temperature. The nuclei were counterstained with DAPI (4′6′-diamidino-2-phenylindole di-
hydrochloride), diluted with pure water 1:300, for 7 min at room temperature. The primary
antibody was diluted in 1% bovine serum albumin containing 0.1% Triton X-100, and the
secondary antibody goat anti rabbit were diluted with 1% bovine serum albumin (Table 1).
Finally, sections were washed 3× with 0.1M PBS and mounted under glass coverslips using
mounting medium (ImmuMount™, Thermo Scientific).
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Table 1. Antibodies used in this study.

Primary Antibodies

Specificity Host Supplier Catalogue No. Dilution

Kv-2.1 Rabbit Synaptic
Systems 231 002 1:500

GAD 2/GAD 65 Guinea pig Synaptic
Systems 198104 1:500

Neuregulin-1 Rabbit GeneTex GTX133355 1:1000

PSD-95 Rat Santa Cruz
Biotechnology sc-32290 1:300

Secondary Antibodies

Specificity Host dye Supplier Catalogue No. Dilution

Anti-Rabbit goat Texas Red Abcam ab150080 1:800

Anti-Guinea pig goat Alexa Fluor 488 Abcam ab150185 1:600

2.5. Quantitative Analysis of Fluorescence in the Images of Histological Staining

Overview images of the mice retina sections were taken with 40× magnification (Axio
Imager M2, Carl Zeiss, Jena, Germany). To ensure comparability of the multiple specimens,
all procedures of staining and image acquisition were performed in an identical way. Digital
images were processed using ImageJ (version 1.46r, NIH, Bethesda, MD, USA). Regions of
interest (ROIs) were set manually in the ganglion cell, amacrine cell, and inner and outer
plexiform layers using the implemented ROI manager, and the intensity of staining against
KV, GAD, and PSD within the ROIs was measured to determine the amount of staining. To
achieve reliable data, a uniform background in all areas of the image was necessary. The
threshold tool settings were the same in every image.

2.6. Data Analysis

Data are presented as mean ± SEM. Evaluation of the data was performed by sep-
arately comparing the means of each parameter obtained in the control mice and the
Nrg1-III-tg mice. After testing for normal distribution with a Shapiro-Wilk test, a paramet-
ric unpaired Student’s t-test or a non-parametric Mann–Whitney test wa used to determine
the difference between control mice and Nrg1-III-tg mice. The level of statistical signifi-
cance was set as p = 0.05, statistical significance is indicated as an * p < 0.05, ** p < 0.01,
*** p < 0.001.

3. Results

3.1. Investigation of the Function of the Visual System Measured by ERG and VEP

ERG and VEP measurements were carried out in younger (12 weeks old), midlife
(24 weeks old) and older (55 weeks old) mice; in these age groups, transgenic mice and
control mice were compared.

In each age group, amplitudes of scotopic a-waves and b-waves displayed obvious
differences. In younger mice, these amplitudes showed a trend to be smaller in control
mice than in transgenic mice. However, amplitudes were higher in control mice than
in transgenic mice in midlife mice and older mice, and the difference was statistically
significant in midlife animals (Figure 1A). The latencies in scotopic ERG were in the same
range in the three groups, and no relevant differences were seen (Figure 1B).

Amplitudes of scotopic oscillatory potentials were significantly higher in transgenic
mice than in control mice in younger mice, however, not in midlife and older mice. No
significant differences in the latencies of oscillatory potentials were found between the
groups (Figure 1C). The b/a ratio tended to be slightly higher in control mice compared to
transgenic mice (Figure 1D).
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Figure 1. ERG Parameters in 12-, 24 and 55-week control and transgenic mice. Scotopic amplitudes
(A) and latencies (B) of a-waves and b-waves at different light intensities as indicated: (C): amplitudes
and latencies of scotopic oscillatory potentials; (D): the ratio of amplitudes of b-waves and a-waves.
Number of animals at the age of 12, 24 and 55 weeks: n = 8, n = 13 and n = 9 control mice and n = 6,
n = 5 and n = 8 Nrg1-III-tg age-matched mice, respectively. Data are shown as mean values. Error
bars show standard error of means. Statistical significance of differences is indicated as follows:
* p < 0.05, *** p < 0.001.

The amplitudes of scotopic VEP were significantly higher in the younger and older
transgenic mice than in control mice at most light intensities (Figure 2A). Moreover, am-
plitudes of VEP were higher in transgenic mice than in control mice in the midlife mice,
though without significance of the difference. Despite some deviations in the younger mice
and the midlife mice, latencies did not show relevant differences between transgenic mice
and control mice (Figure 2B).
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Figure 2. Scotopic VEP amplitudes and latencies in 12-, 24- and 55-week-old mice. Scotopic ampli-
tudes (A) and latencies (B) of visual evoked potentials at different light intensities as indicated. Data
are shown as mean values. Error bars show standard error of means. Number of animals at the age
of 12, 24 and 55 weeks: n = 8, n = 13 and n = 9 control mice and n = 6, n = 5 and n = 8 Nrg1-III-tg
age-matched mice, respectively. Statistical significance of differences is indicated as follows: * p < 0.05,
** p < 0.01, *** p < 0.001.

Examples of waveforms of ERG and VEP measurements in young animals are shown
in Figure 3. As a general observation, amplitudes of electrophysiological parameters
decreased with increasing age. It appeared that amplitudes decreased more clearly in
transgenic mice than in control mice.

Figure 3. Typical waveforms of ERG and VEP measurements in 12-week-old control and transgenic mice.
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3.2. Investigation of the Thickness and Volume of the Mouse Retina Measured by OCT

OCT measurements were carried out in the younger, midlife and elder mice, and
thickness and volume of the retina were measured.

We did not find any significant differences in the thickness (data not shown) between
transgenic mice and control mice at any age. Furthermore, there was no significant dif-
ference between transgenic mice and control mice when the volumes were compared
(Figure 4).

Figure 4. The Volume of retina in 12-, 24- and 55-week-old mice. Data are shown as mean values.
Error bars show standard error of means. Number of animals at the age of 12, 24 and 55 weeks: n = 12,
n = 13 and n = 14 control mice and n = 16, n = 8 and n = 10 Nrg1-III-tg age-matched mice, respectively.

3.3. Semi-Quantitative Analysis of Histological Staining

We first performed immunohistochemical staining against Nrg1. Immunoreactivity
(IR) for Nrg1 was found in the ganglion cell layer, the inner nuclear layer, outer plexiform
layer and in the photoreceptor inner segments (Figure 5). It was clearly higher in transgenic
mice than in control mice in midlife animals. Conversely, the IR for Nrg1 appeared to be
lower in transgenic mice than in control mice in the older animals (Figure 5).

To determine the effect of overexpression of Neuregulin on the GABAergic system in
the retina, we checked retinal sections for GAD65 IR (Figure 6). GAD65 IR was seen in the
inner plexiform layer, and it was higher in transgenic mice than in control mice in midlife
animals. In older mice, no difference between the two groups was seen.

We observed changes of ERG amplitudes in transgenic mice compared to control mice
(Figure 1). Because voltage-gated K+ channels play a role in the visual process, we checked
IR for Kv2.1 in the retina. Kv2.1 IR was seen in the ganglion cell layer, in traces in the inner
plexiform layer and amacrine cells, and particularly strongly in the photoreceptor inner
segments. The intensity of Kv2.1 IR was higher in transgenic mice than in control mice in
midlife animals. In older mice, the difference between the two groups was much weaker
(Figure 6).
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Figure 5. Immunohistochemical staining against neuregulin. The trophic factor neuregulin (red) in
frozen sections of the retina of the mouse eye at 24 weeks and 55 weeks of control and Nrg1-III-tg
as indicated. The cell nuclei were stained with DAPI (blue); GCL-ganglion cell layer; IPL-inner
plexiform layer; INL-inner nuclear layer; OPL-outer plexiform layer; ONL-outer nuclear layer. Scale
bar: 50 μm.

IR for PSD-95 was found on the outer rim of the outer plexiform layer, i.e., most
probably in the region of the synapses of the photoreceptors. The intensity of PSD-95 IR
was similar in both groups in midlife animals. It decreased in older animals, and this
decrease appeared to be more obvious in transgenic mice than in control mice (Figure 7).
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Figure 6. Immunohistochemical staining against Kv2.1 and GAD. Kv2.1 (red) and GAD (green) in
frozen sections of the retina of the mouse eye at 24 weeks and 55 weeks of control and Nrg1-III-tg
as indicated. The cell nuclei were stained with DAPI (blue); GCL-ganglion cell layer; IPL-inner
plexiform layer; INL-inner nuclear layer; OPL-outer plexiform layer; ONL-outer nuclear layer. Scale
bar: 50 μm. * p < 0.05, *** p < 0.001, **** p < 0.0001.
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Figure 7. Immunohistochemical staining against PSD-95. PSD-95 (green) in frozen sections of the
retina of the mouse eye at 24 weeks and 55 weeks of control and Nrg1-III-tg as indicated. The cell
nuclei were stained with DAPI (blue); GCL-ganglion cell layer; IPL-inner plexiform layer; INL-inner
nuclear layer; OPL-outer plexiform layer; ONL-outer nuclear layer. Scale bar: 50 μm. ** p < 0.01.

4. Discussion

In the current study, we investigated the influence of neuronal overexpression of Nrg1-
Type III on the visual function in mice by electroretinography and VEP measurement. The
above data demonstrate that ERG responses had a significantly reduced scotopic responses
in transgenic mice compared to control mice in midlife and older, but not in the younger
mice, where amplitudes were larger in transgenic mice. VEP amplitudes were enhanced
in Nrg1 III-tg mice at all ages, with significance in younger and older mice. Latencies did
not show any relevant differences between the groups at any age, either in ERG, or in
VEP measurements.

The human neuregulin1 (Nrg1) gene is a major schizophrenia susceptibility gene, and
its association with the illness has been found in different populations [18]. In addition,
dysregulated expression of Nrg1, including elevation of expression of Nrg1, increases
disease susceptibility and has been found in studies of post-mortem brain tissue from
schizophrenia patients [19]. In our previous mouse studies, gene disruption that increased
expression of Nrg1-Type III can confer distinct schizophrenia-like phenotypes in behaviour
and brain biology [7].

More and more studies are showing that schizophrenia is associated with several brain
deficits, including visual processing deficits [20,21]. As key player in visual processing,
the retina is part of the central nervous system and is composed of several layers. To
evaluate the function of specific layers of neurons of the retina, ERG can be used [22].
The cornea-negative a-wave indicates the electrical activity of the photoreceptors, and
ON-bipolar cells are the source of the b-wave in the retina of mice [23,24]. Our results
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show that electroretinographic a-waves and b-waves were smaller in transgenic mice
compared to control mice in the midlife and elder mice, but not in the younger mice,
suggesting that Nrg1-III-tg mice had impaired retinal function at higher ages. Considering
the origin of the a-waves and b-waves and the transmission and processing of nerve
signals in the retina as well as to better understand the function and mechanism of Nrg1
in the retina, we then performed a series of immunostaining. As has been found in
the brain, the Nrg1 signalling pathway has an effect on neurotransmission and synaptic
plasticity [7]. Hence, further studies are required to determine which changes in the
neural signalling occur in the retina of transgenic mice. Nrg1 has been implicated in
neural excitatory synapse development and regulated neuronal migration in the neuronal
system [25,26]. The inhibitory neurotransmitter GABA is synthesized by two isoforms of
glutamic acid decarboxylase (GAD65, GAD67) [27], and mice lacking GAD 65 show an
impaired visual cortical plasticity [28]. The 65-KD isoform (GAD65) is found primarily in
the axon terminals in the visual cortex and reversibly bound to the membrane of synaptic
vesicles, playing a role in the control of the synaptic release of GABA [29,30]. We found
an enhanced IR of GAD65 in midlife transgenic mice, but not in older mice, implying
increased GABA synthase and release from the synaptic vesicle in retina. On the other
hand, we have previously shown that electrophysiological recordings in an acute cortical
slice revealed a moderate increase in frequency [7]. Whether neuregulin has a common
mechanism of affecting synaptic transmission and synaptic plasticity in the retina and
the cortex, requires further studies. The amount of neurotransmitter release depends
on the neuronal membrane excitability, shape of the action potential, or probability of
vesicular release [31,32]. In addition, potassium channels regulate neuronal excitability,
setting resting membrane potentials and decreasing and increasing excitability [33]. The
voltage-gated Kv2.1subunit is nearly ubiquitously expressed in the mammalian brain and
is present in most neuronal cell types, including pyramidal cells and interneurons and plays
an important role in its ability to dynamically contribute to neuronal excitation [34,35].
The results show that overexpression of NRG1 has an impact on IR of KV2.1 both in
the amacrine cell layer and in the photoreceptor inner segments layer in midlife mice.
Meanwhile, these data are consistent with ERG data that overexpression of Nrg1 affects
the a-wave mainly in midlife mice, as the a-wave is generated mainly by the rod and cone
receptor photocurrent [36]. However, there were no differences in older mice (Figure 6),
suggesting an interference of development of Kv2.1 in the overexpression of Nrg1transgenic
mice. Moreover, Nrg1 regulates the stability of PSD-95 in GABAergic neurons in a way
that requires its receptor ErbB4 [37]. Reduced PSD-95 IR in older mice suggest that NRG1
regulates the PSD-95 in the synaptic terminal in the retina of transgenic mice.

The visual evoked potential (VEP) is an electrical potential recorded from the visual
cortex in response to a visual stimulus. Therefore, the function of the optic nerve and
the quality of signal processing in the visual cortex can be evaluated by measuring the
VEP [38]. We observed an increase in the VEP amplitudes in transgenic mice. It may be
caused by the presence of abnormal ganglion cells or an abnormal number of ganglion cells.
A changed signal processing in the visual cortex is also possible. This must be evaluated in
further studies.

We observed that there was more IR for Nrg1 in the retina of young transgenic
mice than in control mice (Figure 5). As overexpression of Nrg1 is performed under the
control of the Thy-1 promoter, it could be anticipated that mainly retinal ganglion cells
showed immunoreactivity for Nrg1, because these cells especially produce Thy-1 at young
ages [39]. Given that the expression of Nrg1 seems to change with age, this may suggest
that NRG/ErbB signalling plays a role during the early development of the retina.

Our previous work showed that dysregulation of Nrg1 by cortical pyramidal neurons
disrupts GABAergic and glutamatergic neurotransmission in cortex as well as synaptic
plasticity [7]. All these changes in transgenic mice have the potential to alter the visual
system and to further eventually impact ERG and VEP.
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Given the findings of the current study, further investigations should more deeply
explore the mechanisms by which these visual anomalies occur, as they will be helpful for
understanding the biological basis of the psychiatric disorder. Taken together, these results
indicate a critical role of Nrg1 on retinal synaptic system.
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Abstract: Urolithin A is an active compound of gut-microbiota-derived metabolites of polyphenol
ellagic acid that has anti-aging, antioxidative, and anti-inflammatory effects. However, the effects
of urolithin A on polyinosinic acid-polycytidylic acid (poly(I:C))-induced inflammation remain un-
clear. Poly(I:C) is a double-stranded RNA (dsRNA) similar to a virus and is recognized by Toll-like
receptor-3 (TLR3), inducing an inflammatory response in immune cells, such as macrophages. In-
flammation is a natural defense process of the innate immune system. Therefore, we used poly(I:C)-
induced RAW264.7 cells and attenuated the inflammation induced by urolithin A. First, our data
suggested that 1–30 μM urolithin A does not reduce RAW264.7 cell viability, whereas 1 μM urolithin
A is sufficient for antioxidation and the decreased production of tumor necrosis factor-α (TNF-α),
monocyte chemoattractant protein-1 (MCP-1), and C-C chemokine ligand 5. The inflammation-
related proteins cyclooxygenase-2 and inducible nitric oxide synthase were also downregulated by
urolithin A. Next, 1 μM urolithin A inhibited the levels of interferon (INF)-α and INF-β. Urolithin
A was applied to investigate the blockade of the TLR3 signaling pathway in poly(I:C)-induced
RAW264.7 cells. Moreover, the TLR3 signaling pathway, subsequent inflammatory-related path-
ways, and antioxidation pathways showed changes in nuclear factor-κB (NF-κB) signaling and
blocked ERK/mitogen-activated protein kinase (MAPK) signaling. Urolithin A enhanced catalase
(CAT) and superoxide dismutase (SOD) activities, but decreased malondialdehyde (MDA) levels in
poly(I:C)-induced RAW264.7 cells. Thus, our results suggest that urolithin A inhibits TLR3-activated
inflammatory and oxidative-associated pathways in macrophages, and that this inhibition is in-
duced by poly(I:C). Therefore, urolithin A may have antiviral effects and could be used to treat
viral-infection-related diseases.
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1. Introduction

Mammalian Toll-like receptors (TLRs) recognize various pathogen-associated molecu-
lar patterns (PAMPs) and play crucial roles in the innate immune system [1]. Polyinosinic-
polycytidylic acid (poly(I:C)) is a double-stranded RNA (dsRNA), and the specific ligand of
TLR3 recognizes viral dsRNA [2]. Recently, poly(I:C) was shown to be able to activate the
TLR3/TRIF pathway in the systemic inflammatory response [3]. The TLR family interacts
with PAMPs and recruits a TIR domain-containing adapter inducing interferon (IFN)-β
(TRIF), which initiates TLR signaling to activate the transcription factors nuclear factor-
κB (NF-κB) and interferon-regulatory factor 3 (IRF3) to induce innate immune responses
and inflammatory mediators [4]. The activation of TLRs immediately regulates cytokines,
chemokines, and type I IFN production with the subsequent induction of IFN-responsive
genes, such as antiviral genes and other inflammatory mediators, to protect the host from
microbial infection [5,6]. This process initiates the host’s defensive responses, such as
inflammation and antioxidants, to protect the host from microbial infection [1].

Normally, NF-κB is localized in the cytoplasm and binds to the inhibitory κB (IκB)
proteins. A variety of inflammatory stimuli induce IκB phosphorylation by kinases, leading
to the degradation of IκB. The phosphorylation of IκBα leads to NF-κB activation, and
the active NF-κB translocates into the nucleus and activates the target genes. Through
TLR3 signaling, poly(I:C) mediates the phosphorylation of IκB and NF-κB activation [7],
which then modulates the innate immune and oxidative stress responses. Studies have
indicated that the activation of NF-κB increases cellular oxidative stress [8,9]. In addition,
studies have indicated that interactions between the nuclear factor erythroid 2-related factor
2 (Nrf2) and NF-κB pathways in cells cause oxidative stress. Thus, NF-κB modulates Nrf2
transcription and activity, and the NF-κB pathway can have both anti- and pro-oxidant
roles in the setting of oxidative stress [8,10]. On the other hand, Kelch-like ECH-associating
protein 1 (KEAP1) is an IκB kinase (IKK)β E3 ubiquitin ligase that can prevent NF-κB
pathway activation. As such, NF-κB can have different roles in Nrf2 expression and
activity [11]. The TLR3-induced generation of intracellular reactive oxygen species (ROS) is
required for the activation of NF-κB, and the phosphorylation of the IRF3-induced signal
transducer and the activator of transcription 1 (STAT1) contributes to the generation of
inflammatory mediators and innate immune responses in macrophages. Alternatively,
TLR3-ROS signaling plays a role in innate immune responses by activating STAT1 [12]. The
ROS molecules induce proteins and lipid peroxidation, as well as DNA damage. NF-κB
activation has been shown to increase manganese superoxide dismutase (Mn-SOD) levels
in TNF-α-treated Ewing’s sarcoma cells. Thus, the activation of the NF-κB pathway may
also induce antioxidant activity [13]. In addition, STAT1 and NF-κB signaling may induce
the transcriptional activation of type I IFNs (IFN-α/β) in activated macrophages [14,15], as
well as many antiviral genes for survival [16].

In particular, TRIF by poly(I:C), which phosphorylates IRF3 to induce the transcription
of pro-inflammatory cytokines and type I IFNs, increases the expression of cytokines, such
as IFN-β [17,18]. Studies have indicated that poly(I:C)-induced IRF3 phosphorylation
immediately activates mitogen-activated protein kinase (MAPK) signaling. Simultaneously,
TRIF-dependent signaling can activate MAPK signaling [19–21]. There are three MAPKs
in mammalian cells: c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase
(ERK), and p38 MAPK. A variety of transduced signals induce MAPK phosphorylation,
activating MAPK in the nucleus to mediate cellular processes, including stress responses
and cancer progression. In addition, studies have shown that MAPK mediates important
physiological and pathological functions in innate immunity [22,23]. TRIF induces IRF3,
NF-κB, and MAPK kinase activation, affecting viral infections [24]. Moreover, poly(I:C)
could activate TLR3-induced cyclooxygenase-2 (COX-2) protein expression and increase
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JNK, ERK, and p38 MAPK phosphorylation to promote an inflammatory process in the
brain [25].

Pomegranate (Punica granatum L.) contains polyphenols, including punicalagin, puni-
calin, ellagic acid, and gallic acid, which are rich in the fruit, leaves, and peel [26]. However,
the bioavailability of dietary polyphenol is low, and ellagic acid and related polyphe-
nols from the consumption of pomegranates are metabolized to urolithin A by gut mi-
crobes [27,28]. Thus, urolithin A is a microflora-derived metabolite. Studies have found
that a mitophagy activator improves muscle mitochondrial and cellular health in older
humans [29]. By improving mitochondrial functioning and mitigating MAPK/NF-κB/Akt
signaling to decrease ROS and pro-inflammatory cytokine levels, urolithin A attenuates
metabolic diseases in multiple tissues, preventing Alzheimer’s disease, type 2 diabetes
mellitus, non-alcoholic fatty liver disease, and attenuated ox-LDL-induced cholesterol accu-
mulation [30,31]. Interestingly, urolithin A is a potential neuroprotective agent, decreasing
oxidative stress and increasing antioxidant enzymes in H2O2-actived Neuro-2a cells [32].
Through the modulation of the gut microbiota, urolithin A also decreases body weight gain
and improves inflammation and dysfunctional lipid metabolism in high-fat-diet-induced
obese mice [33].

The antiviral mechanisms of urolithin A remain unclear because its therapeutic ef-
fects are not fully explained by its interaction with TLR3. Previous studies have shown
antioxidant, anti-inflammation, and anti-aging effects, but the direct action of urolithin A in-
hibition by poly(I:C) and its attenuated potential on innate immunity remains unexplored.
The present study aimed to explore the effects of urolithin A on the poly(I:C)-induced
activation of TLR3’s antiviral effects, counterbalancing NF-κB/MAPK’s inflammatory re-
sponses and enhancing the NRF2 antioxidation pathway. We found that urolithin A inhibits
poly(I:C)-induced IFN-α and IFN-β levels and induces phosphorylated STAT1 (pSTAT1)
downstream of these cytokines. In addition, urolithin A, accompanied by the ERK/MAPK
inhibitor (PD98059), reduces the TNF-α, MCP-1, and INF-β levels induced by poly(I:C) in
RAW264.7 macrophages. Therefore, the decrease in poly(I:C)-induced IFN-α and IFN-β
levels after urolithin A treatment could depend on the inhibited phosphorylation of IRF3.

2. Results

2.1. Urolithin A Inhibited Inflammatory Cytokines and Inactived TLR3 Pathway Protein
Expression in Poly(I:C)-Stimulated RAW264.7 Cells

Urolithin A at concentrations of ≥30 μM showed no significant cytotoxicity in
RAW264.7 cells, but concentrations of ≥60 μM significantly reduced cell numbers
(Figure 1B). Therefore, all experiments used 1–30 μM urolithin A. When RAW264.7 cells
were treated with urolithin A in six-well plates and stimulated with poly(I:C) (1 μg/mL)
at concentrations of ≥1 μM, this significantly reduced inflammatory cytokines, including
TNF-α, MCP-1, and CCL-5, compared to poly(I:C) alone (p < 0.01; Figure 1C–E). Interest-
ingly, ≥1 μM urolithin A significantly inhibited TLR3 protein expression (p < 0.05), and
≥10 μM urolithin A significantly decreased TRIF and pIRF protein expression compared
to poly(I:C) alone (p < 0.05; Figure 2A–F). A previous study found that a ligand of TLR3
contributes to the viral-infection-induction of chemokine CCL5/RANTES secretion by
airway epithelial cells to attract inflammatory cells [34]. In addition, cytokines TNF-α and
MCP-1, produced by macrophages and dendritic cells, are important for innate immunity
against viruses. TRIF and IRF3 are activated in poly(I:C)-exposed macrophages, leading to
the production of inflammatory mediators [34,35]. Our data showed that TLR3, TRIF, and
pIRF3 are activated in poly(I:C)-exposed macrophages, leading to the production of TNF-α,
MCP-1, and CCL-5. Urolithin A significantly inhibited TLR3, TRIF, and pIRF3 protein
expression in poly(I:C)-stimulated RAW264.7 cells compared to poly(I:C) alone.
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Figure 1. Decreased inflammation-related cytokine secretion. (A) Structure of Uro-A. (B) Cell viability
of MTT. (C) TNF-α, (D) MCP-1, and (E) CCL-5 concentrations. Cells were pre-treated with Uro-A for
1 h, and then with added poly(I:C) (1 μg/mL) for 24 h. Uro-A significantly decreased the inflammatory
cytokine concentration in poly(I:C)-stimulated RAW264.7 cells. Data are presented as mean ± SD.
* p < 0.05, ** p < 0.01 compared to RAW264.7 cells stimulated with poly(I:C) alone.

Figure 2. Urolithin A (Uro-A) suppressed TLR3 pathway protein expression in poly(I:C)-stimulated
RAW264.7 cells. (A) TLR3 protein expression. (B) Fold-change in TLR3 expression relative to β-actin
expression. (C) TRIF protein expression. (D) Fold–change in TRIF expression relative to β-actin
expression. (E) pIRF3 and IRF3 protein expression. (F) Fold-change in pIRF3 expression relative to
IRF3 expression. RAW264.7 cells were precultured with various concentrations of Uro-A, and then
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incubated with poly(I:C) (1 μg/mL) for 30 min or 24 h. Data are presented as mean ± SD. * p < 0.05,
** p < 0.01 compared to RAW264.7 cells stimulated with poly(I:C) alone.

2.2. Urolithin A Blocked the NF-κB/STAT1 Pathway to Inhibit the Expression of Inflammatory
Mediators in Poly(I:C)-Induced RAW264.7 Cells

Urolithin A concentrations of ≥3 μM significantly blocked NF-κB activation
(Figure 3A–C) and concentrations of ≥10 μM inhibited pIκB expression (Figure 3D,E)
compared to poly(I:C) alone. Furthermore, urolithin A concentrations of ≥3 μM signifi-
cantly suppressed STAT1 phosphorylation compared to poly(I:C) alone (p < 0.01). Previous
studies have indicated that poly(I:C)-induced NF-κB and STAT1 activation promotes IFN-β
secretion in aortic valve interstitial cells [35]. In addition, poly(I:C)-induced TLR3 ex-
pression and the activation of the STAT1 pathway regulates the innate immune response,
resulting in the production of IFN-α/β in epidermal keratinocytes [36]. Therefore, we
evaluated the ability of urolithin A to inhibit NF-κB and STAT1 in relation to the suppres-
sion of IFN-α/β secretion and decreased inflammatory mediators in poly(I:C)-stimulated
RAW264.7 cells. Immunofluorescent staining to investigate urolithin A showed that it
could inhibit the translocation of NF-κB p65 from the cytoplasm into the nucleus when cells
were pre-cultured with or without urolithin A (1, 3, 10, 30 μM) for 1 h and added poly(I:C)
(1 μg/mL) for 30 min. Urolithin A increased the p65 subunit retention in the cytoplasm
in poly(I:C)-stimulated RAW264.7 cells (Figure 3A). Moreover, we used immune blots to
analyze NF-κB and IκB protein expression and found that urolithin A decreased NF-κB
and IκB phosphorylation compared to poly(I:C) alone (Figure 3B–E). Importantly, urolithin
A at concentrations of ≥1 μM strikingly decreased STAT1 phosphorylation compared to
poly(I:C) alone (Figure 4A,B). We also found that urolithin A at ≥10 μM decreased the
expression of the inflammatory mediators COX-2 and iNOS compared to poly(I:C) alone
(Figure 4C–F). Our results indicate that urolithin A inhibits inflammatory mediator expression
in poly(I:C)-induced RAW264.7 cells via the blockade of the NF-κB and STAT1 pathways.

 

Figure 3. Urolithin A (Uro-A) blocked the NF-κB activation in poly(I:C)-induced RAW264.7 cells.
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(A) DAPI staining showed that Uro-A inhibited NF-κB p65 from translocating from the cytoplasm
into the nucleus. Cells were pre-cultured with Uro-A, and then incubated with poly(I:C) (1 μg/mL)
for 30 min. Immunofluorescent staining was performed to evaluate NF-κB p65 (green) translo-
cation. Blue is nuclear staining with DAPI. (B) pNF-κB and NF-κB protein expression. (C) Fold-
change in μpNF-κB expression relative to NF-κB expression. (D) pI-κB and I-κB protein expression.
(E) Fold-change in pI-κB expression relative to I-κB expression. RAW264.7 cells were precultured
with various concentrations of Uro-A, and then incubated with poly(I:C) (1 μg/mL) for 30 min or
24 h. Data are presented as mean ± SD. * p < 0.05, ** p < 0.01 compared to RAW264.7 cells stimulated
with poly(I:C) alone.

Figure 4. Urolithin A (Uro-A) inhibited the expression of inflammatory mediators in poly(I:C)-
induced RAW264.7 cells. (A) pSTAT1 and STAT1 protein expression. (B) Fold-change in pSTAT1
expression relative to STAT1 expression. (C) iNOS protein expression. (D) Fold-change in iNOS
expression relative to β-actin expression. (E) COX-2 protein expression. (F) Fold-change in COX-2
expression relative to β-actin expression. RAW264.7 cells were precultured with various concentra-
tions of Uro-A, and then incubated with poly(I:C) (1 μg/mL) for 30 min or 24 h. Data are presented
as mean ± SD. * p < 0.05, ** p < 0.01 compared to RAW264.7 cells stimulated with poly(I:C) alone.

2.3. Urolithin A Suppressed the ERK/MAPK Pathway and the ERK Inhibitor Decreased Cytokine
Secretion in Poly(I:C)-Stimulated RAW264.7 Cells

Next, we evaluated whether urolithin A inhibits MAPK activation and MAPK in-
hibitors decrease inflammation in poly(I:C)-induced RAW264.7 cells. First, to evaluate
MAPK signaling protein expression, cells were pre-cultured with or without urolithin
A (1, 3, 10, 30 μM) for 1 h and added poly(I:C) (1 μg/mL) for 30 min or 24 h. The
collected protein samples were analyzed by immunoblot. Urolithin A concentrations of
≥3 μM significantly decreased pERK1/2 expression compared to poly(I:C) alone
(p < 0.05; Figure 5A,B). Nevertheless, urolithin A did not affect pp38 or pJNK protein
expression (Figure 5C–F). Next, we evaluated the effect of the ERK/MAPK inhibitor on
urolithin A-induced changes to inflammatory cytokine concentrations in poly(I:C)-induced
RAW264.7 cells. RAW264.7 cells were pre-cultured with urolithin A (3 and 10 μM) and/or
10 μM ERK1/2 inhibitor PD98059 before incubation with poly(I:C) (1 μg/mL). After 24 h,
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the collected supernatant was evaluated by ELISA for cytokine concentrations. Although
urolithin A at 10 μM + poly(I:C) significantly decreased MCP-1 and IFN-β (p < 0.01 and
p < 0.05, respectively), that urolithin A at 10 μM decreased TNF-α utility is equivalent to
the ERK inhibitor + poly(I:C) alone. Urolithin A at 3 μM + poly(I:C) cannot achieve the
same effect as the ERK1/2 inhibitor + poly(I:C) alone. In addition, the ERK1/2 inhibitor +
poly(I:C) + urolithin A at concentrations of ≥3 μM markedly decreased the concentrations
of TNF-α and MCP-1 levels, and urolithin A ≥10 μM significantly decreased IFN-β levels
compared to the poly(I:C) + ERK1/2 inhibitor (p < 0.01). Moreover, the ERK1/2 inhibitor +
poly(I:C) + urolithin A at concentrations of ≥3 μM significantly decreased TNF-α, MCP-1,
and IFN-β levels compared to poly(I:C) + urolithin A alone (p < 0.01). These results showed
there is an additive effect with a combination of urolithin A and the ERK1/2 inhibitor.
Furthermore, Uro-A at ≥1 μM remarkably inhibited IFN-α and IFN-β concentrations
compared to poly(I:C) alone in poly(I:C)-induced RAW264.7 cells (p < 0.01) (Figure 6D,E).
Therefore, we suggest that, in poly(I:C)-stimulated RAW264.7 cells, urolithin A attenuated
the NF-κB/STAT1 and ERK/MAPK pathways to inhibit the expression of inflammatory
mediators (COX-2 and iNOS) and decrease inflammatory cytokine (TNF-α and MCP-1)
and IFN-α/β concentrations.

Figure 5. Urolithin A (Uro-A) inhibited inflammatory pERK signaling in poly(I:C)-induced RAW264.7
cells. (A) pERK and ERK protein expression. (B) Fold-change in pERK expression relative to ERK
expression. (C) pJNK and JNK protein expression. (D) Fold-change in pJNK expression relative to
JNK expression. (E) pP38 and P38 protein expression. (F) Fold-change in pP38 expression relative to
P38 expression. RAW264.7 cells were precultured with various concentrations of Uro-A, and then
incubated with poly(I:C) (1 μg/mL) for 30 min or 24 h. Data are presented as mean ± SD. * p < 0.05,
** p < 0.01 compared to RAW264.7 cells stimulated with poly(I:C) alone.
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Figure 6. Urolithin A (Uro-A) and the ERK inhibitor suppressed inflammation-related cytokine
secretion in poly(I:C)-induced RAW264.7 cells. RAW264.7 cells were pre-cultured with various
concentrations of Uro-A, and then incubated with poly(I:C) (1 μg/mL) for 24 h. (A) ELISA showed
inflammation-related cytokine concentrations of TNF-α, (B) MCP-1, and (C) IFN-β. (D) Uro-A
inhibited IFN-α and (E) IFN-β concentrations. Data are presented as mean ± SD. # p < 0.05,
## p < 0.01 compared to poly(I:C) alone in RAW264.7 cells stimulated with poly(I:C). * p < 0.05,
** p < 0.01 compared to RAW264.7 cells stimulated with the ERK inhibitor + poly(I:C) alone and the
ERK inhibitor + poly(I:C) + Uro-A, respectively.

2.4. Urolithin A Elevated Nrf2 Transcriptional Regulation and Enhanced Antioxidant
Cytoprotective Defense in Poly(I:C)-Stimulated RAW264.7 Cells

Immunofluorescent staining was performed to evaluate urolithin A’s regulation of
the antioxidant transcription factor Nrf2. RAW264.7 cells were pre-cultured with urolithin
A (1–30 μM) for 1 h and then with added poly(I:C) (1 μg/mL) for 30 min. Nrf2 was
retained in the cytoplasm of poly(I:C)-stimulated RAW264.7 cells, whereas urolithin A at
concentrations of ≥3 μM affected Nrf2 translocation from the cytoplasm into the nucleus
(Figure 7A). Furthermore, urolithin A at concentrations of ≥1 μM significantly enhanced
the CAT and Mn-SOD activities compared to poly(I:C) alone (Figure 7B,C). MDA was also
significantly reduced by urolithin A at concentrations of ≥1 μM compared to poly(I:C)
alone (Figure 7D). According to the above results, we suggest that urolithin A has a
Nrf2-mediated dose response to enhanced antioxidant defense in poly(I:C)-stimulated
RAW264.7 cells.
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Figure 7. Urolithin A (Uro-A) activated Nrf2 expression and enhanced antioxidant defense in
poly(I:C)-stimulated RAW264.7 cells. (A) Uro-A promoted Nrf2 (green) translocation from the
cytoplasm into the nucleus (DAPI, blue). (B) Uro-A increased the activities of antioxidant enzymes
SOD and (C) CAT, and (D) attenuated MDA production. RAW264.7 cells were pre-cultured with
different concentrations of Uro-A for 1 h, and then incubated with poly(I:C) (1 ng/mL) for 24 h. Data
are presented as mean ± SD. * p < 0.05, ** p < 0.01 compared to RAW264.7 cells stimulated with
poly(I:C) alone.

3. Discussion

Human immune cells, including macrophages, elicit IFN-α/β production to activate
natural killer (NK) cells via TLR3 receptors on the endosomal membrane, which are sensors
of viral dsRNA and poly(I:C) [37]. In viral infection, TLR3 recognizes dsRNA and, through
TRIF, transmits signals to activate the transcription factor IRF3. The phosphorylation of
IRF3 results in its translocation into the nucleus, leading to IFN-α/β and inflammatory
cytokine production and antiviral immune responses [38]. Therefore, it is worth exploring
the TLR3-mediated type I IFN signaling pathway. Here, we demonstrated that urolithin A
can prevent TLR3-mediated IFN-α/β antiviral responses (Figures 2 and 6D,E).

Previous studies have shown that poly(I:C), through the activation of the NF-κB path-
way, induces iNOS and COX-2 overexpression, subsequently producing proinflammatory
cytokines [39,40]. Urolithin A is an excellent inhibitor, inactivating NF-κB (Figure 3) and
attenuating the expression of proinflammatory mediators (e.g., iNOS, COX-2) (Figure 4C,D)
to achieve decreased cytokine (TNF-α, MCP-1, and CCL-5) secretion (Figure 1C–E). Fur-
thermore, NF-κB has crosstalk with the STAT and IRF3 pathways in the antiviral response.
Studies have indicated that NF-κB and IRF3 translocate into the nucleus in poly(I:C)-
induced MEF cells [41]. Poly(I:C)-activated NF-κB simultaneously induces IRF3 and STAT1,
leading to INF-α/β secretion, and IKKα is activated by dsRNA-mediated STAT1 phos-
phorylation in antiviral signaling by the innate immune system [7]. In the inflammatory
response, transcription factors NF-κB and STAT1 are important regulators of inflammatory
cytokine production and inflammatory cell infiltration. During the infection, STAT1 is a
TLR-mediated antibody response and B cell differentiation [42]. STAT1 plays an essential
role in the TLR-mediated antibody response of the marginal zone during inflammation and
infection [43]. Thus, STAT1 is an important target in preventing or treating viral-infection-
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induced inflammation. In the present study, we demonstrated that poly(I:C)-induced
NF-κB and STAT1 phosphorylation, and pre-treatment with urolithin A efficiently inhibited
pNF-κB and pSTAT1 protein expression (Figures 3 and 4A). We suggest that urolithin
A’s blockade of NF-κB and STAT pathways is mediated by TLR3 in poly(I:C)-induced
RAW264.7 cells.

Macrophages play important roles in immunity and various inflammatory diseases
via the production of cytokines and the inflammatory mediators iNOS and COX-2. Many
studies have elucidated the relationship between cytokines and inflammatory mediators
involved in the MAPK inflammatory pathway [40]. Previous studies have indicated that
poly(I:C) binds to endosomes in the cells and induces transcription factor activation, re-
sulting in the secretion of antiviral IFN-I, which feeds back to antiviral gene replication.
Furthermore, MAPK/p38 and ERK are required for poly(I:C)/TLR3-mediated cytokine
production [44,45]. This result indicates that poly(I:C) increases iNOS and COX-2 over-
expression and induces cytokine production. In the present study, we investigated the
mechanisms underlying poly(I:C)-induced inflammatory and antiviral MAPK signaling.
First, urolithin A significantly attenuated pERK/MAPK expression, but we did not ob-
serve the same expression in pP38 and pJNK/MAPK (Figure 5). In addition, when we
blocked the ERK/MAPK pathway, we observed anti-inflammatory and antiviral effects.
As stated above, reducing ERK/MAPK protein expression may involve the expression
of the downstream inflammatory mediator iNOS and COX-2. Urolithin A and the ERK
inhibitor perfectly decreased cytokines and IFN-I concentration (Figure 6). These findings
demonstrate that urolithin A has antiviral immunity and anti-inflammation effects via the
modulation of the ERK/MAPK pathway.

In addition, poly(I:C) has been indicated as activating TLR3, subsequently causing
inflammation and IFN-β expression and inducing ROS production [46]. Mounting evidence
suggests that transcription factor Nrf2 regulates cellular-defense oxidative stress and
prevents inflammation-related diseases. On the other hand, studies have shown that
inflammatory responses are the second line in innate immunity, and the activation of TLR3
signaling and Nrf2 expression work together to regulate the innate immune system [47].
The interplay between TLR signaling and the Nrf2 pathway may be beneficial for the
prevention or treatment of inflammation. Nrf2 signaling is a major modulator of antioxidant
enzymes and attenuates inflammation. Nrf2 signaling can be activated by TLR agonists
and enhance antioxidant defense [48]. Previous studies have implicated TLR ligands
as inflammation mediators and immuno-modulators through the activation of Nrf2 to
regulate downstream antioxidant enzymes [49]. Importantly, activated Nrf2 limits IκB
phosphorylation and keeps NF-κB in the cytoplasm, reducing inflammatory mediators,
such as iNOS, COX-2, and cytokines [50]. However, whether the interaction between Nrf2
and TLR signaling regulates the antioxidant and anti-inflammation activity of macrophages
infected by poly(I:C) remains unknown. The oxidative-stress-related enzymes SOD and
CAT and the lipid peroxidation product MDA were detected in this study. Furthermore,
urolithin A promoted Nrf2 translocation from the cytoplasm into the nucleus, enhancing
SOD and CAT activities to reduce MDA levels in poly(I:C)-induced macrophages (Figure 7).
We also observed that NF-κB, IκB phosphorylation, and inflammatory mediators were
inhibited by urolithin A. These results suggest that urolithin A depends on the activation
of Nrf2 to enhance antioxidative defense and anti-inflammatory actions.

Taken together, the data indicate that urolithin A can inhibit TLR3 expression and
reduce IFN-α/β secretion by suppressing IRF3 phosphorylation. Moreover, urolithin A
suppressed the activation of NF-κB/STAT1 and ERK/MAPK signaling, reducing inflam-
matory mediators (iNOS, TNF-α, MCP-1, and CCL-5) in poly(I:C)-stimulated macrophages.
Importantly, urolithin A significantly modulated Nrf2 to increase antioxidant enzymes
(SOD and CAT) and decrease the inflammatory responses in poly(I:C)-stimulated
macrophages (Figure 8).
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Figure 8. Model explaining the mechanisms of urolithin A’s attenuation of viral-induced inflamma-
tion and oxidative stress in macrophages stimulated by poly(I:C).

4. Materials and Methods

4.1. Materials

Urolithin A (≥97% purity by HPLC, Figure 1A) was purchased from Sigma-Aldrich
(St. Louis, MO, USA), cell viability assays (MTT), and poly(I:C) were purchased from
InvivoGen (San Diego, CA, USA). Enzyme-linked immunosorbent assay (ELISA) kits were
purchased from R&D Systems (Minneapolis, MN, USA). DAPI solution was purchased
from Sigma-Aldrich (St. Louis, MO, USA). The inhibitor PD98059 was purchased from
Enzo Life Sciences (Farmingdale, NY, USA). Antibodies against β-actin, TLR3, TRIF, IRF,
STAT1, NF-κB, I-κB, COX-2, iNOS, Nrf2, and phosphorylated IRF (pIRF), STAT1, NF-κB
(pNF-κB), and IκB (pIκB) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies against JNK, ERK, p38, and phosphorylated JNK (pJNK), ERK (pERK),
and p38 (pp38) were purchased from Millipore (Billerica, MA, USA).

4.2. Preparation of Urolithin A and Cell Culture

The urolithin A stock solution was prepared at 100 mM and stored at −20 ◦C. DMSO
was added to the medium at a final concentration of ≤0.1% as described previously [33].
The mouse macrophage RAW264.7 cell line was purchased from Bioresource Collection
and Research Center (BCRC, Taiwan). Cells were cultured in Dulbecco’s Modified Ea-
gle Medium (Invitrogen-Gibco, Paisley, Scotland) with 10% heat-inactivated fetal bovine
serum (FBS; Invitrogen-Gibco, Paisley, Scotland) and 100 U/mL penicillin G, 100 μg/mL
streptomycin, and 50 ng/mL gentamycin at 37 ◦C in a humidified atmosphere of 5% CO2.
RAW264.7 cells were seeded in serum-free medium for 8 h. Subsequently, RAW264.7 cells
were cultured in DMEM medium with 10% FBS. RAW264.7 cells were pre-cultured with or
without urolithin A at various concentrations (1, 3, 10, 30 μM) for 1 h, and then with added
poly(I:C) (1 μg/mL). After 24 h, the RAW264.7 cells were lysed for Western blot analysis
and the supernatant used for ELISA.
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4.3. Cell Viability Assay

We used MTT kits (Sigma-Aldrich) to assess the inhibitory effect of urolithin A
on RAW264.7 cell viability. Cells were seeded in 96-well plates at a concentration of
105 cells/well and urolithin A was added at a concentration of between 1–30 μM for
24 h before culturing at 37 ◦C for 2 h. After 2 h, MTT solution was added to the plate and a
microplate reader (Multiskan FC; Thermo, Waltham, MA, USA) was used at
450 nm to assay cell viability. Each concentration was repeated three times in independent
measurements and the inhibitory effect on RAW264.7 cells was reported as a percentage
relative to the cells without urolithin A treatment.

4.4. ELISA Assay

RAW264.7 cells (105 cells/mL) were pre-cultured with or without urolithin A
(1–30 μM) in 24-well plates for 1 h, and then poly(I:C) (1 μg/mL) was added before
continuing the culture for 24 h. The levels of TNF-α, MCP-1, CCL-5, INF-α, and INF-β
were measured in the supernatant using specific ELISA kits following the manufacturers’
instructions. A microplate reader (Multiskan FC; Thermo) was used at 450 nm to determine
the optical density (OD) value.

4.5. Preparation of Total Proteins

RAW264.7 cells (2 × 105 cells/mL) were pre-cultured with or without urolithin A
(1–30 μM) and stimulated with or without poly(I:C) (1 μg/mL) for 24 h or 30 min in six-well
plates to evaluate the total protein and phosphorylated protein content, respectively. We
used 300 mL of lysis buffer (Tris–HCl (pH 7, 450 mM); EDTA (1 mM); NaCl (150 mM);
DTT (1 mM); NP40 (0.5%); and sodium dodecyl sulfate (SDS, 0.1%)) containing a protease
inhibitor cocktail and phosphatase inhibitors (Sigma, St. Louis, MO, USA) to harvest cells.
The BCA assay kit (Pierce) was used to quantitate all protein concentrations.

4.6. Western Blot Analysis

Proteins were separated on 10% SDS polyacrylamide gels and transferred to polyvinyli-
dene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were
incubated overnight at 4 ◦C with a primary antibody against actin (Sigma) and the protein
of interest. The membranes were then washed three times with Tris-buffered saline with
Tween 20 (TBST) and incubated at room temperature for 1 h with a secondary antibody.
Finally, the proteins were detected using Luminol/Enhancer solution (Millipore) and the
base quantitated by the Bio Spectrum 600 system (UVP, Upland, CA, USA).

4.7. Immunofluorescence

RAW264.7 cells (2 × 105 cells/mL) were seeded in six-well plates until they reached
50–60% confluence and pre-cultured with or without urolithin A (1–30 μM) for 1 h. Poly(I:C)
(1 μg/mL) was added for 30 min before suctioning out the medium. The cells were washed
with PBS and fixed with paraformaldehyde (4%, w/v). The fixed cells were incubated
with anti-NF-kB (1:100; Cell Signaling Technology, MA, USA) and NrF2 (1:100; Santa Cruz,
CA, USA) antibody overnight at 4 ◦C. The next day, the medium was removed, and the
cells washed with PBS before incubating with secondary antibodies at room temperature
for 1 h. The cells were washed with PBS again to remove the dye, and DAPI solution
(4′,6-diamidino-2-phenylindole, Sigma) was added to stain the nucleus. A fluorescence
microscope (Olympus, Tokyo, Japan) was used to acquire the images. The control groups
were treated with poly(I:C) alone, and all experiments were repeated three times.

4.8. Antioxidant Defense

Lipid peroxidation produced malondialdehyde (MDA), and the antioxidant enzyme
superoxide dismutase (SOD) and catalase (CAT) activities were analyzed as an indicator
of the antioxidant defense. First, RAW264.7 cells were treated with urolithin A (1–30 μM)
for 1 h, and then stimulated with poly(I:C) (1 μg/mL) for 24 h. Using commercial kits, we
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analyzed the MDA, SOD, and CAT according to the manufacturer’s instructions (Sigma-
Aldrich). A spectrophotometer was used to measure the absorbance at 532 nm for MDA,
450 nm for SOD, and 585 nm for CAT.

4.9. Statistical Analysis

Image Lab software (Bio-Rad) was used to quantify the intensity of Western blot bands.
Data are presented as the mean ± standard deviation (SD) of at least three independent
experiments. We used one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc
test. A p-value of < 0.05 was considered significant.

5. Conclusions

This study first demonstrated that urolithin A may be a TLR3 inhibitor, blocking
the NF-κB/STAT1 axis and modulating the Nrf2/NF-κB pathway to enhance antioxidant
defense and attenuate inflammatory responses in poly(I:C)-stimulated macrophages.
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Abstract: In our previous work, we evaluated the therapeutic effects of 1α,25-Dihydroxyvitamin
D3, the biologically active form of vitamin D, in the context of bleomycin-induced lung fibrosis.
Contrary to the expected, vitamin D supplementation increased the DNA damage expression and
cellular senescence in alveolar epithelial type II cells and aggravated the overall lung pathology
induced in mice by bleomycin. These effects were probably due to an alteration in the cellular DNA
double-strand breaks’ repair capability. In the present work, we have evaluated the effects of two
hypocalcemic vitamin D analogs (calcipotriol and paricalcitol) in the expression of DNA damage in
the context of minilungs derived from human embryonic stem cells and in the cell line A549.

Keywords: human pluripotent stem cells; hESCs; minilungs; vitamin D; vitamin D analogs; paricalcitol;
calcipotriol; lung fibrosis

1. Introduction

DNA damage and cellular senescence underlie the physiopathology associated with
idiopathic pulmonary fibrosis (IPF) and other chronic conditions that can evolve with
fibrosis. IPF is a form of progressive interstitial pneumonia of unknown etiology with an
estimated survival of 3 to 4 years [1]. IPF pathogenesis is the consequence of an excessive
matrix deposition leading to tissue scarring and irreversible organ injury, probably due to a
persistent input of damage and tissue repair response. It has been reported that cellular
senescence is implicated in the tissue repair program, and its occurrence in IPF, unfortu-
nately, has a detrimental role in contrast to other fibrogenic conditions [2–4]. Vitamin D
and its analogs have been demonstrated to be active in the regulation of fibrosis that char-
acterizes multiple chronic diseases, including pulmonary fibrosis [5–8]. For instance, the
preventive use of vitamin D supplementation was associated with a general improvement
in the lung fibrosis symptomatology induced in mice, probably due to its anti-inflammatory
effects [8,9]. However, as we have reported in our previous work, the “therapeutic” treat-
ment of mice having bleomycin-induced fibrosis seemed to worsen the pathology: the mice
treated with vitamin D showed increased architectural distortion, subpleural scarring and
more areas of aberrant reepithelization compared to the controls. These areas were defined
by the accumulation of alveolar epithelial type II (ATII) cells harboring high levels of DNA
damage in the form of DNA double-strand breaks (DSBs). DSBs were also observed in cells
throughout respiratory bronchioles or immersed in alveolar fields. The bulk of the DNA
damage was preferably associated with epithelial cells; fibroblasts, however, seemed to
be more resistant to DNA damage than epithelial cells [10]. Senescence can be induced
prematurely as a result of a persistent DNA damage response (DDR) secondary to oxidative
stress that induces DNA double-strand breaks [11]. Indeed, DSBs are potent inducers of cell
arrest and a typical hallmark of cell senescence [12]. Our results also showed significantly
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greater levels of DSBs and cell senescence in epithelial cells than in fibroblasts, and they
were consistent with the central hypothesis underlying IPF indicating that epithelial injury
and impaired regeneration activate fibroblasts and that cellular senescence induced by
persistent epithelial damage may be the origin of aberrant epithelial regeneration and the
promotion of fibrosis [13–16].

Although bleomycin reproduces well many aspects of the general pulmonary fibrosis
and some lesions present in IPF, it has never been promoted as an experimental equivalent
of IPF. The strength of the bleomycin model consists of the reproducibility and versatility
as a model of general fibrosis. In addition, its high efficiency levels inducing DSBs make
bleomycin a very interesting model to analyze DNA damage [17].

In the present study, we have evaluated various vitamin D analogs in the context of
DNA damage induced by bleomycin. A large amount of vitamin D analogs have been
synthesized throughout the years, and the clinical use for secondary hyperparathyroidism,
osteoporosis or psoriasis has been approved for many of them [18,19]. The potent effect of
vitamin D on intestinal calcium and phosphorus absorption and bone mineral mobilization,
often leading to the development of hypercalcemia and hyperphosphatemia, has precluded
its therapeutic use for many conditions. The ideal analog would retain vitamin D receptor-
binding capacities and have minimal effects on calcium and phosphorus metabolism. Our
working hypothesis is that hypocalcemic vitamin D analogs could show a lower incidence in
the expression of DNA damage upon a bleomycin insult than the active form of vitamin D.

2. Results

We have tested our postulated hypothesis in the cell line A549, an immortalized
counterpart of ATII cells, in 2D minilungs (lung and alveolar differentiated cells from
hESCs arranged in bidimensional cultures) and in 3D minilungs from hESCs (human lung
bud organoids embedded in MatrigelTM sandwiches). The lung organoids generated from
hESCs have enormous advantages over cell lines or simple primary cultures as they offer
an unlimited availability of primary cells, show the complete lung epithelial spectrum and
emulate structural and functional features of the original organ.

The exposure of A549 cells to a sublethal bleomycin shock (12 μg/mL for 6 h) in-
duces the expression of DNA damage (DD) foci containing TP53BP1, a reliable marker
of DSBs [20–24]. These conditions allow the accurate quantification of DSBs. To avoid a
potential effect of bleomycin on the beginning of the transcription triggered by vitamin
D or its analogs, we have performed short pre-treatments with these ligands before the
addition of bleomycin. In addition, as vitamin D and its analogs show differential binding
affinities to their receptor, we assessed increasing amounts of ligands in the dose–response
assay using the expression of the gene CYP24A1, a vitamin D target gene, as the response.
The results showed that, in the case of A549 cells or 2D minilungs, the amount of 5 nmol/L
is adequate as we found no significant differences between vitamin D and the analogs eval-
uated in terms of CYP24A1 expression. However, in the case of the minilungs embedded in
MatrigelTM sandwiches (3D organoids), this low concentration of ligand gave rise to signifi-
cant differences between vitamin D and the analogs evaluated, probably due to the limited
access of the ligands to the organoid cells. The amount of 50 nmol/L, however, resulted in
similar responses of vitamin D and the hypocalcemic analogs (Supplementary Figure S1).

After bleomycin treatments, DD foci can be rapidly visualized as discrete foci in a
pan-nuclear pattern (Figure 1A). As previously reported [10], the exposure of A549 cells to
vitamin D, in the presence of bleomycin, increased the levels of DD foci, both the percentage
of damaged cells and the levels of severely damaged cells harboring more than 20 DD
foci per nucleus (Figure 1B–D) (n = 3; >150 cells were analyzed; p < 0.001). However, the
two hypocalcemic vitamin D analogs tested (paricalcitol and calcipotriol) were able to
drastically reduce the bulk of the DD expression compared to vitamin D in the presence of
bleomycin (Figure 2C,D; n = 3; >150 cells were analyzed; ANOVA p < 0.001). Figure 2A,B
shows that the treatment of A549 cells with vitamin D or its analogs, in the absence of
bleomycin, did not alter the low basal level of damage of the cell population as previously
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described for vitamin D [10] (n = 3; >150 cells were analyzed; ANOVA p < 0.001). In order
to reproduce these results in much more reliable models of lung structure and function,
we generated minilungs from hESCs as previously described [25,26]. On the one hand,
we generated lung airway and epithelial cells arranged in bidimensional cultures (2D
minilungs) from the hESC line AND-2 as previously described [25]. Briefly, good hESCs
colonies are grown along inactivated MEFs (iMEFs), picked up and passaged to new plates
with iMEFs in order to accumulate material for lung differentiation. Figure 3A shows the
expression of pluripotency marker SOX-2 in a good AND-2 colony and representative
micrographs at various times of the differentiation process: embryoid bodies (EBs), anterior
foregut endoderm (AFE), cultures at day 23 (lung progenitors) and at day 60 (differentiated
lung airway and alveolar cells). The cultures from day 50 onwards show the expression of
representative markers of the lung airway and alveolar cells, illustrating the heterogeneity
in cell shape, including the presence of flat cells with a crescent shape morphology and
granular and roughly cuboidal-shaped cells, likely corresponding to ATI and ATII cells,
respectively (Figure 3A; d60). Although from day 50 they can be considered mature, the
cultures were used for the desired experimentation from day 60 on. Figure 3B shows
a RT-qPCR result illustrating the complexity of these cultures (n = 3; >4 organoids per
experimental replicate were used; ANOVA p < 0.001). As previously described by us and
others [25–29], the differentiation protocol applied here yields cultures enriched in alveolar
epithelial cells (ATI and ATII cells). On the other hand, the generation of 3D minilungs
implies the formation of nascent organoids in suspension at certain times of the protocol (see
Figure 3C and Methods for details) and their final embedding in MatrigelTM sandwiches to
reach the desirable state of differentiation characterized by the presence of lung buds more
or less branched [lung buds organoids (LBOs)], as previously described [26,29] (Figure 3D).
Figure 3E shows representative micrographs of histochemical analysis (H&E staining) and
immunohistochemical analysis with surfactant antibodies performed on LBOs sections. In
order to analyze the expression of DNA damage and the effect of vitamin D and its analogs,
2D minilungs were treated with 12.5 μg/mL of bleomycin for 72 h. All the cell types of
these complex cultures seemed to be affected equally by the bleomycin treatment. As in the
case of the A549 cells, neither vitamin D nor its hypocalcemic analogs altered significantly
the basal levels of DD in the absence of bleomycin (Figure 4A,B) (n = 3; >150 cells were
analyzed; ANOVA p < 0.001). As expected, the exposure of these cultures to bleomycin and
vitamin D increased the levels of DD foci reached by bleomycin itself (Figure 4C,D). As in
the case of the A549 cells, the treatment with paricalcitol and calcipotriol did not further
increase the DD levels reached by bleomycin and seemed to reduce significantly the DD
expression induced by bleomycin (Figure 4C,D, (n = 3; >4 organoids per condition were
used and >150 cells were analyzed; ANOVA p < 0.001). Equivalent assays were performed
on 3D minilungs embedded into matrigelTM sandwiches. As previously reported, lung
buds minilungs are mainly constituted by ATII cells [26,29]. Although to a lesser extent, we
found similar results to those obtained in the case of 2D minilungs (Figure 4E–H) [n = 3;
>4 organoids per condition were used and >150 cells were analyzed; ANOVA p > 0.05
(panels 4E,F) and ANOVA p < 0.001 for data represented in panels 4G,H]. This reduction in
the extension of damage was probably because the organoids are embedded into matrigelTM

sandwiches and the access of bleomycin and the ligands to them is more restricted. Finally,
we evaluated, in A549 cells, a continuous cell line counterpart of ATII cells, the expression of
γH2AFX marker, which is a reliable marker of DD, cell senescence and aging, as previously
described [20,30]. Figure 4I shows the significant increase in the γH2AFX expression levels
in the presence of bleomycin and vitamin D compared to the controls and the drastic
reduction induced by paricalcitol. Equivalent assays were performed using a battery of
commercially available less-hypercalcemic vitamin D analogs, including 22-oxacalcitriol,
tacalcitol and vitamin D2. All the vitamin D analogs seemed not to further increase the
expression levels of γH2AFX reached in bleomycin-treated cells (Figure 4J). Moreover, in
the case of paricalcitol, a significant reduction in the expression of γH2AFX compared to
the bleomycin-treated cells was observed.
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Figure 1. Effects of bleomycin and vitamin D in A549 cells. (A) A549 cells were treated with
bleomycin with a sublethal bleomycin shock (12 μg/mL for 6 h) incubated for 48 h and then pro-
cessed for indirect immunofluorescence to detect DNA damage foci containing TP53BP1 (red dots), a
reliable marker of DNA double-strand breaks (DSBs). Veh.: bleomycin vehicle (PBS). No primary:
negative control of the immunofluorescence assay consisting of the absence of primary antibody.
Scale bar: 5 μm. (B) Expression of DSBs (TP53BP1 foci (red dots)) induced by vitamin D in the presence
of bleomycin. The cells were pre-treated with 5 nmol/L vitamin D for 2 h, subjected to a bleomycin shock
(12 μg/mL for 6 h) and then treated with 5 nmol/L vitamin D or its vehicle. Representative micrographs
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taken at 48 h post-shock are shown. Scale bar: 20 μm. (C,D) Quantification of damaged cell: % of
nuclei with TP53BP1 foci (C) or % of severely damaged cells (more than 20 TP53BP1 foci per nucleus
(D)). Data from three experiments are represented; more than 150 cells per condition were analyzed
(p < 0.001). *: p < 0.05, ***: p < 0.001.

 

 

Figure 2. Cont.
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Figure 2. Effects of vitamin D and two hypocalcemic analogs in the expression of DNA damage
induced by bleomycin in A549 cells. (A) Basal expression of DSBs (TP53BP1 foci (red dots)) induced
by vitamin D and the analogs paricalcitol and calcipotriol in the absence of bleomycin. A549 cells
were treated with 50 nmol/L vitamin D (or the corresponding analog) for 48 h and then subjected to
immunofluorescence to detect DD foci. Representative micrographs are shown. PBS is the bleomycin
vehicle; vehicle: vitamin D or analogs vehicle; scale bar: 10 μm. (B) Quantification of damaged cells
(nuclei with TP53BP1 foci). Data from three experiments are represented; more than 150 cells per
condition were analyzed. ANOVA p < 0.001. (C) Expression of TP53BP1 foci (red dots) in cultures of
A549 cells pre-treated with 50 nmol/L vitamin D, analogs or its vehicle for 2 h and subjected to a
bleomycin shock (12 μg/mL) for 6 h. After that, the cultures were treated with 50 nmol/L vitamin D
and the analogs paricalcitol and calcipotriol (or vehicle) for 48 h. Representative micrographs taken
at 48 h post-shock are shown. Scale bar: 10 μm. (D) Quantification of damaged cells; veh.: vitamin D
or analogs vehicle. Data from three experiments are represented; more than 150 cells per condition
were analyzed; ANOVA p < 0.001. The results presented in the figures are means ± SEM. Significance
of the analysis is indicated as *: p < 0.05, **: p < 0.01, ***: p < 0.001.

Figure 3. Cont.
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Figure 3. Representative micrographs of the sequential differentiation processes and expression
markers. (A) Left upper micrograph: AND-2 colony growing along with feeder cells (inactivated
MEFs (iMEFs)); scale bar: 100 μm); central upper micrograph: expression of SOX2 (SRY (sex-
determining region Y)-box 2) in an undifferentiated colony of AND-2; scale bar: 100 μm. Right
upper micrograph: representative micrograph of EBs (embryoid bodies). Bottom panels: AFE
(anterior foregut endoderm) and representative micrographs of cultures at day 23 of differentiation
(lung progenitors) and at day 60 (differentiated lung and airway cells); black arrowheads signal cells
with a typical flat and crescent shape morphology denoting alveolar type I cells (ATI cells); scale bar:
100 μm. (B) Levels of expression (relative to TBP (TATA box binding protein)) of lung and airway
epithelial cells markers at day 60 (n = 3; > 4 organoids per condition were used). (C) Representative
micrograph of nascent organoids growing in suspension at day 23. (D) Representative micrograph
of LBOs at day 50 embedded in MatrigelTM sandwiches; scale bar: 100 μm and 50 μm (micrograph
on the right). (E) Micrograph on the left: histochemical analysis of LBO sections (H&E staining);
representative micrograph of an immunohistochemical staining of LBO sections (micrograph on the
right) with an SFTP-C antibody. Scale bar: 100 μm.
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Figure 4. Effects of vitamin D and hypocalcemic analogs in the expression of DNA damage induced
by bleomycin in the minilungs generated from hESCs. (A) Basal expression of DNA damage (TP53BP1
foci (red dots)) induced by vitamin D and the analogs paricalcitol and calcipotriol in the absence of
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bleomycin. 2D minilungs were treated with 50 nmol/L vitamin D (or the corresponding analog)
for 72 h and then subjected to immunofluorescence to detect DD foci. Representative micrographs
are shown. PBS is the bleomycin vehicle; veh.: vitamin D or analogs vehicle; scale bar: 10 μm.
(B) Quantification of damaged cells (nuclei harboring TP53BP1 foci) corresponding to conditions A;
(n = 3; >150 cells were analyzed; ANOVA p < 0.001). (C) Expression of TP53BP1 foci (red dots) in 2D
minilungs cells pre-treated with 50 nmol/L vitamin D, analogs or its vehicle for 2 h and then with
bleomycin (12.5 μg/mL), vitamin D or analogs (50 nmol/L) for 72 h. After that, the cultures were
processed for indirect immunofluorescence to detect DNA damage foci containing TP53BP1 (red
dots); representative micrographs are shown. Scale bar: 10 μm. (D) Quantification of damaged cells
corresponding to conditions C. veh.: vitamin D or analogs vehicle; (n = 3; >150 cells were analyzed;
ANOVA p < 0.001). (E) Basal expression of DNA damage in 3D minilungs (LBOs): TP53BP1 foci (red
dots) induced by vitamin D and the analogs paricalcitol and calcipotriol in the absence of bleomycin.
3D minilungs (LBOs) were treated with 50 nmol/L vitamin D (or the corresponding analog) for
72 h and then subjected to immunofluorescence to detect DD foci. Representative micrographs are
shown. PBS is the bleomycin vehicle; veh.: vitamin D or analogs vehicle; scale bar: 10 μm. (F) Quan-
tification of damaged cells corresponding to condition E (nuclei harboring TP53BP1 foci); (n = 3;
>4 organoids per condition were used and >150 cells were analyzed; ANOVA p > 0.05). (G) Expres-
sion of TP53BP1 foci (red dots) in 3D minilungs (LBOs) cells pre-treated with 50 nmol/L vitamin D,
analogs or its vehicle for 2 h and then with bleomycin (25 μg/mL), vitamin D or analogs (50 nmol/L)
for 72 h. After that, the cultures were processed for indirect immunofluorescence to detect DNA
damage foci containing TP53BP1 (red dots); representative micrographs are shown. Scale bar: 10 μm.
(H) Quantification of damaged cells corresponding to condition G (nuclei harboring TP53BP1 foci);
(n = 3; >4 organoids per condition were used and >150 cells were analyzed; ANOVA p < 0.001).
The results presented in the figures are means ± SEM. Significance of the analysis is indicated as
*: p < 0.05, **: p < 0.01, ***: p < 0.001. (I) Detection of γH2AFX in A549 cell extracts. Cells were
pre-treated with 50 nmol/L vitamin D for 2 h, subjected to a bleomycin shock (12 μg/mL for 6 h) and
then treated with 50 nmol/L vitamin D or its vehicle. Cell extracts were obtained at 48 h post-shock;
Pari: paricalcitol; ERK2 was used as loading control. KDa: kilodaltons. (J) Detection of γH2AFX in
A549 cell extracts. Cells were treated as in J. Cell extracts were obtained at 48 h post-shock; Calci:
calcipotriol; Tacal: tacalcitol; Oxa.: 22-oxacalcitriol; D2: vitamin D2; Pari: paricalcitol; ERK2 was used
as loading control. KDa: kilodaltons. (K): densitometry analysis of western J; a.u: arbitrary units.

3. Discussion

Besides its function in the mineral homeostasis and immune system, vitamin D plays
a role in multiple chronic diseases involving the respiratory system. Epidemiological
studies have suggested a link between vitamin D deficiency and the risk of development
of chronic lung diseases, such as asthma, chronic obstructive pulmonary disease (COPD),
cystic fibrosis and respiratory infections [31]. This association has led to the notion that
vitamin D supplementation might ameliorate the progress of these diseases. Vitamin D
supplementation, however, needs to be evaluated carefully as it can be a factor contributing
to vitamin-D-mediated hypercalcemia and hypercalciuria [32]. In addition, cases of vitamin
D toxicity associated with overdoses due to manufacturing or intake errors have been
reported [33]. Moreover, we have reported a detrimental role of vitamin D supplementation
in a therapeutic experimental system, very likely associated with an impairment in the
cellular DSBs repair capabilities and cell senescence [10].

Vitamin D may affect the progression of fibrosis at different stages: anti-fibrinolytic
coagulation cascade, inflammation, fibroblasts activation and on the negative regulation of
the renin–angiotensin system. Vitamin D seemed to prevent the experimental lung fibrosis
induced by bleomycin [8,9,34–36]. However, in these experimental studies, vitamin D is
administered either before or very early after the bleomycin insult, so the effects observed
were very likely due to the inherent anti-inflammatory properties of vitamin D. Thus, these
studies can be defined as preventive. In addition, various hypocalcemic analogs, such
as paricalcitol, calcipotriol and 22-oxacalcitriol, have been demonstrated to be active as
anti-fibrotic agents in different experimental systems and types of fibrosis [37–49]. Vitamin
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D less-hypercalcemic analogs might provide an alternative to vitamin D supplementation
to treat many conditions related to fibrosis. The ideal analog would retain vitamin D
receptor-binding capacities and have minimal effects on mineral metabolism.

Bleomycin can induce pulmonary fibrosis and fibrogenic cytokine release by oxidant-
mediated DNA scission in a variety of animal models. The principal drawbacks of the
bleomycin model relate to the rapid lung remodeling and the emphysema-like changes
induced [17]. However, it reproduces well many aspects of the general pulmonary fibrosis
and some lesions present in IPF, although it should be stated here that bleomycin is not a
reliable model of IPF [17]. However, the potential of bleomycin in the induction of DSBs
and senescence in many cell types is extraordinary [10,13]. We have made use of this
advantage in the present study to explore the influence of various vitamin D hypocalcemic
analogs in the context of A549 cells and minilungs generated from hESCs. Our experiment
approaches the initial steps of the fibrogenic conditions, i.e., the expression of DNA damage
underlying many conditions evolving towards fibrosis.

The generation of human minilungs that share the structural features and some extent
of the functionality of the native organ may serve as a system model to emulate the DNA
damage inflicted during the course of fibrogenic conditions, such as IPF. Currently, the
more efficient protocols to generate airway and alveolar epithelial cells from the direct
differentiation of hPSCs are biased to the production of alveolar cells [26,27,29]. We have
employed either shocks or continuous exposures of bleomycin. The sublethal bleomycin
shocks employed here allow the accurate quantification of DNA damage in the form of
DSBs and the observation of subtle differences between the experimental conditions that
might otherwise be masked by the extraordinary potential of bleomycin. Bleomycin seems
to inflict DNA damage in the form of DSBs in all the epithelial cells equally, even when the
cell organization is the form of lung buds embedded in MatrigelTM sandwiches. However,
the assembly of organoids into MatrigelTM sandwiches can make difficult the access of
bleomycin and ligands to the cells. The reduction in the extent of DNA damage inflicted by
bleomycin compared to the 2D minilungs or A549 cells might reflect this fact.

As a continuation of our earlier work [10], our current hypothesis states that hypocal-
cemic vitamin D analogs could show a lower incidence in the expression of DNA damage
upon a bleomycin insult than the active form of vitamin D. The initial results presented here
suggest that less-hypercalcemic analogs do not show the deleterious effects observed by
vitamin D treatment in the presence of bleomycin and could be an alternative to vitamin D
supplementation. In addition, the treatment with such vitamin D analogs could be tested as
efficient agents to reduce the bulk of the DD expression underlying multiple diseases that
can evolve with DNA damage, fibrosis and aging, such as IPF and other lung interstitial
conditions. Future in vivo work in this direction will be necessary.

4. Materials and Methods

4.1. Cell Culture

Alveolar epithelial cells type II (A549, ATCC) were maintained in DMEM medium
supplemented with 10% FBS (Sigma-Aldrich, Burlington, MA, USA), 2 mM glutamine and
100 U/mL of penicillin and streptomycin (Lonza, Basel, Switzerland). We used the active
form of vitamin D (1α,25-Dihydroxyvitamin D3 or calcitriol) (cat.#D1530; Sigma-Aldrich;
Vitamin D stock was 10 μM in ethanol) and the following vitamin D analogs (stocks were
50 μM in ethanol): calcipotriol (cat.#203537; Santa Cruz Biotechnology, Dallas, TX, USA),
paricalcitol (cat.#477938; Santa Cruz Biotechnology), tacalcitol (cat.#sc-361371a; Santa Cruz
Biotechnology, Dallas, TX, USA), 22-Oxacalcitriol (cat.#sc-361076; Santa Cruz Biotechnology,
Dallas, TX, USA) and vitamin D2 (cat.#sc- sc-205988; Santa Cruz Biotechnology, Dallas,
TX, USA). Treatments were performed in cells maintained in DMEM supplemented with
10% hormone-depleted serum. This serum was prepared by using the anion exchange
resin AGR1-X8 from BIO-RAD (cat.#1401441; BIO-RAD, Hercules, CA, USA) as previously
described [20]. Bleomycin sulfate (cat.# CAYM13877–50) was purchased to VWR [Radnor,
PA, USA] (bleomycin stock: 50 mM in PBS).
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4.2. Maintenance of hESCs

The hESCs line AND-2 was obtained from the “Biobanco de células madre de
Granada” (ISCIII, Spain); passages 26–40. Mouse embryonic fibroblasts (MEFs) were
obtained at 13.5 days post-coitum from C57BL/6 mice as described previously [20]. MEFs
were mitotically inactivated by an overnight treatment with 2 μg/mL of mitomycin C
(cat.#M4287; Sigma-Aldrich, Darmstatdt, Germany) and plated at a density of approxi-
mately 16,000 cells/cm2. hESCs were cultured along with MEFs under standard conditions
(http://www.stembook.org (accessed on 5 April 2022)). The maintenance medium was
composed of KO-DMEM (cat.#10829-018 Gibco; Life Technologies, Carlsbad, CA, USA),
20% KO serum replacement (cat.#10828010 Gibco; Life Technologies, Carlsbad, CA, USA),
0.1 mM β-mercaptoethanol (cat.#21985-023 Gibco; Life Technologies, Carlsbad, CA, USA),
2 mM Glutamax (cat.#35050-061,Gibco; Life Technologies, Carlsbad, CA, USA), nonessen-
tial aminoacids (cat.#11140-050 Gibco; Life Technologies (Carlsbad, CA, USA) and primocin
(cat.#12I05MM; InvivoGen, Toulouse, France). The medium was filtered by using 0.22-μ
pore filter systems (cat.#431097; Corning, NY, USA); 10 ng/mL recombinant human basic
fibroblast growth factor (hbFGF) (cat.#PHG6015; Invitrogen, Waltham, MA, USA) and
10 μM Y-27632 (cat.#1254; Tocris, R&D Systems, Bristol UK) were added before use. The
medium was changed on a daily basis and cells were passaged either by enzymatic (col-
lagenase IV method) (collagenase IV: cat.#11140050; Gibco; Life Technologies, Carlsbad,
CA, USA) or mechanical procedures (http://stembook.org (accessed on 5 April 2022)).
Cells were maintained in an undifferentiated state in a 5% CO2/air environment. The
differentiation process was carried out under hypoxic conditions in a 5% CO2/5% O2/95%
N2 environment (Galaxy 48R incubator (New Brunswick); Eppendorf, Hamburg, Germany)
or in normoxy, as indicated in the corresponding differentiation step.

4.3. Primitive Streak Formation and Induction of Definitive Endoderm (DE)

Induction of endoderm was performed as previously described [25,26]. Primitive
streak formation (day 0; 24 h) and endoderm induction (days 1–4) were performed in serum-
free differentiation (SFD) medium. SFD medium was composed of a mix of IMDM:F12
(3:1) media (cats.#B12-722F and 10-080 CVR; Corning, Corning, NY, USA), supplemented
with N2 (cat.#17502-048, Gibco; Life Technologies, Carlsbad, CA, USA), B27 (cat.#17504-044,
Gibco; Life Technologies, Carlsbad, CA, USA), 2 mM Glutamax (cat.#35050-061 Gibco; Life
Technologies, Carlsbad, CA, USA), 1% penicillin-streptomycin (DE17-602E; Lonza, Basel,
Switzerland) and 0.05% bovine serum albumin (BSA) (cat.#A7906; Sigma-Aldrich, Burling-
ton, MA, USA). The medium was filtered using a 0.22 μ-pore filter system (cat.#431097;
Corning, Corning, NY, USA); 50 μg/mL ascorbic acid (cat.#A4554; Sigma-Aldrich, Burling-
ton, MA, USA) and 0.04 μL/mL monothioglycerol (stock > 97%) (cat.#M6145; Sigma-
Aldrich, Burlington, MA, USA) were added before use. MEFs were depleted by passaging
hESCs lines onto MatrigelTM-coated (cat.#354230; Life Technologies, Carlsbad, CA, USA)
plates for at least 48 h. Cells were briefly trypsinized into small 3–10 cell clumps and the
reaction was halted with stop medium (IMDM medium (BE12722F) supplemented with
50% foetal bovine serum (F7524, Sigma-Aldrich, Burlington, MA, USA), 2 mM Glutamax,
1% penicillin-streptomycin and 30 ng/mL DNase I (cat.#260913-10MU; Calbiochem, San
Diego, CA, USA). Cells were then centrifuged 5 min at 850 rpm and washed carefully
two times with an excess of SFD medium. To form embryoid bodies (EBs), the clumps
were plated onto low-attachment 6-well plates (cat.#3471; Corning, Corning, NY, USA)
and maintained in SFD medium in a 5% CO2/5% O2/95% N2 environment (Galaxy 48R
incubator; New Brunswick).

For primitive streak formation, 10 μM Y-27632, 10 ng/mL Wnt3a (cat.#5036-WN; R&D
Systems, Minneapolis, MN, USA) and 3 ng/mL human BMP4 (cat.#314-BP; R&D Systems,
Minneapolis, MN, USA) were used. EBs were collected, resuspended carefully in endoderm
induction medium containing 10 μM Y-27632, 0.5 ng/mL human BMP4, 2.5 ng/mL hbFGF
and 100 ng/mL human Activin (cat.# 338-AC; R&D Systems, Minneapolis, MN, USA).
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Cells were fed after 36–48 h, depending on cell density, by removing half the old medium
and adding half fresh medium.

4.4. Induction of Anterior Foregut Endoderm (AFE)

AFE (days 4, 5 or 5) was induced as previously described [25,26]. EBs were dissociated
into single cells with trypsin. Dissociated cells were transferred to a conical tube containing
stop medium to neutralize trypsin. Cells were centrifuged for 5 min at 850 rpm, washed
carefully twice with SFD medium and counted. For AFE induction, 25,000–30,000 cells/cm2

were plated on fibronectin-coated (F0895; Sigma-Aldrich, Burlington, MA, USA, USA)
12-well tissue culture plates in AFE induction medium 1 (SFD medium supplemented with
10 mM SB-431542 (cat.#1614; Tocris, Bristol, UK) and 100 ng/mL of NOGGIN (cat.#6057;
R&D Systems, Minneapolis, MN, USA). After 24 h of incubation, the medium was aspirated
and AFE induction medium 2 (SFD medium supplemented with 1 μM IWP2 (cat.#3533;
Tocris, Bristol, UK) and 10 μM of SB-431542) was added to the cultures. This process was
carried out under hypoxic conditions only for the bidimensional cultures.

4.5. Lung Progenitors Induction and Expansion

Lung progenitor induction and expansion was carried out as previously described [25,26].
On day 6,5–7, AFE cultures treated for 20 days with the ventralization medium consist-
ing of SFD medium supplemented with 3 μM CHIR99021 (cat.#04; Tocris, Bristol, UK),
10 ng/mL human FGF10 (cat.#345-FG; R&D Systems, Minneapolis, MN, USA), 10 ng/mL
human KGF (cat.#251KG-010; R&D Systems, Minneapolis, MN, USA), 10 ng/mL hu-
man BMP4 (cat.#314-BP; R&D Systems, Minneapolis, MN, USA), 10 ng/mL murine EGF
(cat.#2028-EG-200; R&D Systems, Minneapolis, MN, USA) and 50 nM all-trans retinoic
acid (cat.#R2625; Sigma-Aldrich, Burlington, MA, USA). The culture medium was changed
every two days. At a time point between days 8 and 12, cultures were incubated under
normoxic conditions. At day 16, cultures were briefly digested with trypsin in order
to remove potential nonectodermal contaminating cells. Supernatant of this brief diges-
tion containing single cells and small clumps were removed. The remaining cell clumps
were replated onto fibronectin-coated MW12 plates at 1:3 dilutions in fresh medium after
trypsin neutralization and careful washing. Plates were returned to the hypoxic conditions
(5% CO2/5%O2/95%N2 environment).

4.6. Lung and Airway Epithelial Cells Maturation

At day 26, cultures were incubated with SFD medium supplemented with 3 μM
CHIR99021, 10 ng/mL human FGF10, 10 ng/mL human FGF10, 0.1 mM 8-bromocAMP
(cat.# B5386; Sigma-Aldrich, Burlington, MA, USA), 0.1 mM IBMX (3,7-dihydro-1-methyl-3-
(2methylpropyl)-1H-purine-2,6-dione; cat.# I5879; Sigma-Aldrich, Burlington, MA, USA)
and 60 nM dexamethasone (cat.#D5902; Sigma-Aldrich, Burlington, MA, USA). The medium
was changed every two days and plates were maintained under hypoxic conditions
(5%CO2/5%O2/95%N2 environment). Cultures were carried further under these con-
ditions until their experimental use at day 50. Treatments were performed in minilungs
maintained in day 26 medium as indicated in the corresponding experiments.

4.7. Formation of Lung Bud Organoids

In this case, the differentiation process was performed under normoxic conditions
from the anteriorization stage on. At day 8, cells were briefly trypsinized into small
3–10 cell clumps and the reaction was halted with stop medium (IMDM medium (BE12-
722F) supplemented with 50% fetal bovine serum (FBS; F7524; Sigma-Aldrich, Burlington,
MA, USA), 2 mM Glutamax, 1% penicillin-streptomycin). Cells were then centrifuged
for 5 min at 850 rpm and washed carefully twice with an excess of SFD medium. The
clumps were plated onto low-attachment six-well plates (cat.#3471; Corning, Corning, NY,
USA) in branching medium (SFD medium containing 3 μM CHIR99021, 10 ng/mL FGF10,
10 ng/mL KGF, 10 ng/mL BMP4, 50 nM all-trans retinoic acid). These three-dimensional
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clumps (nascent lung bud organoids) were incubated and fed every other day for approxi-
mately 20–25 days. After that, these nascent organoids were embedded into a MatrigelTM

sandwich assembled on MW96 wells. 50 μL of MatrigelTM were loaded on the MW96 well
and allowed to gel. Nascent organoids were picked up with a wide mouth plastic Pasteur
pipette, divided into MW96 wells containing 50% MatrigelTM, diluted in branching media
and immediately transferred onto the first layer of MatrigelTM. After solidification of this
intermediate layer containing the nascent organoids, 50 μL of MatrigelTM were added on
top. Finally, each sandwich containing various organoids was incubated with 50 μL branch-
ing media. Medium was changed every 2–3 days. Growing branching structures were
easily visualized under the microscope after 1 or 2 weeks. Treatments were performed in
minilungs maintained in branching medium as indicated in the corresponding experiments.

4.8. Indirect Immunofluorescence of A549 Cells and 2D Minilungs

Cells were seeded in 8-well chambers (cat.#154,534; Thermofisher Scientific, Waltham,
MA, USA) at a density of 20,000 cells/well. The following day, the cells were treated
as indicated in the corresponding experiments. Immunofluorescence was performed as
previously described [20]. Basically, the cells were fixed in 2% PFA in PBS for 10 min
at RT and permeabilized with 0.1% Triton X-100 and 0.1% sodium citrate for 5 min at
RT. Preparations were washed with PBS and washing solution (PBS/0.25% BSA/0.1%
Tween 20), blocked for 30 min with blocking solution (washing solution + 2.5% BSA) and
incubated overnight with antibodies against TP53BP1 (1:500; sc-16565; Invitrogen, Waltham,
MA, USA). Preparations were then washed with washing solution and incubated with
secondary antibodies conjugated with Alexa fluor dyes (488, 546) from Life Technologies
(cat.#A-11029, cat.#A-11035) for 1 h at RT. Nuclei were counterstained with DAPI, and
samples were mounted with ProLong Diamond (cat.#P36961; Life Technologies, Waltham,
MA, USA). Cell images were captured with fluorescence microscope (Zeiss Axio) equipped
with a camera (AxiocamMRm) and AxioVision software. DNA damage foci were quantified
by counting from >150 cells for each experimental condition. For 2D minilungs, the glass
chamber slides were incubated overnight at 4 ºC with human fibronectin in order to plate
the differentiated cells. Cultures from day 50 were digested with trypsin, neutralized
with stop medium and washed with SFD medium. Approximately 40,000 differentiated
epithelial cells per well were plated in the epithelial maturation medium. Cultures were
maintained under normoxic conditions for one day before treatments.

4.9. Indirect Immunofluorescence of Lung Bud Organoids

Organoids were picked up from the MW96 wells, transferred into a well of a MW12
and fixed with 4% paraformaldehyde (PFA) for 15 min at RT. After that, the organoids were
washed three times with PBS for 10 min and incubated overnight at 4 ◦C with 30% sucrose.
The sucrose was exchanged for a solution of 7.5% gelatin/15% sucrose and incubated for
15 min at 37 ◦C. The organoids were carefully transferred to cryomolds and progressively
embedded in various layers of solidified 7.5% gelatin/15% sucrose. These preparations
were cut into 10-μm sections in a Leica CM3050 cryostat. The mounted sections were
washed with PBS and permeabilized with PBS/1% BSA/0.25% Triton X-100 for 5 min at RT.
After that, the sections were washed and blocked for 30 min at RT with blocking solution
(PBS-BSA 1%). The sections were incubated for 2 h with antibodies against TP53BP1
(1:500; sc-16565; Invitrogen, Waltham, MA, USA) or the pro surfactant protein C (1:200;
ab3785, Merck). Preparations were washed with washing solution and incubated with a
secondary antibody conjugated with Alexa fluor dye (546) from Life Technologies (cat.#A-
11035, Waltham, MA, USA) for 1 h at room temperature. Nuclei were counterstained with
DAPI and samples were mounted with ProLong Diamond (cat.#P36961; Life Technologies,
Waltham, MA, USA). Cell images were captured with a fluorescence microscope (Zeiss
Axio) equipped with a camera (AxiocamMRm) and AxioVision software. DNA damage
foci were counted from >150 cells for each experimental condition.
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4.10. Analysis of Proteins by Western Blot

Cell monolayers were washed with ice-cold PBS and lysed in triple-detergent lysis
buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.02% sodium azide, 0.1% SDS, 1% NP-40,
0.5% sodium deoxycholate, 100μg/mL PMSF, 2μg/mL pepstatin, 2μg/mL aprotinin,
2μg/mL leupeptin, and phosphatase inhibitors cocktail 2 or 3 (cat.#P5726, P0044, Sigma-
Aldrich, St. Louis, MO, USA)). SDS-PAGE and immunoblotting were performed under
standard conditions. Basically, samples in Laemmli buffer (30μg/lane) were separated
through 12% gels and transferred to nitrocellulose membranes for 90 min at RT in the
presence of 20% methanol and 0.1% SDS. Membranes were blocked with 3% BSA in PBS-
Tween 0.05% (PBST-BSA) and incubated O/N at 4 ◦C with a γH2AFX antibody (cat.#05–636,
Millipore, Burlington, MA, USA) diluted 1:1000 in PBST-BSA. Densitometry analysis of
bands was performed by using Image J software (https://imageJ.nih.gov/ (accessed on
22 April 2020)).

4.11. Quantitative real-time RT-PCR (RT-qPCR) of minilungs

Total RNA was extracted using Trizol (cat.#15596026; Ambion) following manufac-
turer’s instructions. cDNA was generated using the High-Capacity cDNA kit (cat.#4387406;
Applied Biosystems, Waltham, MA, USA). Real-time qPCR was performed by using the
powerUpSYBR Green mix (cat.#A25742) on the Quantstudio-3 system (Applied Biosystems,
Waltham, MA, USA) following manufacturer’s instructions. Absolute quantification of each
gene was obtained using a standard curve of serial diluted genomic DNA (cat.#11807720,
Roche) and normalized to housekeeping gene TBP (TATA box binding protein).

The genes analyzed and the sequences of the oligonucleotides employed in this study were
the following: TBP [Tata-Box Binding Protein; Forward: 5′-TGAGTTGCTCATACCGTGCTGCTA,
Reverse: 5′-CCCTCAAACCAACTTGTCAACAGC]; TP63 (Tumor Protein P63, marker of basal
cells) [Forward: 5′-CCTATAACACAGACCACGCGCAGA, Reverse: 5′-GTGATGGAGAGAGA
GCATCGAAG]; MUCIN5AC (Mucin 5AC, marker of globet cells) [Forward: 5′GCACCAACGA
CAGGAAGGATGAG, Reverse: 5′-CACGTTCCAGAGCCGGACAT]; SCGB1A1 (Secretoglobin
Family1A Member1 or CC10, marker of clara cells) [Forward: 5′-TCATGGACACACCCTCCAG
TTATGAG.

Reverse: 5′-TGAGCTTAATGATGCTTTCTCTGGGC]; PDPN (Podoplanin, marker
of AT-I cells) [Forward: 5′- AGGAGAGCAACAACTCAACGGGA, Reverse: 5′- TTCT-
GCCAGGACCCAGAGC]; AQP5 (Aquaporin 5, marker of AT-I cells) [Forward: 5′- GC-
CATCCTTTACTTCTACCTGCTC, Reverse: 5′- GCTCATACGTGCCTTTGATGATGG]; SFTPA
(Surfactant Protein A, marker of AT-II cells) [Forward: 5′-GTGCGAAGTGAAGGACGTTTGTG,
Reverse: 5′-TTTGAGACCATCTCTCCCGTCCC]; SFTPB (Surfactant Protein B, marker of
AT-II cells) [Forward: 5′-TCTGAGTGCCACCTCTGCATGT, Reverse: 5′-TGGAGCATTGCC
TGTGGTATGG]; SFTPC (Surfactant Protein C, marker of AT-II cells) [Forward: 5′-CCTTCTT
ATCGTGGTGGTGGTGGT, Reverse: 5′-TCTCCGTGTGTTTCTGGCTCATGT]; SFTPD (Sur-
factant Protein D, marker of AT-II cells) [Forward: 5′-TGACTGATTCCAAGACAGAGGGCA,
Reverse: 5′-TCCACAAGCCCTGTCATTCCACTT]; FOXJ1 (Forkhead Box J1, marker of cili-
ated cells) [Forward: 5′-GGCATAAGCGCAAACAGCCG, Reverse: 5′-TCGAAGATGGCCT
CCCAGTCAAA]; CYP24A1 (cytochrome P450 family 24 subfamily A member 1) [Forward:
5′-GGTGACATCTACGGCGTAC, Reverse: 5′-CTTGAGACCCCCTTTCCAGAG].

4.12. Statistical Analysis

Data were subjected to the Shapiro–Wilk test and D’Agostino and Pearson omnibus
test to verify their normality. Statistical significance of data was determined by applying
a two-tailed Student’s t-test or analysis of variance followed by the Newman–Keuls or
Bonferroni post hoc tests for experiments with more than two experimental groups; p < 0.05
is considered significant. Significance of analysis of variance post hoc test or the Student’s
t-test is indicated in the figures as *, p < 0.05; **, p < 0.01 and ***, p < 0.001. Statistics were
calculated with the Prism 9 software (GraphPad Software). The results presented in the
figures are means ±SEM. Experiments were repeated three times.
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5. Conclusions

The bleomycin treatment of cells and organoids might be used to reproduce the bulk of
the DNA damage expression underlying multiple conditions that evolve with fibrosis. The
treatment with vitamin D less-hypercalcemic analogs does not increase the DNA damage
expression reached by the sole treatment with bleomycin. In terms of DNA damage
expression, these initial results indicate that the vitamin D analog paricalcitol behaves
as a potential DNA damage eraser. This fact might be exploited to set up a therapy for
fibrogenic diseases.
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AFE Anterior foregut endoderm
ATI Alveolar type I cells
ATII Alveolar type II cells
BMP4 Bone Morphogenic Protein 4
BSA Bovine serum albumin
DD DNA damage
DD foci DNA damage foci
DSBs DNA double-strand breaks
EBs Embryoid bodies
FBS Foetal bovine serum
FGF Fibroblast growth factor
FOXJ1 Forkhead Box J1
H2AFX H2A histone family member X
hbFGF Human basic fibroblast growth factor
hESCs Human embryonic stem cells
hPSCs Human pluripotent stem cells
IBMX Isobutylmethylxanthine
IPF Idiopathic pulmonary fibrosis
KGF Keratinocyte growth factor
LBOs Lung bud organoids
MEFs Mouse embryonic fibroblasts
MUCIN5AC Mucin 5AC, Oligomeric Mucus/Gel-Forming
PBS Phosphate-buffered saline
PDPN Podoplanin
RT-qPCR Quantitative real-time RT-PCR (reverse transcription polymerase chain reaction)
SCGB1A1 Secretoglobin Family 1A Member 1; CC10
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SEM Standard error of the mean
SFD Serum-free differentiation
SFTPA SurfactantProtein A
SFTPB SurfactantProtein B
SFTPC SurfactantProtein C
SFTPD SurfactantProtein D
SOX2 SRY (sex-determining region Y)-box 2
TBP TATA box binding protein
TP53BP1 Tumor Protein P53 Binding Protein 1
TP63 Tumor Protein P63
μm Micrometer
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Pathway and Ameliorates Dermal Fibrosis in Bleomycin Induced Scleroderma Model. Arch. Rheumatol. 2017, 33, 288–294.
[CrossRef] [PubMed]

47. Wang, X.; Wang, G.; Qu, J.; Yuan, Z.; Pan, R.; Li, K. Calcipotriol Inhibits NLRP3 Signal Through YAP1 Activation to Alleviate
Cholestatic Liver Injury and Fibrosis. Front. Pharmacol. 2020, 11, 200. [CrossRef] [PubMed]

599



Int. J. Mol. Sci. 2022, 23, 4921

48. Martínez-Arias, L.; Panizo, S.; Alonso-Montes, C.; Martín-Vírgala, J.; Martín-Carro, B.; Fernández-Villabrille, S.; García Gil-Albert,
C.; Palomo-Antequera, C.; Fernández-Martín, J.L.; Ruiz-Torres, M.P.; et al. Effects of calcitriol and paricalcitol on renal fibrosis in
CKD. Nephrol. Dial. Transplant. 2021, 36, 793–803. [CrossRef] [PubMed]

49. Gong, J.; Gong, H.; Liu, Y.; Tao, X.; Zhang, H. Calcipotriol attenuates liver fibrosis through the inhibition of vitamin D receptor-
mediated NF-κB signaling pathway. Bioengineered 2022, 13, 2658–2672. [CrossRef]

600



Citation: Petrásková, L.; Káňová, K.;
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Abstract: Sulfation is an important reaction in nature, and sulfated phenolic compounds are of
interest as standards of mammalian phase II metabolites or pro-drugs. Such standards can be pre-
pared using chemoenzymatic methods with aryl sulfotransferases. The aim of the present work
was to obtain a large library of sulfated phenols, phenolic acids, flavonoids, and flavonolignans
and optimize their HPLC (high performance liquid chromatography) analysis. Four new sulfates of
2,3,4-trihydroxybenzoic acid, catechol, 4-methylcatechol, and phloroglucinol were prepared and fully
characterized using MS (mass spectrometry), 1H, and 13C NMR. The separation was investigated
using HPLC with PDA (photodiode-array) detection and a total of 38 standards of phenolics and
their sulfates. Different stationary (monolithic C18, C18 Polar, pentafluorophenyl, ZICpHILIC) and
mobile phases with or without ammonium acetate buffer were compared. The separation results
were strongly dependent on the pH and buffer capacity of the mobile phase. The developed robust
HPLC method is suitable for the separation of enzymatic sulfation reaction mixtures of flavonoids,
flavonolignans, 2,3-dehydroflavonolignans, phenolic acids, and phenols with PDA detection. More-
over, the method is directly applicable in conjunction with mass detection due to the low flow rate
and the absence of phosphate buffer and/or ion-pairing reagents in the mobile phase.

Keywords: aryl sulfotransferase; Desulfitobacterium hafniense; HPLC analysis; sulfates; flavonoids;
polyphenols; phenolic acid

1. Introduction

Plant constituents such as flavonoids and phenolic acids are an essential part of a
so-called healthy diet. These polyphenolic substances, once considered antioxidants and
protective agents against ROS, act more at the receptor level [1]. However, their function
is still not fully understood, and it is necessary to thoroughly study their toxicology,
metabolism, and possible interactions with dietary supplements and drugs.

Flavonoids and phenolic acids are preferentially metabolized (sulfated, methylated,
or glucuronidated) via the II biotransformation phase [2,3]. Sulfated flavonoids and other
polyphenols are therefore of great pharmacological interest. They can serve as potential
(pro)drugs and have antiviral, antitumor, anticoagulant, and anti-inflammatory activi-
ties [4]. Sulfation is also associated with molecular recognition, cell signaling, and hormone
regulation [5]. A detailed study of all these properties requires substantial amounts,
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which usually cannot be isolated from the biological material. On the other hand, nature-
inspired sulfated conjugates can be synthesized chemically or enzymatically to provide
well-characterized standards.

The enzymatic sulfation of (poly)phenolic compounds has recently been preferred to
the chemical one [6–13]. Bacterial aryl sulfotransferases such as the one from Desulfitobac-
terium hafniense use p-nitrophenyl sulfate (p-NP-S) as a sulfate donor. When monitoring
the reaction progress, we solve the analytical separation of polar (phenols, p-nitrophenol,
p-NP) and highly polar substances (phenolic sulfates, p-NP-S). Besides TLC, the HPLC
method is the analytical method of the first choice for monitoring sulfation reactions due
to its robustness and general availability. Sulfates of various polyphenols carrying one or
more highly charged sulfate group(s) are inherently very polar compounds. If the sulfate
group is not modified, or if the effect of the modification on the overall polarity is small,
conventional reversed-phase liquid chromatography will not provide adequate retention.
This shows up on the chromatogram as peak fronting, tailing, or very broad peaks.

One way to solve this problem is to modify the sulfate group using ion-pairing liquid
chromatography (IPLC). IPLC uses a conventional reversed stationary phase in combination
with a mobile phase enriched in an ion-pairing reagent. The ion-pairing reagent (generally
an amine) forms a hydrophobic pair with the highly charged molecule of opposite charge.
This dramatically increases the retention of the analytes and thus the sharpness of the
peaks. IPLC has been used, for example, for the analysis of oligonucleotides [14], for
the separation of reaction mixtures with sulfates of 2-phenylethyl alcohol, p-NP-glycerol,
p-NP-glucose, phenyl-glucose, p-NP-N-acetyl-D-glucosamine (GlcNAc) [6], and for 3-
sulfo-17-beta-estradiol-4,4′-disulfate, and for monitoring the sulfation of resveratrol and
phloretin [7,15]. However, IPLC applications may also have disadvantages, such as artifacts
when using gradient elution, incompatibility with mass spectrometry (MS) and preparative
chromatography, or more complex mobile phase preparations.

Therefore, in some cases, a better solution is required. Resolution and sensitivity
can be greatly improved by a careful combination of stationary and mobile phases, flow
rate, temperature, and the type of detection. Hereunder we show the advantages and
disadvantages of analytical methods developed for the separation of sulfated substances.

C18 columns in combination with phosphate-containing mobile phases and an ion-
pairing reagent required over 20 min for the separation of indoxyl sulfate, sulfated pri-
mary aliphatic alcohols, estradiol, or bisphenol-A [6,7,16]. Significantly shorter times
(2.5–6 min) were reached when separating silybin or isosilybin sulfates. However, the
width of the peaks in 5% of their height was greater than one minute (1–4.5 min) in all
cases [9]. Polyamine II column with a linear gradient of phosphate buffers was used to
separate fluorescently labeled N-sulfated polysaccharides [17]. However, phosphate is
incompatible with the LC-MS interface.

For monitoring the metabolic fate of (poly)phenolic substances in complex exper-
iments on animals, MS/MS detection can preferably be used. However, these devices
are expensive and not generally available. The sulfated metabolites of naringin and hes-
peridin were monitored in in vivo experiments using the UHPLC-ESI-MS/MS (ultra-high
performance liquid chromatography coupled with electrospray ionization tandem mass
spectrometry) analysis (Waters Acquity BEH C18 column, gradient elution). The metabo-
lites were identified based on chemical composition, retention time, MS/MS fragmentation
pattern, and comparison with available standards and references [2]. The sulfated product
of chlorocatechol was identified using the NUCLEODUR HILIC (hydrophilic interaction
chromatography) column with an ion trap mass analyzer. The peak of chlorocatechol sul-
fate was broad and the other components of the reaction mixture (p-NP, 3-chlorocatechol)
were not separated from the baseline [18]. The biotransformation products of quercetin,
isoquercitrin, and taxifolin sulfates formed by HepG2 cells were monitored by UHPLC
(XDB phenyl column) and ESI MS/MS detection [19]. The sulfation reaction (catalyzed by
aryl sulfotransferase from Clostridium innocuum) of various phenols, flavonoids, quinones,
primary alcohols, and sugars was analyzed using a C18 column (mobile phase acetonitrile,
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water, trifluoroacetic acid) and the identity of the reaction products was confirmed by
MS [20].

The analyses of hydroxytyrosol and acetyltyrosol sulfates [21], luteolin, myricetin, and
ampelopsin sulfates [8], quercetin mono- and disulfates [12] or quercetin, isoquercitrin, and
taxifolin sulfates [11] on the pentafluorophenyl column (mobile phase water, methanol,
trifluoroacetic acid) suffered from tailing peaks. Tailing peaks were also observed during
the separation of sulfated polysaccharides (cellobiose and GlcNAc-linker-tBoc) on the Mul-
tospher APS-HP-5 μm HILIC column (mobile phase acetonitrile, ammonium acetate) [22].
HPLC chromatograms of 2,3-dehydrosilybin sulfation obtained by separation on a mono-
lithic Chromolith C18 column (mobile phase acetonitrile, water, formic acid) also showed
tailing [13].

Separation of a chemically prepared mixture of mono- and disulfates of quercetin on a
BDS -Hypersil C18 column (mobile phase ammonium acetate with methanol) gave good
analytical separation (sharp peaks, baseline separation); up to 20 min was achieved in the
separation [23]. The sulfation reagent sulfur trioxide N-triethylamine probably also served
as an ion-pairing reagent and allowed sharp peaks. Analyses of the sulfates of quercetin
and epicatechin on the AQUA reversed-phase C18 column and the Spherisorb S3OD-2 C18
column (mobile phase trifluoroacetic acid in water and methanol, respectively) took over
30 min [24].

The following parameters can be considered as disadvantages for the separation of
sulfated polyphenols: Phosphate in the mobile phase, use of ion-pairing reagent (both
incompatible with LC-MS), MS/MS detection (not a common detector), separation time
over 20 min, and tailing and/or coelution of the peaks (poorer separation of the peaks
in the reaction mixture). The disadvantages of the published methods with at least one
undesirable parameter are summarized in Table 1.

Table 1. An overview of HPLC methods for sulfate separation published to date and their parameters.

Column C18 C18 a HILIC b Phenyl a PFP c Polyamine
Phosphate in
mobile phase + + + - - - - + + - - - - - - - +

Ion-pairing
reagent - + + - - - - + + - - - - - - - -

MS/MS, QTof
detection - - - - - + - + - + + - + - - - Fluorescence

Long separation
time (≥ 20 min) ? d + + + + - - + - + + - - + + - -

Tailing peaks,
coelution ? - + ? - ? + - + - + + + + + + +

Reference [16] [6] [7] [24] [23] [20] [11] [15] [9] [2] [18] [22] [19] [21] [8] [12,13] [17]

a Ultra-high performance liquid chromatography (UHPLC), b hydrophilic interaction chromatography, c pentaflu-
orophenyl, d information not provided in the reference.

The aim of this work was to obtain a large library of sulfated phenols, phenolic acids,
flavonoids, and (2,3-dehydro)flavonolignans and to develop a robust and reliable HPLC
analytical method suitable for the separation of enzymatic sulfation reaction mixtures
of these phenolics. The authentic standards of sulfates of 2,3,4-trihydroxybenzoic acid,
catechol, 4-methylcatechol, and phloroglucinol were prepared in the frame of this work.
Four types of stationary phases (pentafluorophenyl (PFP), C18, C18 Polar, and HILIC)
were compared using mobile phases without or with buffer and with PDA detection. The
optimal method is also suitable for mass detection because it does not use phosphate buffers
and ion-paired reagents in the mobile phase. The duration of separation was up to 20 min
in most cases without peak tailing and coelution.

2. Results and Discussion

2.1. Synthesis of Sulfated Phenolics

A large number of metabolic standards used in this work were prepared earlier
using the bacterial aryl sulfotransferase of Desulfitobacterium hafniense [8,10–13,19]. Besides
previously published products, new authentic standards were prepared in the present
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work with the same very effective enzymatic method for selective sulfation of polyphenols
(Figure 1) and fully characterized with HPLC, MS, and NMR (see Supplementary Material).
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Figure 1. Sulfation of 4-methylcatechol (MeCAT), phloroglucinol (PG), 2,3,4-trihydroxybenzoic
acid (THB), and catechol (CAT) using aryl sulfotransferase from Desulfitobacterium hafniense and
p-nitrophenyl sulfate as sulfate donor.

The structures of all phenolic compounds and their respective sulfated derivatives
used in the present study are shown in Figures 2–4. Altogether, these compounds form a
unique library of sulfated simple phenols (Figure 2a), phenolic acids (Figure 2b), flavonoids
(Figure 3), and flavonolignans (Figure 4).
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Figure 2. Structures of simple phenols (a) and phenolic acids (b, both blue) and their sulfates (crimson)
used in this study. The sulfate groups are highlighted in red.
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Figure 3. Structures of flavonoids (blue) and their sulfates (crimson) used in this study. The sulfate
groups are highlighted in red.
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2.1.1. Sulfation of 4-Methylcatechol (MeCAT)

Sulfation of 4-methylcatechol yielded a product (MeCAT-S) that appeared as one spot
on TLC and one peak on HPLC using Method M2. However, NMR analysis revealed a
mixture of two isomers: 4-methylcatechol-1-O-sulfate and 4-methylcatechol-2-O-sulfate
in a ratio of 64:36 (Table S8a,b). The reaction (Figure 1) was rapid, with the entire amount
of MeCAT-S synthesized within the first 20 min. After purification by gel chromatog-
raphy, 180 mg of the product was obtained from 200 mg of starting material (isolated
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yield 58 mol%) as a white powder with an overall purity of 99% (HPLC, Figure S1) and
corresponding m/z (Figure S2).

2.1.2. Sulfation of Phloroglucinol (PG)

In the case of PG, the formation of at least two products was observed (TLC, HPLC-
Method M2, Figure 1), but only one of them was successfully isolated and characterized.
According to NMR and MS analyses, it was confirmed to be a monosulfate. The product was
isolated as a brownish powder (73 mg, 44% yield, 90% purity, Figures S11 and S12, Table S13).

2.1.3. Sulfation of Protocatechuic Acid (PRO)

When PRO was sulfated, only one sulfated product was observed (TLC, HPLC-Method
M2). According to the NMR analysis, it was a mixture of two regioisomers: protocatechuic
acid-3-O-sulfate and protocatechuic acid-4-O-sulfate in the ratio of 7:3. The product tended
to associate with solvents and other chemicals used during the purification process (H2O,
MeOH, HCOOH); however, after repeated purification, it was isolated as a white powder
(12 mg, 4% yield, 99% HPLC purity, Figure S3, Tables S9a,b).

2.1.4. Sulfation of 2,3,4-Trihydroxybenzoic Acid (THB)

The gradual formation of one product was observed (TLC, HPLC-Method M2, Figure 1).
Furthermore, this product tended to associate with solvents. The purification on gel chro-
matography gave a brown oil product (34 mg, 8% yield, 96% HPLC purity, Figures S5 and S6,
Tables S10a,b).

2.1.5. Sulfation of Caffeic Acid (CAF)

The sulfation of caffeic acid yielded a product that behaved as one spot on TLC and
one peak on HPLC. Again, NMR analysis revealed a mixture of 3- and 4-O-sulfate in the
ratio of 69:31. After purification, we obtained 301 mg of white-brownish oily solid (100%
yield, 99% HPLC purity, Figures S7 and S8, Table S11a,b).

2.1.6. Sulfation of Catechol (CAT)

The sulfation of catechol (Figure 1) led to surprisingly only one regioisomer, catechol-
1-O-sulfate, as confirmed by MS and NMR. After purification, 116 mg of the product was
obtained (34% yield, 98% HPLC purity, Figures S9 and S10, Table S12) as a white powder.

2.2. Development and Optimization of Analytical Methods for the Separation of Sulfated Polyphenols

The typical composition of the reaction mixture to be analyzed was as follows: p-NP,
p-NP-S, the parent compound, and its sulfate (see Figure 1; in some cases, isomers and/or
disulfate(s) were also present). The main focus was on monitoring the separation of all
components in the mixture, the duration of the separation, and the width of the peaks at
five percent of their height. The following limits were established for evaluating the width
of the peaks: w0.05 < 0.300, very good; 0.300 < w0.05 < 0.500, good; and w0.05 > 0.500, poor.

2.3. Separations without Buffer in the Mobile Phase

Based on our previous experience and the articles published so far (Table 1), we
decided to test these four columns: Kinetex PFP, ZICpHILIC, Chromolith RP 18e, and Luna
Omega Polar C18. Initially, the Kinetex PFP, Chromolith RP 18e, and Luna Omega Polar
C18 columns were each tested without the use of buffers in the mobile phase (Table 2). The
use of buffers in the mobile phase is always associated with an increased washing effort of
the analytical system and thus a higher time requirement, so we tried to avoid this in the
first step. Since the samples contain ionizable compounds, formic acid or TFA (0.1%) was
added to all mobile phases to achieve a pH of about 3. The non-ionized form is less polar
and therefore more strongly retained in a reverse phase system.
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Table 2. An overview of the columns used and separation conditions.

Stationary
Phase

Method
Number

Mobile Phase A Mobile Phase B
Flow Rate
[mL/min]

T [◦C] Gradient

PFP
M1

10 mM
CH3COONH4/

HCOOH (100/0.1,
v/v)

MeOH 0.6 45

0 min 40% B,
0–20 min 40–72% B,
20–21 min 72–40%
B, 21–24 min 40%

M2

10 mM
CH3COONH4/

HCOOH (100/0.1,
v/v)

MeOH 0.6 45

0 min 40% B,
0–20 min 20–50% B,
20–21 min 50–20%
B, 21–24 min 20%

M3 H2O/CH3COOF3
(100/0.1, v/v) MeOH 0.6 45

0 min 40% B,
0–25 min 40–80% B,
25–26 min 80–40%
B, 26–28 min 40%

ZICpHILIC M4 AcCN/HCOOH
(100/0.1, v/v)

10 mM
CH3COONH4/

HCOOH
(100/0.1, v/v)

0.4 25

0 min 5% B,
0–7.5 min 5–20% B,
7.5–10 min 20% B,

10–12 min 20–5% B,
12–15 min 5% B,

15–17 5% B

C18
M5

10 mM
CH3COONH4/

HCOOH (100/0.1,
v/v)

MeOH 1 25

0–2 min 5% B,
2–7 min 5–90% B,

7–8 min 90%B,
8–11 min 90–5% B,

11–14 min 5% B

M6
AcCN/H2O/

HCOOH(5/95/0.1,
v/v )

AcCN/H2O/
HCOOH

(80/20/0.1)
1 25

0–5 min 0–30% B,
5–7 min 30–0% B,

7–9 min 0% B

C18 Polar M7 H2O, HCOOH
(100/0.1, v/v)

AcCN/H2O/
HCOOH

(80/20/0.1)
0.4 25

0–7 min 0–90% B,
7–8 min 90% B,

8–11 min 90–0% B,
11–14 min 0% B

The pentafluorophenyl column offers unique polar and aromatic selectivity thanks
to the fluorine atoms at the periphery of the phenyl units anchored to the core-sell silica
support. The Kinetex PFP column was tested using Method M3 (0.1% TFA, MeOH as
mobile phases) for the separation of quercetin (QUE), isoquercitrin (ISQ), rutin (RUT),
taxifolin (TAX), luteolin (LUT), myricetin (MYR), and ampelopsin (AMP) and their sulfates.
Although the pH of the mobile phase was very low (pH = 2.0, column limit is 1.5) and the
ionization of compounds (sulfates and their parent compounds) should be suppressed,
the separation was not satisfactory in many cases. The width of the peak in the 0.5% of
its height (w0.05) ranged from 0.295 to 1.703 (Table 3). The widest peaks were observed in
quercetin and quercetin sulfates (w0.05 0.554–1.703), luteolin sulfates (w0.05 0.655–1.703), and
myricetin sulfates (w0.05 0.542–1.398). The values of w0.05 for the other tested substances
were up to 0.500. No coelution of peaks was observed in the reaction mixtures. The longest
retention time was 20.010 min (luteolin), but for most of the analyzed substances, it ranged
from 6 to 16 min.
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Table 3. Comparison of retention times and peak widths of selected analytes using different columns
and methods.

Stationary
Phase PFP a ZICpHILIC b C18 C18-Polar

Method c M1 M2 M4 M5 M6 M7

Analyte d tR
e w0.05

f tR
e w0.05

f tR
e w0.05

f tR
e w0.05

f tR
e w0.05

f tR
e w0.05

f

[min]
DHSB 23.101 0.329 - - 1.160 0.251 7.293 0.146 7.039 0.177 9.032 0.143

DHSB-S 17.385 0.347 - - 3.636 0.849 6.914 0.189 6.771 0.608 7.904 0.234
DHSB-SS 8.280 0.525 - - 8.853 0.588 6.097 0.392 3.180 1.701 8.490 0.146
DHSCH 17.010 0.425 - - 2.025 1.209 6.691 0.108 6.957 0.101 7.573 0.125

DHSCH-S 12.060 0.576 - - 5.448 0.465 6.258 0.177 6.771 0.478 6.768 0.322

SCH 12.449,
13.285 i

0.299,
0.312 - - 3.047 1.210 6.002 n.d. g 5.753 0.156 7.413 0.132

SCH-S 6.176,
6.654 h 0.338 - - 6.332 0.540 5.552 n.d. g 4.985 0.393 6.313 0.395

SB 15.202,
15.521 i n.d. g - - 1.094 0.647 i 6.480,

6.514 i n.d. g 4.141,
4.225 i n.d. g 7.410 0.186

SB-S 13.728,
14.479 h

0.287
0.415 - -

2.470,
3.007,
4.365 j

n.d. g 6.487,
6.579 h n.d. g 3.165 0.981 6.555 0.186

CAF 5.150 0.238 12.527 0.356 2.540 0.660 4.954 0.102 3.087 0.211 5.987 0.270

CAF-S 3.720 0.267 9.233 0.671 4.194 0.528 4.326,
4.494 j n.d. g 5.847 2.555 5.366 1.040

PRO 3.721 0.270 7.213 0.337 3.184 0.787 2.816 0.410 1.822 0.237 3.653 0.471
PRO-S 2.990 0.225 5.541 0.403 6.255 0.558 2.104 0.276 4.697 2.579 2.500 0.920
THB 3.568 0.246 6.240 0.368 4.456 0.638 1.944 0.175 2.058 0.259 4.122 0.383

THB-S 2.693,
3.033 j

0.329,
0.266 4.949 0.317 n.d. k - n.d. l - 0.718 0.050 2.966 0.582

CAT 4.578 0.256 7.453 0.350 1.257 0.270 2.920 0.356 2.317 0.246 4.331 0.403
CAT-S 3.240 0.207 4.938 0.386 n.d. k 4.290 n.d. g 5.109 2.564 7.627 0.305

MeCAT 5.978 0.335 11.944 0.508 0.963 n.d. g 4.946 0.226 3.769 0.300 6.302 0.261
MeCAT-S 4.112 0.249 7.910 0.524 1.049 0.314 4.362 j n.d. g 6.578 2.546 5.536 0.507

PG 2.906 0.205 4.004 0.235 4.641 0.430 1.180 0.288 1.039 0.197 1.641 0.310
PG-S 2.503 0.177 3.339 0.266 9.500 0.732 1.465 0.567 2.683 1.534 1.265 0.308
pNP 11.528 0.338 20.542 0.385 0.984 0.273 5.609 0.169 5.031 0.221 7.274 0.278

pNP-S 4.930 0.457 10.401 0.498 1.494 0.600 5.216 0.900 0.796 0.140 5.567 0.621
a Kinetex pentafluorophenyl, b hydrophilic interaction chromatography, c for details on the individual methods,
see Table 2, d full names and structures of the analytes are shown at Figures 1–3, e retention time, f the width of
the peak in 5% of its height, g the peak shape did not allow the determination of w0.05, h separation of sulfated
stereoisomers A and B, i partial separation of stereoisomers A and B, j partial separation of sulfated regioisomers,
k the compound was decomposed during the analysis, only the parent compound without sulfate was detected,
l the compound was not caught on the column and eluted with a dead volume. Dark green means w0.05 < 0.300,

light green means 0.300 < w0.05 < 0.500, and red means w0.05 > 0.500.

We also tested two C18 columns, one monolithic (Chromolith RP18e, Method M6), and
one specially designed for increased retention of polar compounds (Luna Omega Polar C18,
Method M7, Table 2). The mobile phase was the same in both cases (acetonitrile 5% and 80%,
water, 0.1% formic acid, pH 2.7; the pH limits of the columns are 2.0 and 1.5, respectively).
The Luna Omega Polar C18 stationary phase is a combination of a universal C18 ligand
and a polar modified surface that provides improved polar retention and aqueous stability.
Due to the smaller particle size of the stationary phase (3 μm) and the associated higher
backpressure, the flow rate was only 0.4 mL/min. In contrast, the monolithic C18 column
has much higher permeability and porosity, so the flow rate was 1 mL/min.

Nevertheless, for most analytes, we observed a lower w0.05 of the peaks using this C18
Polar column compared to the monolithic column, or the widths of the peaks were very
similar on both columns (e.g., 2,3-dehydrosilychristin DHSCH, caffeic acid CAF or p-NP).
The width of the peaks was very good for 2,3-dehydrosilybin DHSB, 2,3-dehydrosilybin-20-
O-sulfate DHSB-S, and 2,3-dehydrosilybin-7,20-di-O-sulfate DHSB-SS, further for DHSCH,
silychristin SCH, silybin SB, caffeic acid CAF, 4-methylcatechol MeCAT, and p-NP; good
for 2,3-dehydrosilychristin-19-O-sulfate DHSCH-S, silychristin-19-O-sulfate SCH-S, proto-
catechuic acid PRO, 2,3,4-trihydroxybenzoic acid THB, catechol CAT, catechol-1-O-sulfate
CAT-S, phloroglucinol PG, and its sulfate. Broader peaks were detected for five compounds,
namely CAF-S, PRO-S, THB-S, MeCAT-S, and p-NP-S. In contrast, eight broad peaks were
detected in the monolithic C18 column, most of which were sulfates (DHSB-S, DHSB-SS,
SB-S, CAF-S, PRO-S, CAT-S, MeCAT-S, and PG-S). With the monolithic column, coelution of
the peaks was observed in the case of p-NP-S and THB-S in the respective reaction mixtures.
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The retention times of the eluted compounds were up to 7 min. With the Polar C18 column,
coelution of the peaks was observed only in the case of p-NP-S and MeCAT-S. The retention
times of the eluted compounds were up to 9 min. Thus, when we compare the two C18
columns, the separation on the C18 Polar column shows narrower peaks and also a lower
consumption of the mobile phase due to the lower flow rate (0.4 mL/min). In addition,
this method is directly applicable in conjunction with a mass detector. The method with
the monolithic column (M6) would require further modification in case of connection with
the mass detector (flow rate 1 mL/min). The comparison of HPLC chromatograms of
individual compounds is in Supplementary Material (Figures S13–S51).

2.4. Separation with Buffer in the Mobile Phase

As can be seen in the example of the separations of polyphenol sulfates on the PFP
column and the C18 columns mentioned above, it is clear that in some cases, the mere
acidification of the mobile phase is not sufficient to deionize ionizable compounds (broad
peaks). Fine-tuning of the separation of highly polar sulfated polyphenols can be achieved
by changes in the mobile phase, e.g., by choice of buffer, and thus consistent control of pH.
The most commonly used buffers for HPLC with UV detection are acetate and phosphate.
Since phosphate buffer is not compatible with MS detection, we chose ammonium acetate
buffer with a pH of 3.8, and the buffer strength was set at 10 mM. All methods tested with
10 mM buffer were also tested with 5 mM concentration on several samples, but the width
of the peaks was broader than with 10 mM buffer in all cases (data not shown).

Separation of quercetin (QUE), ampelopsin (AMP), luteolin (LUT), myricetin (MYR),
isoquercitrin (ISQ), rutin (RUT), taxifolin (TAX), and their respective sulfates on PFP column
using 10 mM ammonium acetate buffer and methanol as mobile phases (Method M1)
showed good separation of most compounds (0.300 < w0.05 < 0.500). Only in two cases (QSS
and AMP) was this range slightly exceeded (0.642 and 0.519, respectively). Moreover, the
retention time of most compounds was shorter than in Method M3 (Table 3). No coelution
of peaks was observed in the reaction mixtures. When we compare the separation of these
compounds on the same PFP column, it is clear that we obtained better or equal separation
with the acetate buffer method (Method M1) than with the method without acetate buffer
(Method M3) in all cases except for ampelopsin (w0.05 0.519 versus 0.314, Table 4).

Table 4. Comparison of retention times and peak widths of selected analytes using PFP column with
(M1) and without buffer (M3).

Method M1 a M3 b

Analyte c tR
d [min] w0.05

e [min] tR
d [min] w0.05

e [min]
QUE 16.127 0.385 17.470 0.554

QUE-S 12.139 0.397 15.084 0.632
QUE-SS 6.014 0.642 11.084 1.703

AMP 5.480 0.519 6.062 0.314
AMP-S 6.007 0.352 7.449 0.437

LUT 17.916 0.427 20.010 0.422
LUT-S 13.340 0.377 16.741 0.501

LUT-SS 12.830 0.362 13.595 1.426
MYR 12.716 0.390 14.014 0.410
M-S 8.566 0.478 15.877 0.542

M-SS 4.602 0.400 12.497 1.398
ISQ 9.397 0.344 9.615 0.312

ISQ-S 6.681 0.311 8.247 0.381
RUT 8.869 0.342 9.156 0.322

RUT-S 6.055 0.261 7.175 0.287
TAX 7.380 0.285 7.767 0.466

TAX-S 5.582 0.321 7.557 0.368
pNP 11.528 0.338 13.414 0.367

pNP-S 4.930 0.457 6.751 0.295
a With ammonium acetate buffer, b with 0.1% TFA (for details, see Table 2), c full names and structures of the
analytes are shown in Figures 1–3, d retention times, e width of the peak in 5% of its height; dark green means
w0.05 < 0.300, light green means 0.300 < w0.05 < 0.500, and red means w0.05 > 0.500.
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In addition, we tested the separation of other polyphenolic compounds and their
sulfates on this column so that we can compare it with other stationary phases used in this
work. The separation of CAF, CAF-S, PRO, PRO-S, THB, THB-S, CAT, CAT-S, MeCAT-S,
and PG-S was very good. The separation of DHSB-S, DHSCH, SCH, SCH-S, SB-S, MeCAT,
p-NP, and p-NP-S was good; only the peaks of DHSB-SS and DHSCH-S were slightly
broader (w0.05 was 0.525 and 0.576, respectively). Retention times of analytes ranged from
2 to 23 min; more than half of them were less than 10 min. No coelution of peaks in reaction
mixtures was observed. From our previous unpublished experiments, we know that this
gradient in method M1 is too fast for many phenolic acids, benzoic acids, and their sulfates.
Therefore, we tried to modify this method. We reduced the initial concentration of mobile
phase B from 40 to 20% and the final concentration to 50% (instead of the original 72%),
and the length of the gradient was maintained (Method M2). However, we did not observe
any significant improvement in w0.05, only the retention times were longer compared with
Method 1.

Separation of phenolic compounds and their sulfates on the monolithic C18 column
was also performed in 10 mM ammonium acetate buffer as the mobile phase (Method M5).
The separation of many compounds was very good or good using this column (DHSB and
its sulfates, DHSCH, DHSCH-S, CAF, PRO, PRO-S, THB, CAT, MeCAT, PG, and p-NP).
However, for several compounds (SCH, SCH-S, SB, SB-S, CAF-S, CAT-S, MeCAt-S), the
width of the peaks could not be determined because of their unusual shape (double hunch,
see Section 2.5). The peak of THB-S was not caught on the stationary phase and eluted with
the dead volume. The retention times of all compounds were up to 7 min. Coelution of
p-NP and SCH-S was observed in the reaction mixture.

The Zic-pHILIC column was designed by the manufacturer for difficult separations
of polar hydrophilic compounds. It is a polymer-based column with densely bound
zwitterionic functional groups with a charged equilibrium of 1:1 and the lowest pH stability
of 2. The mobile phases were acetonitrile and 10 mM ammonium acetate, both acidified
with formic acid (pH 3.8), and the compounds were separated by gradient elution (Method
M4). Almost all substances analyzed showed broad peaks except for DHSB, DHSCH-S,
CAT-S, MeCAT-S, PG, and p-NP. Retention times were not measured for THB-S and CAT-S
because the sulfated substance is likely degraded to the parent substance on the column.
Retention times ranged from 0.9 to 9.5 min. Coelution of p-NP and SB, p-NP-S, and CAT was
observed in the reaction mixture. The comparison of HPLC chromatograms of individual
compounds is in Supplementary Material (Figures S19–S51).

2.5. Separation of Regioisomers and Stereoisomers

NMR analyses have shown that in some cases, multiple regioisomers are formed in
enzymatic sulfation reactions, as in the case of QUE-S, QUE-SS, TAX-S, CAF-S, MeCAT-S,
PRO-S, and THB-S. Separation of these regioisomers was achieved on a monolithic C18
column (Method M5) in CAF-S (peaks at 4.326 min and 4.494 min, resolution 1.251) and
in MeCAT-S (double hunch peak at 4.362 min, resolution 0.540). The separation of two
THB-S regioisomers was observed in Method M1 (peaks at 2.827 min and 3.033 min, reso-
lution 1.944). The separation of two sulfated regioisomers was previously published on
a C18 UHPLC column with MS/MS detection (3-phenylpropionic acid 4′-O-sulfate (RT
4.92 min) and 3-phenylpropionic acid 3′-O-sulfate (RT = 5.22 min) or caffeic acid-4′-O-
sulfate (RT = 3.97 min) and caffeic acid-3′-O-sulfate) [2]. Baseline separation of disulfate
regioisomers of myricetin was reported on the PFP column (mobile phase 0.1% trifluo-
roacetic acid in water and methanol) [8].

Since silybin is a mixture of two diastereoisomers, silybin A and B (in a ratio of
approximately 1:1), we observed the separation of these two diastereoisomers in methods
M1, M5, and M6. Sulfated diastereoisomers of silybin were separated by Methods M1 and
M5. The resolution of the peaks was 1.365 (M1), 0.2 (M5), and 0.02 (M6). In the case of
Method M4, we observed even three peaks (partially separated), and all of them have the
same absorption maximum (286 nm). In this case, it is probably peak cleavage due to the
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unsuitability of the stationary phase for the separation of polyphenolic substances, as can be
seen from the large peak width of most of the compounds examined. Although silychristin
is also a mixture of two diastereoisomers A and B, we observed their separation only on the
PFP column (M1). The separation of sulfated silychristin diastereoisomers was observed
with the PFP column and Method M1 (Table 3). The separation of diastereoisomers of
silychristin or silybin at the reverse phase is described in many papers, e.g., [25–27], but
the separation of sulfated diastereoisomers have not been described so far.

2.6. Selection of the Best Method

In this study, we compared four types of stationary phases, namely pentafluorophenyl,
ZICpHILIC, monolithic C18, and C18 stationary phases, with treatment for better polar
retention. We combined these stationary phases with either a mobile phase without a buffer
or with a buffer. The combination of pentafluorophenyl stationary phase and 10 mM acetate
buffer/methanol in gradient elution proved to be the best. This resulted in sharp peaks
for almost all test compounds without tailing and very good separation of all components
in the mixture for up to 20 min (Figure 5). The other columns/mobile phases tested were
only suitable for some of the compounds analyzed. The retention times and peak widths
of all compounds tested are shown in Tables 3 and 4. The peak shapes and comparisons
of HPLC chromatograms of individual compounds in all methods tested can be found in
Supplementary Materials (Figures S13–S51).

Figure 5. HPLC chromatogram—an example of typical composition of the enzymatic reaction mixture
to be analyzed: p-NP, p-NP-S, parent compound (CAT), and its sulfate (CAT-S), Method M1.

2.7. Method Validation

Due to the large number of samples measured and columns tested, one representative
from the group of sulfated phenols, phenolic acids, flavonoids, and flavonolignans, namely
4-methylcatechol sulfate (MeCAT-S), caffeic acid sulfate (CAF-S), ampelopsin sulfate (AMP-
S), and silychristin sulfate (SCH-S), was selected for the validation of Method M1 (the
most universal PFP column and mobile phase for all samples tested). The linearity, limit
of detection, the limit of quantification, precision, accuracy, recovery and repeatability are
summarized in Table 5.
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Table 5. The linearity, limit of detection (LOD), limit of quantification (LOQ), intermediate precision,
repeatability, accuracy, and recovery for four representatives of sulfated phenol (MeCAT-S), phenolic
acid (CAF-S), flavonoids (AMP-S), and flavonolignans (SCH-S).

Sample Regression Equation R2 LOD
[mM]

LOQ
[mM]

Repeatability
[%]a

Intermediate
Precision [%] a

Accuracy

[%] b
Recovery

[%]

MeCAT-S y = 161,221 × c + 17,188 0.9999 0.032 0.108 1.55 2.18 1.3 104
CAF-S y = 26,266 × c + 4120 0.9998 0.560 1.680 3.63 8.13 2.2 104
AMP-S y = 96,081 × c 0.9977 0.061 0.202 1.74 6.30 2.4 103
SCH-S y = 127,596 × c + 27,799 0.9999 0.340 1.020 1.78 9.04 3.3 105

R2 correlation coefficient; a expressed as relative standard deviation, n = 6; b expressed as relative standard
deviation, n = 3.

The calibration curves were linear in the range from 0.625 to 50 mM for all analytes.
The correlation coefficients were greater than 0.9997 in all cases (except AMP-S, 0.9977),
demonstrating a high degree of correlation and good linearity of the method. LOD and LOQ
ranged from 0.032 to 1.680 mM. This indicates that our method has adequate sensitivity.
The ranges of %RSD parameters for repeatability (intra-day precision) and intermediate
(inter-day) precision were 1.55 to 3.63 and 2.18 to 9.04, respectively. The accuracy ranges
were from 1.3 (MeCAT-S) to 3.3% (SCH-S), and recoveries were in the range of 103–104%
for all tested samples. Sample stability was evaluated by storing unprocessed samples at
ambient temperature up to 24 h and freeze/thaw cycles after three cycles at −18 ◦C. The
experiments indicated that all four analytes tested were stable in the period of 24 h, as the
recoveries ranged between 97–102% for SCH-S, 94–104% for CAF-S, 98–103% for AMP-S,
and 97–102% for MeCAT-S.

3. Materials and Methods

3.1. Material

Acetonitrile, methanol, formic acid (all VWR chemicals, Stříbrná Skalice, Czech Re-
public analytical grade), deionized water (Ultrapure, Watrex, Prague, Czech Republic),
ammonium acetate (Lach-Ner, Neratovice, Czech Republic), ampelopsin (Herb Nutritionals,
Shanghai, China), 3,4-dihydroxycinamic acid (caffeic acid), p-nitrophenol sulfate, 2,3,4-
trihydroxybenzoic acid, 3,4-dihydroxybenzoic (protocatechuic) acid, catechol (all Acros
Organics, Thermo Fisher Scientific, Waltham, MA, USA), 4-methylcatechol (Aldrich, Merck
KGaA, Darmstadt, Germany), quercetin (Sigma, Merck KGaA, Darmstadt, Germany),
phloroglucinol (Alfa Aesar, Haverhill, MA, USA), p-nitrophenol, luteolin, and myricetin
(abcr GmbH, Karlsruhe, Germany). Standards of silybin, 2,3-dehydrosilybin, and sily-
christin were prepared and fully characterized in the Laboratory of Biotransformation,
Institute of Microbiology, Prague, Czech Republic [28–30].

The description of the preparation and full characterization (NMR, HRMS, and HPLC)
of the following sulfates have already been published: silybin A-20-O-sulfate and silybin
B-20-O-sulfate (SB-S, 50:50) [10], silychristin-19-O-sulfate (SCH-S), 2,3-dehydrosilybin-20-
O-sulfate (DHSB-S), 2,3-dehydrosilychristin-19-O-sulfate (DHSCH-S) [13], quercetin-3′-
O-sulfate and quercetin-4′-O-sulfate (QUE-S, 75:25) [11,12,19], rutin-4′-O-sulfate (RUT-S),
taxifolin-4′-O-sulfate and taxifolin-3′-O-sulfate (TAX-S, 80:20), isoquercitrin-4′-O-sulfate
(ISQ-S) [11,19], ampelopsin-4′-O-sulfate (AMP-S), luteolin-3′-O-sulfate (LUT-S), luteolin-7,
3′- and 7, 4′-di-O-sulfates (LUT-SS), myricetin-4′-O-sulfate (MYR-S), myricetin-di-7, and
4′-O-sulfate (MYR-SS) [8].

3.2. Preparation of the Enzyme

The aryl sulfotransferase from Desulfitobacterium hafniense used for the sulfation was
prepared as described previously in our works [11,12].
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3.3. General Method for the Preparation of Sulfates

The substrate (MeCAT, PRO, THB, CAF, CAT, PG; 200 mg of each, 1 eq) was dissolved
in 5 mL of acetone in a flask and then p-NPS (25 mg/mL, 1 or 2 eq in 100 mM Tris-glycine
buffer pH 8.9), 24 mL of Tris-glycine buffer, and 2 mL of AST enzyme (360 U/mL) were
added. The reaction mixture was then incubated under an inert atmosphere (Ar) at 30 ◦C
for 5 h. The monitoring of the reaction was performed using TLC (mobile phase ethyl
acetate/chloroform/trifluoroacetic acid, 16/1/0.01). After incubation, the reaction mixture
was heated up to 95 ◦C to terminate the enzymatic reaction and stored at −20 ◦C until
purification.

3.4. Purification of Sulfates

In the case of MeCAT, PRO, THB, CAF, and CAT, the reaction mixture was partially
evaporated in a rotary evaporator to remove acetone from the mixture. The pH was
adjusted to 7.5–7.7 using formic acid, and then the mixture was extracted with ethyl
acetate (3 × 50 mL) to remove p-nitrophenol (control by TLC, mobile phase ethyl ac-
etate/chloroform/trifluoroacetic acid, 16/1/0.01). The aqueous phase was then evapo-
rated, dissolved in 2–5 mL of 80% methanol, centrifuged (5000 × rpm, 20 min), and loaded
onto a Sephadex LH-20 column (GE Healthcare Bio-Sciences, Uppsala, Sweden; 30 g of
dry weight, 3 cm i.d.) with 80% methanol as a mobile phase (0.2 mL/min). The elu-
tion time was usually 2 days, and the fraction detection was performed by TLC (ethyl
acetate/chloroform/trifluoroacetic acid, 16/1/0.01). Purification of the phloroglucinol re-
action mixture was performed using preparative HPLC (Section 3.5) using an ASAHIPAK
GS-310 20F column (Shodex, Munich, Germany). The reaction mixture (100 mg) was dis-
solved in 1 mL of 50% methanol, filtered, and injected onto the column (5 mL/min, 25 ◦C,
detection at 254 and 369 nm). The fractions containing the desired product were then
joined, fully evaporated, and lyophilized. Low purity fractions were re-purified using the
same methodology.

3.5. Preparative HPLC

The preparative HPLC (Shimadzu, Kyoto, Japan) system consisted of an LC-8A high-
pressure pump with an SPD-20A dual-wavelength detector (with preparative cell), FRC-10A,
and fraction collector. The system was connected to a PC using a CBM20A command module
and controlled by the LabSolution 1.24 SPI software suite supplied with the instrument.

3.6. Mass Spectrometry (MS)

The samples were dissolved in MeOH and introduced into the mobile phase flow
(MeOH/H2O 4:1; 100 μL/min) using a 2 μL loop. Spray voltage, capillary voltage, tube lens
voltage, and capillary temperature were 4.0 kV, −16 V, −120 V, and 275 ◦C, respectively.

3.7. Nuclear Magnetic Resonance (NMR)

NMR spectra were recorded on a Bruker Avance III 600 MHz and 400 MHz spectrome-
ters at 30 ◦C in dimethylsulfoxide (DMSO-d6); residual solvent signal (δH 2.499 ppm, δC
39.46 ppm) served as an internal standard. NMR experiments: 1H NMR, 13C NMR, gCOSY,
gHSQC, and gHMBC were performed using the standard manufacturer’s software. The
position of sulfate attachment was determined using typical changes in chemical shifts of
the attached and adjacent carbons (compared with starting acceptors) as described in [11].

3.8. Analytical HPLC System

The Shimadzu Prominence LC analytical system comprised Shimadzu CBM-20A
system controller, Shimadzu LC-20AD binary HPLC pump, Shimadzu CTO-10AS column
oven, Shimadzu SIL-20ACHT cooling autosampler, and Shimadzu SPD-20MA diode array
detector (Shimadzu, Kyoto, Japan).
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3.9. Analytical Columns and Mobile Phases

Kinetex PFP column (150 × 4.6 mm, 5 μm), guard column PFP (4 × 3 mm, 5 μm),
both Phenomenex (USA); Method M1: mobile phase A = 10 mM ammonium acetate, 0.1%
HCOOH, pH 3.8; mobile phase B = 100% MeOH; gradient elution: 0 min 40% B, 0–20 min
40–72% B, 20–21 min 72–40% B, 21–24 min 40% for equilibration of the column; flow
rate 0.6 mL/min, 45 ◦C, PDA detection (200–400 nm), the wavelength of the absorption
maximum of the respective compound was extracted. The method with the same mobile
phases, flow rate, temperature, and detection but a different gradient was used for the
analysis of phenolic acids PRO, THB, CAF, and also for CAT, MeCAT, PG, respectively.
(Method M2): 0 min 20% B, 0–20 min 20–50% B, 20–21 min 50–20% B, 21–24 min 20% B for
equilibration of the column. Another method (Method M3) that has also been tested with
this column: mobile phase A = 0.1% TFA (pH = 2.0), B = 100% MeOH; gradient elution
0 min 40% B, 0–25 min 40–80% B, 25–26 min 80–40% B, 26–28 min 40% for equilibration of
the column; flow rate 0.6 mL/min, 45 ◦C.

ZicpHILIC column (100 × 2.1 mm, 5 μm), guard column ZicHILIC (20 × 2.1 mm,
5 μm), both Merck (DE); Method M4: mobile phase A = 100% acetonitrile, 0.1% HCOOH;
mobile phase B = 10 mM ammonium acetate, 0.1% HCOOH, pH 3.8; gradient elution:
0 min 5% B, 0–7.5 min 5–20% B, 7.5–10 min 20% B, 10–12 min 20–5% B, 12–15 min 5% B,
15–17 5% B for equilibration of the column; flow rate 0.4 mL/min, 25 ◦C, PDA detection
(200–400 nm), the wavelength of the absorption maximum of the respective compound
was extracted.

Chromolith RP 18e column (100 × 3 mm, monolith), guard column Chromolith RP
18-e (5 × 4.6 mm, monolitith), both Merck (DE); Method M5: mobile phase A = 10 mM
ammonium acetate, 0.1% HCOOH, pH 3.8, mobile phase B = 100% MeOH; gradient elution:
0–2 min 5% B, 2–7 min 5–90% B, 7–8 min 90%B, 8–11 min 90–5% B, 11–14 min 5% B for
equilibration of the column; flow rate 1 mL/min, 25 ◦C, PDA detection (200–400 nm),
the wavelength of the absorption maximum of the respective compound was extracted.
Another method (Method M6) has also been tested with this column: mobile phase A = 5%
acetonitrile, 0.1% HCOOH, B = 80% acetonitrile, 0.1% HCOOH; gradient elution 0–5 min
0–30% B, 5–7 min 30–0% B, 7–9 min 0% B for equilibration of the column; flow rate
1.0 mL/min, 25 ◦C.

Luna Omega Polar C18 column (100 × 2.1 mm, 3 μm), guard column Polar C18 for
2.1 mm ID, both Phenomenex (USA); Method M7: mobile phase A = 5% acetonitrile, 0.1%
HCOOH, mobile phase B = 80% acetonitrile, 0.1% HCOOH; gradient elution: 0–7 min
0–90% B, 7–8 min 90% B, 8–11 min 90–0% B, 11–14 min 0% B for equilibration of the column;
flow rate 0.4 mL/min, 45 ◦C, PDA detection (200–400 nm), the wavelength of the absorption
maximum of the respective compound was extracted.

All of the above methods, where 10 mM ammonium acetate was used in the mobile
phase, were also tested with 5 mM ammonium acetate under the same conditions. An
overview of the methods used is in Table 2.

3.10. Sample Preparation

Samples of individual sulfates were dissolved in water or parent compounds in
MeOH/water (1/1, v/v) (1 mg/mL), centrifugated, and injected (1 μL). The reaction mix-
tures (10 μL) were diluted by water (50 μL), centrifuged, and injected (1 μL).

3.11. Method Validation

Four representatives from the group of phenol, phenolic acid, flavonoid, and flavono-
lignan sulfates, namely 4-methylcatechol sulfate (MeCAT-S), caffeic acid sulfate (CAF-S),
ampelopsin sulfate (AMP-S), and silychristin sulfate (SCH-S), were selected for validation
on the PFP column (the most universal column for all samples tested, Method M1, see
Table 2).
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3.11.1. Linearity

Linearity was evaluated by measuring five concentrations of each analyte in duplicates.
The concentrations of the analytes prepared in the volumetric flasks were 50, 25, 12.5, 6.25,
and 0.625 mM. The results were examined for a linear relationship by plotting the peak
area and the corresponding concentrations of the analyte, followed by linear least squares
regression and calculation of the slope and correlation coefficient.

3.11.2. Limit of Detection (LOD) and Limit of Quantification (LOQ)

The values of LOQ and LOD were determined according to the following equations:
LOD = 3 × noise/slope of the corresponding calibration curve, LOQ = 10 × noise/slope of
the corresponding calibration curve.

3.11.3. Precision and Repeatability

Intra-day precision (repeatability) and inter-day precision (intermediate precision)
were calculated by analyzing four selected samples at the concentration of 12.5 mM. Results
were expressed as the relative standard derivation (RSD). Repeatability measurement was
performed on the same day in six replicates; the intermediate precision was measured on
six different days.

4. Conclusions

We have developed a robust HPLC analytical method suitable for the separation of
enzymatic sulfation reaction mixtures of flavonoids, dehydroflavonoids, phenolic acids,
and catechols with PDA detection. This method is based on the combination of pentafluo-
rophenyl stationary phase and 10 mM acetate buffer/methanol in gradient elution. More-
over, the low flow rate (0.6 mL/min) and the absence of phosphate buffer and/or ion-
pairing reagents in the mobile phase make the method directly applicable in combination
with mass detection. Last but not least, four authentic standards of 2,3,4-trihydroxybenzoic
acid sulfates, catechol sulfate, 4-methylcatechol sulfate, and phloroglucinol sulfate were
prepared in this work.
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Abbreviations

AMP ampelopsin
AMP-S ampelopsin-4′-O-sulfate
CAF caffeic acid
CAF-S caffeic acid 3- and 4-O-sulfate (69:31)
CAT catechol
CAT-S catechol-O-sulfate
DHSB 2,3-dehydrosilybin
DHSB-S 2,3-dehydrosilybin-20-O-sulfate
DHSB-SS 2,3-dehydrosilybin-7,20-di-O-sulfate
DHSCH 2,3-dehydrosilychristin
DHSCH-S 2,3-dehydrosilychristin-19-O-sulfate
ISQ isoquercitrin
ISQ-S isoquercitrin-4′-O-sulfate
LUT luteolin
LUT-S luteolin-3′-O-sulfate
LUT-SS luteolin-7,3′- and 7, 4′-di-O-sulfates (82:12)
MeCAT 4-methylcatechol
MeCAT-S 4-methylcatechol-1- and 2-O-sulfate (64:36)
MYR myricetin
MYR-S myricetin-4′-O-sulfate
MYR-SS myricetin-7,4′-di-O-sulfate
p-NP p-nitrophenol
p-NPS p-nitrophenyl sulfate
PG phloroglucinol
PG-S phloroglucinol-O-sulfate
PRO protocatechuic acid
PRO-S protocatechuic acid 3- and 4-O-sulfates (70:30)
QUE quercetin
QUE-S quercetin-3′- and 4′-O-sulfate (75:25)
QUE-SS quercetin- 3′,4′-, 7,3′- and 7, 4′-di-O-sulfate
RUT rutin
RUT-S rutin-4′-O-sulfate
SB silybin A and B (50:50)
SB-S silybin A-20-O-sulfate and silybin B-20-O-sulfate (50:50)
SCH silychristin A and B (90:10)
SCH-S silychristin-19-O-sulfate
THB 2,3,4-trihydroxybenzoic acid
TX taxifolin
TX-S taxifolin-4′- and 3′-O-sulfate (80:20)
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Abstract: The naturally occurring dipeptide carnosine (β-alanyl-L-histidine) specifically attenuates
tumor growth. Here, we ask whether other small imidazole-containing compounds also affect
the viability of tumor cells without affecting non-malignant cells and whether the formation of
histamine is involved. Patient-derived fibroblasts and glioblastoma cells were treated with carnosine,
L-alanyl-L-histidine (LA-LH), β-alanyl-L-alanine, L-histidine, histamine, imidazole, β-alanine, and
L-alanine. Cell viability was assessed by cell-based assays and microscopy. The intracellular release of
L-histidine and formation of histamine was investigated by high-performance liquid chromatography
coupled to mass spectrometry. Carnosine and LA-LH inhibited tumor cell growth with minor
effects on fibroblasts, and L-histidine, histamine, and imidazole affected viability in both cell types.
Compounds without the imidazole moiety did not diminish viability. In the presence of LA-LH but
not in the presence of carnosine, a significant rise in intracellular amounts of histidine was detected
in all cells. The formation of histamine was not detectable in the presence of carnosine, LA-LH, or
histidine. In conclusion, the imidazole moiety of carnosine contributes to its anti-neoplastic effect,
which is also seen in the presence of histidine and LA-LH. Despite the fact that histamine has a strong
effect on cell viability, the formation of histamine is not responsible for the effects on the cell viability
of carnosine, LA-LH, and histidine.

Keywords: carnosine; glioblastoma; fibroblasts; imidazole-containing compounds; cell viability;
high-performance liquid chromatography coupled to mass spectrometry

1. Introduction

With 3.23 new cases per 100,000 inhabitants in the United States, glioblastoma (GBM) is
the most frequent malignant tumor of the human brain [1]. GBM is an astrocytic tumor that
is classified, according to the World Health Organization (WHO), with the highest WHO
grade IV. Despite the best possible treatment, which consists of maximal safe resection
of the tumor, radiotherapy, and adjuvant chemotherapy with temozolomide, the 5-year
overall survival of GBM patients is only 7.2% [1]. Furthermore, the effectiveness of this
therapy is highly dependent on the genetic properties of the tumor, namely, the methylation
status of the O-6-methylguanine-DNA methyltransferase (MGMT) promotor [2]. In view of
the poor prognosis and missing alternatives to standard therapy, there is ongoing research
for new treatment strategies and drugs that could improve the corresponding outcome.

In recent years, we and others have demonstrated that the naturally occurring dipep-
tide L-carnosine (β-alanyl-L-histidine; note that throughout the text, “carnosine” refers to
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“L-carnosine”), which was originally discovered more than 120 years ago [3], may be a po-
tential anti-neoplastic drug for different types of cancer in general and also for glioblastoma
in particular (for reviews, see [4,5]). As carnosine is rapidly degraded in human plasma due
to the presence of serum carnosinase, it has long been thought that its use as a systemically
administered drug may be limited. Although there is now evidence that carnosine can
escape from degradation by its uptake into erythrocytes [6], other compounds with higher
stability may be considered as alternatives. Therefore, it is reasonable to study and better
understand carnosine’s mode of action on tumor cell viability, which also requires an
understanding of the bioactive characteristics of the molecule. In view of the observation
that L-histidine is able to mimic carnosine’s anti-neoplastic effect [7], we asked whether
other small imidazole-containing compounds are also able to mimic carnosine’s effect,
whether the β-alanyl moiety is required, and whether the effects of other compounds are
indeed comparable to those of carnosine. In addition, we also wanted to know whether the
formation of histamine from L-histidine is involved in the anti-neoplastic effect.

2. Results

2.1. Viability of Glioblastoma Cells and Patient-Derived Fibroblasts in the Presence of
Imidazole-Containing Compounds

In the first series of experiments, we investigated the effect of imidazole-containing
compounds on cell viability using five patient-derived fibroblast cell cultures (13/16, 90/15,
69/15, 60/15, 52/15) and four glioblastoma cell lines (U87, T98G, U87, G55T2). The cells
were incubated for 48 h in the presence of carnosine, L-alanyl-L-histidine (LA-LH), β-
alanyl-L-alanyl (βA-LA), L-histidine, histamine, imidazole, L-alanine, and β-alanine (all
50 mM), and cell viability was determined measuring the amount of ATP in cell lysates
and dehydrogenase (DH) activity in living cells. The data were compared to untreated
control cells. The results of experiments with fibroblasts from culture 52/15 and cells
from the glioblastoma cell line U343 are presented in Figure 1 (all other experiments are
presented in detail in Supplement S1 with Figure S1a for ATP in cell lysates and Figure S1b
for dehydrogenase activity).

The summary of all data obtained is shown in Table 1.
In summary, as revealed by both assays, carnosine significantly reduced viability in

all glioblastoma cells to at least 80% (with the exception of measuring DH in T98G). As
shown in Table 1, fibroblasts also responded with a small reduction of viability in the
presence of carnosine in almost all cells (maximal reduction to 90%), which was, in all
cases, lower than that observed in GBM cell lines. Using LA-LH, we could also detect
a significant reduction of viability in glioblastoma cells, as determined by both assays,
whereas the viability of fibroblasts was not affected by the compound. Overall, carnosine
and LA-LH exerted a comparable impact on glioblastoma cells, with differences regarding
the various cell lines. Histidine reduced glioblastoma cell viability in a stronger manner
than carnosine and LA-LH and significantly affected the viability of fibroblasts. In contrast,
the non-imidazolyl-containing dipeptide βA-LA did not reduce GBM or fibroblast viability.
Histamine strongly reduced fibroblast viability and glioblastoma cell viability without a
significant difference between both cell types. Comparing the effect of histamine with
histidine, a significantly stronger reduction by histamine was detected in fibroblasts but
not in glioblastoma cells. Imidazole also strongly reduced the viability of fibroblasts
and glioblastoma cells without discriminating between the cell types. In comparison
to imidazole, histamine strongly reduced the cell viability of fibroblasts and exerted a
comparable effect on glioblastoma cells.
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Figure 1. Viability of fibroblasts from culture 52/15 (left) and glioblastoma cells from the U343 line
(right) after treatment with different compounds. Cells were treated for 48 h with carnosine (Car),
L-alanyl-L-histidine (LA-LH), β-alanyl-L-alanine (βA-LA), L-histidine (Histid), histamine (Hista),
imidazole (Imid), L-alanine (LA), and β-alanine (βA) (all 50 mM) or vehicle control (Contr) for 48 h.
Cell viability was measured by determining ATP in cell lysates (upper panels) and dehydrogenase
activity (DH) in living cells (lower panels). Results are presented as box plots. Statistical analysis
was performed using a one-way ANOVA. The level of significance between different compounds
is indicated by horizontal lines and compared to Contr above the boxes: *: p < 0.05; **: p < 0.005;
***: p < 0.0005; ns: not significant.

Table 1. Effect of different compounds on viability of fibroblasts and glioblastoma cells.

Fibroblasts Glioblastoma Cells
Culture 13/16 90/15 69/15 60/15 52/15 U343 T98G U87 G55T2
Assay ATP DH ATP DH ATP DH ATP DH ATP DH ATP DH ATP DH ATP DH ATP DH
Carnosine
LA-LH
Histidine
Imidazole
Histamine
bAla-L-Ala
L-Ala
b-Ala
Reduction to control (%): 100–90 90–80 80–70 70–60 60–50 50–40 <40

The reduction of ATP in cell lysates and dehydrogenase activity (DH) in living cells is color-indicated compared
to untreated control cells after 48 h exposure to the compounds. Imidazole-containing compounds are shown in
bold. Note: only statistically significant effects are indicated, and white fields indicate no significance.

2.2. Necrosis and Morphological Changes of GBM Cells and Patient-Derived Fibroblasts after
Treatment with Different Imidazole-Containing Compounds

In the preceding section, we analyzed the viability of GBM cells and fibroblasts by
measuring ATP in cell lysates and dehydrogenase activity in living cells after treatment
with different compounds. These experiments indicated that carnosine and LA-LH more
clearly reduced the investigated parameters in GBM cells than in fibroblasts; histidine and
imidazole also appeared to affect GBM cells more severely than fibroblasts, and histamine

620



Int. J. Mol. Sci. 2022, 23, 5834

similarly affected fibroblasts and tumor cells. Nonetheless, only carnosine and LA-LH
appeared to have no effect on the viability of fibroblasts, although they obviously inhibited
the production of ATP and dehydrogenase activity in GBM cells in general to below 80%.

In order to get a more detailed picture of the effect of the compounds on GBM cells
and fibroblasts, we investigated the subsequent morphological changes after treatment
with the selected compounds, and we determined cell numbers and necrotic cells by
propidium iodide staining. In addition, we also stained living cells using Calcein-AM.
For this experiment, cells from the four glioblastoma cell lines (G55T2, T98G, U87, and
U343) and from fibroblast cultures (90/15, 69/15, 60/15, and 52/15) were exposed to our
compounds (each 50 mM) for 48 h. Then, staining with Hoechst 33343, Calcein-AM, and
propidium iodide was performed, and the effects were monitored by phase contrast and
fluorescence microscopy. Figure 2 presents the result of the experiment and its analysis,
along with representative pictures of cells from the U343 line and from fibroblast culture
52/15. A summary of all data obtained is presented in Table 2.

Pictures from experiments with other cell lines and fibroblast cultures are presented in
Supplement S2 with microscopic images for 53/15 (Figure S2a); 60/15 (Figure S2b); 69/15
(Figure S2c); 90/15 (Figure S2d); G55T2 (Figure S2e); T98G (Figure S2f); U87 (Figure S2g);
U343 (Figure S2h) and the statistical analysis (Figure S2i). In addition, a summary of the
observations from all cells is given in Table 2.

In summary, the strongest reduction of the number of living cells was achieved in
the presence of imidazole, which did not significantly discriminate between fibroblasts
or glioblastoma cells, indicating the generally high toxicity of this compound for both
cell types. In some cases (e.g., U87), the loss of cells was so high that the calculation
of the ratio between dead and living cells was not useful (“nd” in Table 2). Histidine
and histamine, on the other hand, affected fibroblasts and glioblastoma cells significantly
differently, with many more dead cells in the latter. Compared to histidine and histamine,
carnosine and LA-LH seemed to be less toxic but, in most cases, exhibited a stronger effect
on glioblastoma cells than on fibroblasts. Comparing the cell counts presented in Table 2
to the effects on physiological parameters (Table 1), it seems to be likely that the effects of
the different compounds on cells may differ with regard to their mechanisms of action on
energy metabolism.

Table 2. Comparison of living cells and the ratio between dead and living cells in fibroblasts and
glioblastoma cell cultures under the influence of different compounds.

Fibroblasts Glioblastoma
culture 90/15 69/15 60/15 52/15 U343 T98G G55T2 U87

% ratio % ratio % ratio % ratio % ratio % ratio % ratio % ratio
Car
LALH
Histid
Imid nd
Hista

living cells to control (%)
≥

100
<100–

90
<90–
80

<80–
70

<70–
60

<60–
50

<50–
40

<40–
30

<30–
20

<20–
10

<10

ratio dead/living ≤0.5
>0.5–

1
>1–2 >2–4 >4–8

>8–
16

>16–
32

>32–
64

>65

The total number of living cells in four fibroblast cultures and four glioblastoma cell lines after treatment with
different compounds compared to untreated control cells (in %); the ratios between dead cells and living cells are
color-indicated.
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Figure 2. Microscopic analysis of fibroblasts (52/15) and glioblastoma cells (U343) in the presence of
different compounds. Cells were treated for 48 h with carnosine (Car), L-alanyl-L-histidine (LA-LH),
β-alanyl-L-alanine (βA-LA), L-histidine (Histid), histamine (Hista), imidazole (Imid), L-alanine (LA),
and β-alanine (βA) (all 50 mM) or vehicle control (Contr) for 48 h. Then, microscopic images after
staining with Hoechst 33343 (nuclei, blue), propidium iodide (dead cells, red), and Calcein-AM (living
cells, green) were compared (representative images are presented as overlays in the lower panels,
which also include an image obtained by phase contrast). In order to determine the number of living
cells using ImageJ, the total number of nuclei was determined, subtracting the nuclei of dead cells
(bars in upper panel; note: determination of living cells from images of cells positive for Calcein-AM
staining was not performed because of high errors due to technical reasons). The ratio of dead
cells to living cells is presented by bold numbers in the bars in the upper panel. Statistical analysis
was performed using a one-way ANOVA. The level of significance between different compounds
is indicated by horizontal lines and compared to Contr above the bars: *: p < 0.05; ***: p < 0.0005;
ns: not significant. (Size bars: 100 μm).

2.3. The Release of L-Histidine from L-Alanyl-L-Histidine Does Not Result in the Formation
of Histamine

Next, we investigated whether different amounts of L-histidine are released from
carnosine and LA-LH and whether significant intracellular amounts of histamine can be
formed from intracellular L-histidine. Figure 3a presents the intracellular amounts of
L-histidine when cells are incubated in the presence of carnosine or LA-LH, respectively
(both 50 mM), as determined in fibroblast cell cultures (n = 5) and glioblastoma cell lines
(n = 4). As can be seen, no significant increase of intracellular L-histidine compared to
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untreated control cells was observed in cells incubated in the presence of carnosine. In
contrast, incubation in the presence of LA-LH resulted in a significant increase in intracel-
lular L-histidine. In order to detect a possible formation of histamine, we incubated cells
from the GBM line T98G directly in the presence of L-histidine (25 mM) and histamine
(25 μM) and determined the amount of both compounds in the cells. As can be seen in
Figure 3b, we could not detect histamine in cells incubated in the presence of L-histidine,
although we observed a steep rise in the intracellular amount of histamine when added
to the medium. In addition, we did not detect histamine or its degradation products in
cells exposed to carnosine, LA-LH, or L-histidine, whereas we observed the formation of
N-methylhistamine in cells cultivated in the presence of histamine.

Figure 3. Release of histidine from carnosine and LA-LH and formation of histamine from histidine
in fibroblasts and glioblastoma cells. (a) Four different glioblastoma cell lines and five different
fibroblast cultures were treated with carnosine or L-alanyl-L-histidine (LA-LH) (both 50 mM) or
vehicle control for 48 h. Afterwards, metabolites were extracted and intracellular histidine was
determined by LC–MS. Results are presented as box plots that were obtained from the median of the
replicates of each cell culture. (b) T98G cells were treated with 25 mM L-histidine, 25 μM histamine,
or vehicle control for 48 h. Afterwards, metabolites were extracted, and intracellular histamine and
L-histidine were determined by LC–MS. Statistical analysis was performed using a one-way ANOVA
with the Games–Howell post hoc test. The level of significance is indicated as: *: p < 0.05; **: p < 0.005;
not significant (ns): p > 0.05. ND: not detected.

3. Discussion

Several decades ago, the anti-neoplastic effect of carnosine was first described in vivo
by Nagai and Suda [8]. Later, this observation was confirmed in vivo and in vitro by
several groups and for different types of cancer, such as gastric carcinoma [9], colon carci-
noma [10], cervical carcinoma [11], and glioblastoma [12]. Just recently, we demonstrated
that L-histidine, one amino acid of the dipeptide, reduces GBM cell viability even more
potently than carnosine [13]. Therefore, we wondered whether L-histidine itself or other
histidine-containing compounds would also discriminate between malignant GBM cells
and non-malignant fibroblasts, as demonstrated for carnosine [14,15]. Here, we observed
that carnosine significantly reduced cell viability in GBM cells, whereas there was no sig-
nificant effect observed in fibroblasts with regard to the amount of ATP in cell lysates and
only a small but significant effect with regard to dehydrogenase activity. A comparable dis-
crimination between tumor and non-tumor cells was also observed after the application of
LA-LH. Although L-histidine did significantly reduce the viability of fibroblasts, the effect
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was stronger in GBM cells but significantly different between GBM cells and fibroblasts
only with regard to dehydrogenase activity.

As L-histidine also has anti-neoplastic effects on GBM cells, this observation raises the
question of whether L-histidine could be used as a therapeutic agent instead of carnosine.
First of all, at the concentrations employed in our experiments (50 mM), the amino acid
obviously also affects fibroblasts. Comparable observations have been made by Rauen
et al., who detected that in cultivated liver cells, L-histidine at a concentration of 76 mM
had a ~2.5 higher toxicity compared to carnosine at a concentration of 198 mM [16]. As
L-histidine is a proteinogenic amino acid, it could also be assumed that orally ingested
L-histidine is taken up by other cells and may not reach the tumor. Orally applied carnosine,
on the other hand, is rapidly degraded by serum carnosinase [17] and may, therefore, be
limited in delivering its histidine moiety to cancer cells. In this regard, it has to be noted
that we recently demonstrated that carnosine can escape from degradation by uptake into
erythrocytes [6], explaining the observation that the dipeptide can be detected in the urine
of volunteers up to 5 h after oral ingestion [18]. In addition, there are several reports of the
therapeutic effects of orally ingested carnosine that point towards the delivery of intact
carnosine, especially to the brain [19–21].

Given the fact that LA-LH has an anti-neoplastic effect comparable to carnosine, being
able to discriminate between tumor and non-tumor cells, the other question is whether
this compound or other imidazole-containing dipeptides could be a useful alternative
to carnosine. This question cannot be answered yet, but it is interesting to note that
our experiments demonstrate that LA-LH is intracellularly more rapidly degraded to its
amino acid constituents than carnosine (Figure 3). Therefore, future experiments should
investigate whether the release of L-histidine results in a more rapid loss of the bioactive
imidazolyl moiety in the cells and whether more stable L-histidine-containing dipeptides
could be an alternative to carnosine or LA-LH. More complex synthetic compounds derived
from imidazole have already been discussed as potential anti-cancer drugs (for a review,
see [22]). In fact, some of the more complex imidazole-derived compounds have already
entered the clinics with regard to a number of diseases (for a review, see [23]), but one
has to take into account that synthetic drugs require intensive testing before being used in
therapy. On the other hand, carnosine is a naturally occurring compound that has already
been used in a number of studies with human patients, and, together with its constituent
β-alanine, it has a high acceptance as a food supplement for athletes [24]. At this point, it is
also interesting to note that carnosine, instead of negatively affecting non-malignant cells,
has protective effects on normal cells and has been discussed as a neuroprotector, especially
in various pathological brain conditions [25]. Imidazole itself has also been discussed as a
potential drug for the treatment of colon cancer [26]. However, although Long and Wang
used low concentrations in their culture experiments with colon carcinoma cells (up to
36 μM), the high toxicity towards fibroblasts, as seen in our experiments, should be taken
into account when considering the use of imidazole as an anti-cancer drug.

Another question addressed by the presented experiments is whether histamine ob-
tained by decarboxylation of L-histidine could be responsible for carnosine’s and L-histidine’s
anti-neoplastic effect. This notion has been discussed by others [27] and could have been
deduced by the fact that histamine has a very strong effect on viability (Figure 1). However,
we now rule out this possibility by the observation that we could not detect the formation
of histamine after the exposure of GBM cells to carnosine, LA-LH, or L-histidine. In addi-
tion, we also did not detect N-methylhistamine, a degradation product of histamine, in
cells exposed to carnosine, LA-LH, or L-histidine, which were detectable in cells exposed
to histamine. At this point, it should also be noted that AOC1 (gene encoding diamine
oxidase (EC 1.4.3.22), which is responsible for the conversion of L-histidine to histamine) is
almost never present in GBM cells and normal brain tissue (transcripts per million tran-
scripts ~2), as revealed by in silico analysis using data from the TCGA Research Networks
(https://www.cancer.gov/tcga; accessed on 24 December 2022) and the GTex database
(https://gtexportal.org/home/; accessed on 24 December 2022) using GEPIA (Gene Expres-
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sion Profiling Interactive Analysis; http://gepia.cancer-pku.cn/; accessed on 24 December
2022 [28]). In addition, it should be noted that the neuroprotective properties of carnosine
are also independent of its metabolization via the L-histidine-histamine pathway [29].

In conclusion, our experiments demonstrate the importance of the L-histidine moi-
ety of carnosine for its anti-neoplastic effect. Although the molecular mechanisms by
which this moiety exerts its anti-neoplastic effect have to be revealed in detail, there is
evidence that imidazolyl-containing compounds are able to inhibit mitochondrial ATP
production [30]. In addition, it has been shown that they can induce cell cycle arrest [31],
most likely by binding the imidazolyl moiety to DNA [32]. Despite the observation that
the imidazolyl moiety contributes to the anti-neoplastic effect, it is important to note that
we recently demonstrated that carnosine’s influence on tumor cell viability is accompa-
nied by an influence on the pentose phosphate pathway through its interaction with the
glycolytic intermediates glyceraldehyde-3-phosphate and dihydroxyacetone phosphate.
Therefore, carnosine may have a broader influence on tumor cells than L-histidine alone
or other imidazolyl-containing dipeptides [13]. Finally, it would also be interesting to test
whether the other compounds used in our study also affect the migration of GBM cells,
as demonstrated for carnosine [15]. On the other hand, at least for compounds with high
toxicity, such as L-histidine, imidazole, or histamine, one certainly needs to test lower
concentrations than those used in our present investigation.

4. Material and Methods

4.1. Reagents

If not stated otherwise, all chemicals were purchased from Sigma-Aldrich (Taufkirchen,
Germany), Merck (Darmstadt, Germany), or Carl Roth (Karlsruhe, Germany). Carnosine
was kindly provided by Flamma s.p.a. (Chignolo d’Isola, Italy); L-alanyl-L-histidine and
β-alanyl-L-alanine were purchased from Bachem (Bubendorf, Switzerland).

4.2. Cell Lines and Fibroblast Cultures

The glioblastoma cell line G55T2 was obtained from Sigma (Taufkirchen, Germany),
the cell lines U87 and T98G from the ATCC (Manassas, VA, USA), and the U343 line from
the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany).
All cells were genotyped (Genolytic GmbH, Leipzig, Germany), and their identities were
confirmed.

For cultivation, cells were propagated in 250 mL culture flasks (Sarstedt AG & Co.,
Nümbrecht, Germany) using 10 mL of standard culture medium (DMEM/4.5 g/L glucose,
without pyruvate (Life Technologies, Darmstadt, Germany) supplemented with 10% fetal
bovine serum (FBS superior, Biochrom, Berlin, Germany), 2 mM GlutaMax (Life Technolo-
gies), and penicillin–streptomycin (Life Technologies)) at 37 ◦C and 5% CO2 in humidified
air in an incubator.

Fibroblast cultures were established as described previously [15]. Briefly, freshly re-
moved galea tissue was washed with PBS (phosphate-buffered saline) and minced with
a scalpel blade. After mincing, small tissue pieces were transferred to a 25 cm2 culture
flask (TPP, Trasadingen, Switzerland) sprinkled with AmnioMax complete medium (Gibco,
Darmstadt, Germany). Tissue pieces were incubated for 30 min at room temperature, and
finally, 1 mL AmnioMax complete medium was added. Incubation was then performed at
37 ◦C, with 5% CO2 and humidified air in an incubator. Medium was changed after 72 h.
As soon as a confluent layer was obtained, cells were removed from culture flasks by the
use of Accutase (PAA, Pasching, Austria) and transferred to 75 cm2 culture flasks (TPP).
AmnioMax medium with AmnioMax supplement was used for the first 2–3 weeks of culti-
vation. Thereafter, fibroblasts were cultivated under the same conditions as glioblastoma
cells. Galea tissue was obtained during standard surgery performed at the Neurosurgery
Department of the University Hospital Leipzig in 2015 and 2016. All patients provided
written informed consent according to German law, as confirmed by the local committee
(144/08-ek).
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4.3. Cell Viability Assays

For cell viability assays, cells were counted and seeded into sterile 96-well plates
(μClear, Greiner Bio One, Frickenhausen, Germany) at a density of 5000 cells/well in
200 μL standard medium. After 24 h of cultivation (37 ◦C, 5% CO2/95% air), the medium
was aspirated and fresh medium containing supplements was added, as indicated in each
experiment (100 μL/well), and the cells were incubated for an additional 48 h. Then,
the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Mannheim, Germany) was
employed to determine viable cells by measuring ATP in cell lysates, and the CellTiter-Blue
Cell Viability Assay (Promega) was used to quantify the cell’s dehydrogenase activity
in living cells. All assays were carried out according to the manufacturer’s protocols.
Luminescence and fluorescence were measured using a SpectraMax M5 multilabel reader
(Molecular Devices, Biberach, Germany).

4.4. Staining and Determination of Live and Dead Cells

The number of live and dead cells after treatment with different compounds was
determined in 12-well plates (TPP). Cells were seeded at a density of 80,000 cells per well
in 1 mL of medium. After 24 h, cells received fresh medium with the test compounds.
After 48 h in the presence of the compounds, cells were washed with Hanks balanced salt
solution (calcium, magnesium, 1 g/L glucose, pH 7.4; Thermo Fisher Scientific, Darmstadt,
Germany) before DMEM containing Calcein-AM (2 μM), propidium iodide (1.5 μM), and
Hoechst 33343 (2 μM) was added for 1 h. Microscopic pictures were taken using a BZ-X800
microscope (Keyence, Neu-Isenburg, Germany) using phase contrast and fluorescence to
identify nuclei (360/460 nm), living cells (470/525 nm), and dead cells (560/630 nm). For
the determination of the number of nuclei and of dead cells, 9 images (at 4× magnification)
from each well were taken, and ImageJ was used to determine the number of dead cells and
nuclei [33]. (Note: we used this approach instead of a FACS analysis, as the detachment of
fibroblasts, especially under high toxicity conditions, contributes to additional toxicity.)

4.5. Determination of Intracellular L-Histidine

Intracellular amounts of histidine and histamine were determined as described previ-
ously [13]. Briefly, cells were seeded at a density of 300,000 cells per well into a 6-well plate
in 2 mL of culture medium. After 24-h cultivation, the culture medium was removed and
replaced with fresh medium containing specific compounds for each experiment, and cells
were incubated for an additional 48 h. Then, cells were washed thrice with 1 mL of ice-cold
washing buffer, followed by extraction and by the addition of 400 μL of ice-cold methanol.
After 10 min of gentle shaking on ice, extracts were collected in 1.5 mL Eppendorf tubes
and wells were rinsed twice in 400 μL distilled high-quality water (Milli-Q). Samples were
evaporated to dryness by lyophilization (Martin Christ Gefriertrocknungsanlagen, Os-
terode, Germany). For derivatization, the freeze-dried extracts were redissolved in 100 μL
high-quality water (Milli-Q), and 100 μL 0.5% ortho-phthalaldehyde (dissolved in methanol)
was added. Derivatization was carried out at 37 ◦C in a thermomixer for 45 min, followed
by the addition of 800 μL 0.1% formic acid in HPLC grade water. The obtained solution
(200 μL) was transferred into 250 μL conic glass inserts of 2 mL ND10 vials, followed by
high-performance liquid chromatography coupled to mass spectrometry (HPLC–MS). After
extraction, the protein of the remaining layer of fixed cells was extracted by the addition of
200 μL lysis buffer (77 mM K2HPO4, 23 mM KH2PO4, 0.2% TritonX-100, pH 7.8). Then, the
total protein was determined by using the Pierce 660 nm Protein Assay (Thermo Scientific,
Braunschweig, Germany).

4.6. HPLC–MS Set Up and Data Analysis

An Agilent 1100 series HPLC consisting of a variable wavelength detector, a well plate
autosampler, and a binary pump, coupled with a Bruker Esquire 3000 plus electrospray
ionization mass spectrometer, was used. The column was a Phenomenex Gemini 5 μ C18
110 Å 150 mm × 2 mm column with a precolumn. The eluent system consisted of two

626



Int. J. Mol. Sci. 2022, 23, 5834

solvents, with eluent A: 0.1% formic acid in acetonitrile and eluent B: 0.1% formic acid in
HPLC grade water. Mobile phase flow rate was 0.5 mL/min with the following gradient
for separation: 0–10 min 90% B, 90% to 0% B within 15 min, 25–35 min 0% B, 0% to 90%
B within 5 min, and 40–47 min 90% B for column equilibration. The mass spectrometer
operated in positive mode (target mass: m/z 300; mass range: m/z 70–400), and the dry
gas temperature was set to 360 ◦C (flow rate: 11 L/min; 70 psi). Data were analyzed using
OpenChrom version 2.0.103.v20150204-1700 [34]. Histidine and histamine were identified
by standards, and target masses m/z 272 (histidine) and 228 (histamine) were used for
quantification. If not stated otherwise, the abundance of a metabolite is defined by the peak
area determined from the selected ion chromatogram of an experiment, normalized to the
total cellular protein (μg). It should be noted that this method does not allow discrimination
between D and L stereoisomers. Thus, when referring to signals obtained by HPLC–MS,
only histidine (and not L-histidine) is mentioned.

4.7. Statistical Analysis and Graphical Representation

Statistical analysis was carried out using SPSS (IBM, Armonk, NY, USA; version:
28.0.0.0 (190)). For multiple comparisons, a one-way ANOVA after testing for normality
of distribution (Kolmogorov–Smirnov test) was employed, using a Games–Howell or
Bonferroni post hoc test after testing for equality of variances (Levene’s test). Results were
considered to be statistically significant at a value of p < 0.05. Graphical representations
were prepared using OriginPro (2021b; OriginLab Corporation, Northampton, MA, USA)
and CorelDraw Graphics Suite 2020 (Corel Corporation, Ottawa, ON, Canada).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms23105834/s1 Supplement S1: Viability of cells from four glioblastomas and from five
fibroblast cultures derived from patients, cultivated in the presence of imidazole-containing com-
pounds. Supplement S2: Microscopic analysis of fibroblast cell cultures and glioblastoma cells in the
presence of different compounds.

Author Contributions: Conceptualization, H.O. and F.G.; Methodology, H.O., C.B. and F.G.; Formal
Analysis, H.O., C.B., C.E.S. and F.G.; Investigation, H.O., C.B., C.E.S., R.B.-S. and F.G.; Resources, F.G.
and J.M.; Data Curation, H.O. and F.G.; Writing—Original Draft Preparation, H.O., C.E.S., and F.G.;
Writing—Review and Editing, H.O., C.B., C.E.S., J.M. and F.G.; Visualization, H.O., C.E.S. and F.G.;
Supervision, H.O. and F.G.; Project Administration, F.G. and J.M. All authors have read and agreed to
the published version of the manuscript.

Funding: Funded by the Open Access Publishing Fund of Leipzig University supported by the
German Research Foundation within the program Open Access Publication Funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of the Medical Faculty of the
University of Leipzig (#144/08-ek) (approval date: 5 June 2008).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data used in this study are presented in the manuscript and
Supplementary Materials.

Acknowledgments: LC–MS analyses were carried out at the mass spectrometry core facility of the Fac-
ulty of Chemistry and Mineralogy at Leipzig University, MS-UL; we thank Susan Billig for technical as-
sistance. We like to thank Flamma (Flamma s.p.a. Chignolo d’Isola, Italy
(http://www.flammagroup.com); accessed on 18 May 2022) for the generous supply of very high-
quality carnosine for all our experiments. In addition, we like to thank Hans-Heinrich Foerster from
Genolytic GmbH (Leipzig, Germany) for genotyping and confirmation of cell identity.

Conflicts of Interest: The authors declare that they have no potential conflicts of interest.

627



Int. J. Mol. Sci. 2022, 23, 5834

References

1. Ostrom, Q.T.; Patil, N.; Cioffi, G.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary Brain and Other
Central Nervous System Tumors Diagnosed in the United States in 2013–2017. Neuro-Oncology 2020, 22, iv1–iv96. [CrossRef]
[PubMed]

2. Hegi, M.E.; Diserens, A.-C.; Gorlia, T.; Hamou, M.-F.; de Tribolet, N.; Weller, M.; Kros, J.M.; Hainfellner, J.A.; Mason, W.;
Mariani, L.; et al. MGMT gene silencing and benefit from temozolomide in glioblastoma. N. Engl. J. Med. 2005, 352, 997–1003.
[CrossRef] [PubMed]

3. Gulewitsch, W.; Amiradzibi, S. Ueber das Carnosin, eine neue organische Base des Fleischextraktes. Ber. Dtsch. Chem. Ges. 1900,
33, 1902–1903. [CrossRef]

4. Turner, M.D.; Sale, C.; Garner, A.C.; Hipkiss, A.R. Anti-cancer actions of carnosine and the restoration of normal cellular
homeostasis. Biochim. Biophys. Acta Mol. Cell Res. 2021, 1868, 119117. [CrossRef]

5. Hipkiss, A.R.; Gaunitz, F. Inhibition of tumour cell growth by carnosine: Some possible mechanisms. Amino Acids 2014, 46,
327–337. [CrossRef]

6. Oppermann, H.; Elsel, S.; Birkemeyer, C.; Meixensberger, J.; Gaunitz, F. Erythrocytes Prevent Degradation of Carnosine by
Human Serum Carnosinase. Int. J. Mol. Sci. 2021, 22, 12802. [CrossRef]

7. Letzien, U.; Oppermann, H.; Meixensberger, J.; Gaunitz, F. The antineoplastic effect of carnosine is accompanied by induction of
PDK4 and can be mimicked by L-histidine. Amino Acids 2014, 46, 1009–1019. [CrossRef]

8. Nagai, K.; Suda, T. Antineoplastic effects of carnosine and beta-alanine—Physiological considerations of its antineoplastic effects.
J. Physiol. Soc. Jpn. 1986, 48, 741–747.

9. Shen, Y.; Yang, J.; Li, J.; Shi, X.; Ouyang, L.; Tian, Y.; Lu, J. Carnosine inhibits the proliferation of human gastric cancer SGC-7901
cells through both of the mitochondrial respiration and glycolysis pathways. PLoS ONE 2014, 9, e104632. [CrossRef]

10. Iovine, B.; Iannella, M.L.; Nocella, F.; Pricolo, M.R.; Baldi, M.R.; Bevilacqua, M.A. Carnosine inhibits KRas-mediated HCT-116
proliferation by affecting ATP and ROS production. Cancer Lett. 2012, 315, 122–128. [CrossRef]

11. Ditte, Z.; Ditte, P.; Labudova, M.; Simko, V.; Iuliano, F.; Zatovicova, M.; Csaderova, L.; Pastorekova, S.; Pastorek, J. Carnosine
inhibits carbonic anhydrase IX-mediated extracellular acidosis and suppresses growth of HeLa tumor xenografts. BMC Cancer
2014, 14, 358. [CrossRef] [PubMed]

12. Renner, C.; Seyffarth, A.; de Arriba, S.; Meixensberger, J.; Gebhardt, R.; Gaunitz, F. Carnosine Inhibits Growth of Cells Isolated
from Human Glioblastoma Multiforme. Int. J. Pept. Res. Ther. 2008, 14, 127–135. [CrossRef]

13. Oppermann, H.; Purcz, K.; Birkemeyer, C.; Baran-Schmidt, R.; Meixensberger, J.; Gaunitz, F. Carnosine’s inhibitory effect on
glioblastoma cell growth is independent of its cleavage. Amino Acids 2019, 51, 761–772. [CrossRef] [PubMed]

14. Holliday, R.; McFarland, G.A. Inhibition of the growth of transformed and neoplastic cells by the dipeptide carnosine. Br. J.
Cancer 1996, 73, 966–971. [CrossRef] [PubMed]

15. Oppermann, H.; Dietterle, J.; Purcz, K.; Morawski, M.; Eisenlöffel, C.; Müller, W.; Meixensberger, J.; Gaunitz, F. Carnosine
selectively inhibits migration of IDH-wildtype glioblastoma cells in a co-culture model with fibroblasts. Cancer Cell Int. 2018,
18, 111. [CrossRef]

16. Rauen, U.; Klempt, S.; de Groot, H. Histidine-induced injury to cultured liver cells, effects of histidine derivatives and of iron
chelators. Cell. Mol. Life Sci. 2007, 64, 192–205. [CrossRef]

17. Qiu, J.; Hauske, S.J.; Zhang, S.; Rodriguez-Niño, A.; Albrecht, T.; Pastene, D.O.; van den Born, J.; van Goor, H.; Ruf, S.;
Kohlmann, M.; et al. Identification and characterisation of carnostatine (SAN9812), a potent and selective carnosinase (CN1)
inhibitor with in vivo activity. Amino Acids 2019, 51, 7–16. [CrossRef]

18. Gardner, M.L.G.; Illingworth, K.M.; Kelleher, J.; Wood, D. Intestinal-Absorption of the Intact Peptide Carnosine in Man, and
Comparison with Intestinal Permeability to Lactulose. J. Physiol. 1991, 439, 411–422. [CrossRef]

19. Baraniuk, J.N.; El-Amin, S.; Corey, R.; Rayhan, R.; Timbol, C. Carnosine Treatment for Gulf War Illness: A Randomized Controlled
Trial. GJHS 2013, 5, 69–81. [CrossRef]

20. Hajizadeh-Zaker, R.; Ghajar, A.; Mesgarpour, B.; Afarideh, M.; Mohammadi, M.-R.; Akhondzadeh, S. l-Carnosine as an Adjunctive
Therapy to Risperidone in Children with Autistic Disorder: A Randomized, Double-Blind, Placebo-Controlled Trial. J. Child
Adolesc. Psychopharmacol. 2018, 28, 74–81. [CrossRef]

21. Mehrazad-Saber, Z.; Kheirouri, S.; Noorazar, S.-G. Effects of l-Carnosine Supplementation on Sleep Disorders and Disease
Severity in Autistic Children: A Randomized, Controlled Clinical Trial. Basic Clin. Pharmacol. Toxicol. 2018, 123, 72–77. [CrossRef]
[PubMed]

22. Akhtar, J.; Khan, A.A.; Ali, Z.; Haider, R.; Shahar Yar, M. Structure-activity relationship (SAR) study and design strategies
of nitrogen-containing heterocyclic moieties for their anticancer activities. Eur. J. Med. Chem. 2017, 125, 143–189. [CrossRef]
[PubMed]

23. Siwach, A.; Verma, P.K. Synthesis and therapeutic potential of imidazole containing compounds. BMC Chem. 2021, 15, 12.
[CrossRef] [PubMed]

24. Saunders, B.; Elliott-Sale, K.; Artioli, G.G.; Swinton, P.A.; Dolan, E.; Roschel, H.; Sale, C.; Gualano, B. β-alanine supplementation
to improve exercise capacity and performance: A systematic review and meta-analysis. Br. J. Sports Med. 2017, 51, 658–669.
[CrossRef]

628



Int. J. Mol. Sci. 2022, 23, 5834

25. Lopachev, A.V.; Abaimov, D.A.; Filimonov, I.S.; Kulichenkova, K.N.; Fedorova, T.N. An assessment of the transport mechanism
and intraneuronal stability of L-carnosine. Amino Acids 2021, 1–8. [CrossRef]

26. Long, Y.; Wang, D. Inhibition of Colon Cancer Cell Growth by Imidazole Through Activation of Apoptotic Pathway. Med. Sci.
Monit. 2019, 25, 7597–7604. [CrossRef]

27. Zhang, L.; Yao, K.; Fan, Y.; He, P.; Wang, X.; Hu, W.; Chen, Z. Carnosine protects brain microvascular endothelial cells against
rotenone-induced oxidative stress injury through histamine H1 and H2 receptors in vitro. Clin. Exp. Pharmacol. Physiol. 2012, 39,
1019–1025. [CrossRef]

28. Tang, Z.; Li, C.; Kang, B.; Gao, G.; Li, C.; Zhang, Z. GEPIA: A web server for cancer and normal gene expression profiling and
interactive analyses. Nucleic Acids Res. 2017, 45, W98–W102. [CrossRef]

29. Bae, O.-N.; Majid, A. Role of histidine/histamine in carnosine-induced neuroprotection during ischemic brain damage. Brain Res.
2013, 1527, 246–254. [CrossRef]

30. Shi, Y.; Lim, S.K.; Liang, Q.; Iyer, S.V.; Wang, H.-Y.; Wang, Z.; Xie, X.; Sun, D.; Chen, Y.-J.; Tabar, V.; et al. Gboxin is an oxidative
phosphorylation inhibitor that targets glioblastoma. Nature 2019, 567, 341–346. [CrossRef]

31. Morelli, M.B.; Amantini, C.; Nabissi, M.; Cardinali, C.; Santoni, M.; Bernardini, G.; Santoni, A.; Santoni, G. Axitinib induces
senescence-associated cell death and necrosis in glioma cell lines: The proteasome inhibitor, bortezomib, potentiates axitinib-
induced cytotoxicity in a p21(Waf/Cip1) dependent manner. Oncotarget 2017, 8, 3380–3395. [CrossRef] [PubMed]

32. Uzlikova, M.; Nohynkova, E. The effect of metronidazole on the cell cycle and DNA in metronidazole-susceptible and -resistant
Giardia cell lines. Mol. Biochem. Parasitol. 2014, 198, 75–81. [CrossRef] [PubMed]

33. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

34. Wenig, P.; Odermatt, J. OpenChrom: A cross-platform open source software for the mass spectrometric analysis of chromato-
graphic data. BMC Bioinform. 2010, 11, 405. [CrossRef] [PubMed]

629



Citation: De Ventura, T.; Perrone, M.;

Missiroli, S.; Pinton, P.; Marchetti, P.;

Strazzabosco, G.; Turrin, G.;

Illuminati, D.; Cristofori, V.; Fantinati,

A.; et al. Synthesis and NLRP3-

Inflammasome Inhibitory Activity of

the Naturally Occurring Velutone F

and of Its Non-Natural Regioisomeric

Chalconoids. Int. J. Mol. Sci. 2022, 23,

8957. https://doi.org/10.3390/

ijms23168957

Academic Editor: Atsushi Matsuzawa

Received: 13 July 2022

Accepted: 9 August 2022

Published: 11 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Synthesis and NLRP3-Inflammasome Inhibitory Activity of the
Naturally Occurring Velutone F and of Its Non-Natural
Regioisomeric Chalconoids

Tiziano De Ventura 1,†, Mariasole Perrone 2,3,†, Sonia Missiroli 2,3, Paolo Pinton 2,3,4, Paolo Marchetti 1,

Giovanni Strazzabosco 1, Giulia Turrin 1, Davide Illuminati 1, Virginia Cristofori 1, Anna Fantinati 5,

Martina Fabbri 1, Carlotta Giorgi 2,3,*, Claudio Trapella 1,3,* and Vinicio Zanirato 1

1 Department of Chemistry, Pharmaceutical and Agricultural Sciences, University of Ferrara, Via Luigi
Borsari 46, 44121 Ferrara, Italy

2 Department of Medical Sciences, Section of Experimental Medicine, University of Ferrara, Via Fossato di
Mortara, 64/b, 44121 Ferrara, Italy

3 Laboratory for Technologies of Advanced Therapies (LTTA), Via Fossato di Mortara, 70, 44121 Ferrara, Italy
4 Maria Cecilia Hospital, GVM Care & Research, 48033 Cotignola, Italy
5 Department of Environmental and Prevention Sciences, University of Ferrara, Via Fossato di Mortara 17,

44121 Ferrara, Italy
* Correspondence: carlotta.giorgi@unife.it (C.G.); trap@unife.it (C.T.);

Tel.: +39-0532-455802 (C.G.); +39-0532-455924 (C.T.)
† These authors contributed equally to this work.

Abstract: Plant-derived remedies rich in chalcone-based compounds have been known for centuries
in the treatment of specific diseases, and nowadays, the fascinating chalcone framework is con-
sidered a useful and, above all, abundant natural chemotype. Velutone F, a new chalconoid from
Millettia velutina, exhibits a potent effect as an NLRP3-inflammasome inhibitor; the search for new
natural/non-natural lead compounds as NLRP3 inhibitors is a current topical subject in medicinal
chemistry. The details of our work toward the synthesis of velutone F and the unknown non-natural
regioisomers are herein reported. We used different synthetic strategies both for the construction of
the distinctive benzofuran nucleus (BF) and for the key phenylpropenone system (PhP). Importantly,
we have disclosed a facile entry to the velutone F via synthetic routes that can also be useful for
preparing non-natural analogs, a prerequisite for extensive SAR studies on the new flavonoid class of
NLRP3-inhibitors.

Keywords: flavonoid; chalcone-based compounds; NLRP3-inflammasome inhibitors

1. Introduction

Chalcone-based compounds can act as photoinitiators of polymerization under visible
light with an excellent profile for (i) free radical polymerization, (ii) cationic polymerization,
(iii) synthesis of interpenetrating polymer networks (IPNs), and (iv) thiol-ene reactions [1].
Additionally, fluorescent chalcone derivatives have been used for the development of a
mouse embryonic stem cell probe [2]. On the other hand, in-depth pharmacological studies
concluded that natural extracts containing chalcone-based compounds exhibit an impressive
array of biological activities, including anti-inflammatory/anticancer effects [3–5]. Actually,
chalcones may inhibit specific enzymes such as different kinases [6–8], the aldose reduc-
tase [9,10], cyclooxygenases [11,12], and inducible nitric oxide synthase [13,14]. Moreover,
it has been shown that both synthetic and natural chalconoids play a healthy role in several
diseases by inhibiting the NLRP3-inflammasome formation [15–19]. The NLRP3 inflamma-
some is a large protein complex controlling the production of caspase-1 and ultimately of
pro-inflammatory cytokines (IL-1 and IL-18). In this context, it was reported that velutone
F (1) (Figure 1), a retrochalcone [20–22] recently identified in the ethanolic extract of the
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leguminous plant Millettia velutina [23,24], inhibits the formation of the NLRP3 active com-
plex. Among the eight new flavonoids identified in the lipophilic crude residue derived
from 10 kg of dry vine stems of Millettia velutina, compound 1 exhibited the most potent
inhibitory effect against nigericin-induced IL-1 release in THP-1 cells. Velutone F, featuring
the 1-phenyl-2-propen-1-one moiety (PhP) and a substituted benzofuran core (BF), can be
classified as a hybrid chalcone. The development of hybrid molecules incorporating differ-
ent pharmacophores, each with its own molecular target, is an important area of research
in medicinal chemistry [25]. Actually, both natural and synthetic benzofuran-derived
compounds have potential therapeutic interests ranging from antibacterial, antifungal, anti-
inflammatory, analgesic, antidepressant, anticonvulsant, anticancer, anti-HIV, antidiabetic,
antituberculosis, and antioxidant [26–29].

Figure 1. Natural and non-natural inhibitors of the NLRP3 inflammasome activation.

We are currently involved in a multidisciplinary study aimed at identifying new
anti-inflammatory/anticancer compounds that mimic the MCC950 molecular structure
(Figure 1). It has been demonstrated that the diarylsulfonylurea MCC950 powerfully in-
hibits the NLRP3 activation selectively [30,31]. In detail, MCC950 would seem to reversibly
bind the NLRP3 multi-protein complex making it unable to generate the active complex,
namely the NLRP3-inflammasome [32,33]. Because of the profoundly different chemical
structures of the synthetic MCC950 compared to the one of velutone F (1), it is reasonable
to assume that they can block the activation of the NLRP3-inflammasome by interfering
with different bio-chemical targets. We were intrigued by the possibility of disposing
of multi-milligrams amount of the natural substance 1 for the purpose of undertaking
pharmacochemical investigations and mostly to shed some light on the mechanism by
which compound 1 inhibits the nigericin-induced IL-1 release. Actually, when we started
the search, the chemical identity of 1 was ascertained by spectroscopic means exclusively,
primarily 2D NMR [23]. However, very recently [24], the same research teams got proof of
the chalconoid structure of compound 1 by its semi-synthesis from Khellin.

The reasons mentioned above prompted us to design/develop synthetic routes for prepar-
ing both the natural substance originally extracted from the tropical plant Millettia velutina
and analogs to be studied by the biologist team as promising anti-inflammatory agents.

2. Results and Discussion

A host of synthetic strategies has been developed to create the trans-carbon-carbon
double bond of the 1,3-diaryl-2-propen-1-one moiety featuring chalcone compounds, in-
cluding Claisen-Schmidt’s condensations, Wittig, and Julia-Kocienski olefinations. Instead,
palladium-catalyzed reactions, namely Heck, Sonogashira, and Suzuki-Miyaura cross cou-
plings, have been used to establish the 1,3-diaryl-enone framework through A-ring/C-1
and/or C1/C2 bond formation [34].

Initially, we planned a synthetic strategy to compound 1 based on the introduction of
the required alkene by Wittig olefination of 5-formyl-4,7-dimethoxy benzofuran 7 (5-FBF)
with the 1-phenyl-2-(triphenylphosphoranylidene)ethanone counterpart 8 [35]. To this
end we elaborated two synthetic approaches for the preparation of the key intermediate
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5-FBF differing in the way the benzofuran core (BF) could be formed via annellation of
the carbocyclic ring system onto a preformed furan, synthetic pathway A (Scheme 1), or
alternatively, by creating the furan ring by intramolecular cyclization on a preexistent
carbocyclic, synthetic pathway B (Scheme 2).

Scheme 1. Synthetic pathway A for target compound 1. Reagents and conditions: (a) i: LDA, THF,
−78 ◦C, succinic anhydride; ii: dil.HCl; 35%; (b) MeOH, H2SO4, 90%; (c) HC(OMe)3, p-TsOH, MeOH
reflux, 36 h, 90%; (d) i: t-BuOK, THF, −78 ◦C; ii: dil.HCl, 62%; (e) MeI, Cs2CO3, DMF, rt, 16 h, 96%;
(f) i: LiAlH4, Et2O, 12 h; ii: PCC, CH2Cl2, rt, 1.5 h, 60% two steps; (g) MeCN, MW, 135 ◦C, 1.5 h, 70%.

2.1. Synthetic Pathway A for Target Compound 1

The first route starts by treating the 3-furoic acid with excess LDA to produce the
corresponding C-2 lithiated carboxylate lithium salt, which, by reacting with succinic an-
hydride, gave the dicarboxylic acid 2. The desired acyl derivative 3 could be isolated in
a modest yield after esterification of 2 [36,37]. The subsequent carbonyl group protection
as dimethyl ketal 4 opened the way to the creation of the annellated six-membered carbo-
cyclic ring. Thus, the Dieckmann cyclization, performed with potassium tert-butoxide at
−78 ◦C, occurred with simultaneous elimination of MeOH from the dimethyl ketal group
yielding the aromatic derivative 5, which was taken to the benzofuran derivative 6 by
etherification. Subsequently, the methoxycarbonyl group was converted to the required
formyl group by a two-step process entailing reduction with LiAlH4 and oxidation of the
resulting primary alcohol with pyridinium chlorochromate (PCC). The resulting 5-FBF was
eventually reacted with the stabilized phosphorous ylide 8, in turn, prepared according to
the literature [35]. The Wittig olefination under microwave irradiation provided velutone F
(1) in 70% yield after chromatographic purification. As expected, NMR spectroscopic data
for the synthesized velutone F were superimposable to the ones originally reported for the
retrochalcone isolated from Millettia velutina.
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Scheme 2. Synthetic pathway B for target compound 1. Reagents and conditions: (a) i: H2O2,
t-BuOH, cat.SeO2, rt, 12 h; ii: MeOH, K2CO3, 90% two steps; (b) NBS, MeCN, 0 ◦C, 30 min, 97%;
(c) BrCH2CH(OMe)2, KOH, DMA, 140 ◦C, 1.5 h, 83%; (d) PPA, PhCl, reflux, 30 min, 50%; (e) Pd(OAc)2,
Tri(o-tolyl)phosphine, DIPEA:DMF (1:1), 32%; (f) CH2Cl2-formalin, reflux, 12 h, 80%; (g) i: BuLi, THF,
−78 ◦C; ii: DMF, 50%; (h) DHP, PPTS, CH2Cl2, rt, 12 h, 91%; (i) i: BuLi, Et2O, 0 ◦C, 2 h; ii: DMF, −78
to rt, 2 h; iii: HCl 6M, 80% overall; (l) Br2-AcOH, AcONa, rt, 30 min, 80%; (m) BrCH2COOEt, DMF,
Cs2CO3, rt, 1 h, 85%; (n) i: LiOH, THF-H2O, rt, 12 h; ii: AcONa, Ac2O, 130 ◦C, 2 h; iii: EtOH, 60 ◦C,
2 h, 57%.

2.2. Synthetic Pathway B for Target Compound 1

The starting move of the alternative synthetic approach to 7 entailing the creation of the
furan ring by intramolecular cyclization of the bromobenzene derivative 11 (Scheme 2) was
the Dakin-like oxidation of the cheap 2,5-dimethoxybenzaldehyde by using the H2O2/cat.
SeO2 system in tert-BuOH [38]. Methanolysis of the resulting arylformate promptly fur-
nished the 2,5-dimethoxyphenol 9, which underwent regioselective bromination with NBS
affording 10. The exclusive C-4 bromination accounted for the marked para orienting effect
of the phenolic hydroxyl group [39].

At this stage, with the aim of creating the annellated 2,3-unsubstituted furan ring, we
needed to introduce an O-tethered functionalized two carbon fragment. Thus, compound
10 was easily converted to the aryl ether 11 by treatment with bromoacetaldehyde dimethyl
acetal and KOH in dimethylacetamide (DMA) [40]. The anticipated intramolecular elec-
trophilic aromatic substitution was carried out with polyphosphoric acid (PPA), providing
the benzofuran derivative 12 in a 50% yield. Transformation of the 5-bromo benzofuran
derivative 12 into 5-formyl-4,7-dimethoxy benzofuran 7 (5-FBF) was achieved through
halogen-metal exchange with BuLi followed by reaction with DMF [41].

In order to make the critical furan ring annellation step more efficient, we turned our
attention to a recently reported protocol for the synthesis of 6-hydroxybenzofuran based
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on an unusual cycloaddition-cycloreversion sequence [42]. To this end, we prepared the
penta-substituted benzene derivative 16 starting from the tri-substituted phenol derivative
9 (Scheme 2), exploiting the well-known ability of the OTHP as an ortho-directing group
for the metalation [43]. Accordingly, compound 9 was promptly transformed into the
corresponding tetrahydropyranyl ether 14 that was at first ortho-lithiated by treatment
with BuLi and later reacted with DMF to give the tetra-substituted phenyl derivative 15.
The subsequent bromination para to the phenol group [44] afforded the desired penta-
substituted benzene 16, to which the O-ethoxycarbonylmethylene fragment was easily
inserted by standard etherification reaction. In previous saponification, compound 17 was
treated with the Ac2O-AcONa system with heating to give the required 5-bromo benzofuran
derivative 12 in an appreciable 57% yield. The mechanism proposed for the interesting
cyclization reaction entails dehydration of the carboxyl group to give an unstable ketene
intermediate that is trapped intramolecularly by the formyl group. The thermal [2 + 2]
heterocycloaddition reaction is followed by a cycloreversion with the expulsion of CO2 and
production of the 2,3-unsubstituted benzofuran derivative 12 [42].

Having the suitably derivatized aryl ring-B moiety in hand, we conceived preparing
compound 1 by exploiting the Mizoroki-Heck cross-coupling reaction between 12 and
1-phenyl-2-propen-1-one 13. The latter reagent was, in turn, easily prepared by react-
ing phosphorous ylide 8 and formaldehyde according to a known Wittig protocol [45]
(Scheme 2). Disappointingly, the Pd(0)-catalyzed reaction provided the retrochalcone 1

with a modest 32% yield [46].

2.3. Synthetic Pathways Providing the Non-Natural Regioisomers of Velutone F

With the aim of learning about stereo-electronic properties of the hybrid benzofuran-
retrochalcone scaffold, we decided to prepare the non-natural compounds 22, 23, and 28

featuring the PhP moiety attached, respectively, at C-2, C-6, and C-3 of the 4,7-dimethoxy
benzofuran core (BF). The non-natural regioisomers of velutone F are previously un-
known compounds.

2.3.1. Synthetic Pathways to the Isomers 22 and 23

The direct formylation of electron-rich arenes can be conveniently accomplished via
the Vilsmeier–Haack (V–H) reaction. Indeed, the benzo[b]furan nucleus is reported to yield
the 2-formyl derivative by reaction with the V–H electrophilic species [47]. We anticipated
that the regioselectivity of the V–H reaction could change if electron-donating groups were
present on the phenyl ring of the benzo-fused system. In line with our hypothesis, we
decided exploring the behavior of 4,7-dimethoxy benzo[b]furan 19 under V-H reaction
conditions (Scheme 3). We planned to build the substituted benzo[b]furan 19 from 9 by
creating the annellated 2,3-unsubstituted furan ring according to our previously sound
synthetic pathway B for target compound 1 (Scheme 2). Thus, once etherified the phenolic
group of 9 with the functionalized two carbon fragment, the resulting compound 18 was
cyclized to 19 under the action of PPA (Sn-β zeolite also showed to efficiently promote
this transformation [48]). As expected, we found the subsequent electrophilic aromatic
substitution reaction was poorly regioselective: all but one of the regioisomeric formyl
benzofuran derivatives 2-FBF, 5-FBF, and 6-FBF were formed. In detail, chromatographic
purification of the residue from the V-H reaction led us to isolate compounds 20 (2-FBF)
together with 7 (5-FBF) in 37% yield (1H NMR and HPLC analysis showed the isomers
were in a 3.5:6.5 ratio), and compound 21 (6-FBF) in 30% yield. At this stage, we submitted
the separated fractions to the Wittig olefination with the stabilized phosphorous ylide 8.
We obtained chalcone 23 from 6-FBF, while in the same manner, the inseparable mixture
of 2-FBF and 5-FBF furnished chalcones 22 and 1, which, gratifyingly, could be easily
separated by column chromatography.
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Scheme 3. Synthetic pathways to regioisomers 22 and 23. Reagents and conditions: (a) KOH, DMAC,
BrCH2CH(OMe)2, 140 ◦C, 2 h, 70%; (b) Sn-β zeolite, PhCl, 105 ◦C, 5 h, 62%; (c) POCl3, DMF, 80 ◦C,
12 h, (20, 24%), (7, 13%), (21, 30%); (d) 8, toluene, reflux, 12 h 50%.

2.3.2. Synthetic Pathway to the Isomer 28

We envisaged setting up the PhP moiety of 28 by reaction of 3-formyl benzofuran
derivative 27 (3-FBF) with the ylide 8 according to the previously tested protocol entailing
a classical Wittig olefination. About 3-FBF preparation, we selected compound 25 as the
direct precursor having in mind a controlled oxidation of its C-3 methyl substituent in
order to derive the pivotal electrophilic functional group [49,50] (Scheme 4). Thus, we
devised preparing compound 25 in two steps from phenol 9, namely: etherification with
bromoacetone followed by acid-promoted cyclization of the resulting aryloxy acetone
derivative 24. The planned SeO2-oxidation of the C-3 methyl residue of compound 25

furnished a 1:1 mixture of the primary alcohol 26 and the aldehyde 27, which were separable
by chromatography. However, we found it very easy to carry out the oxidation of 26 to
3-FBF by using the Corey–Suggs reagent (PCC). Eventually, the microwave-promoted
Wittig reaction between the aryl aldehyde 27 (3-FBF) and the phosphorous ylide 8 provided
the aimed chalconoid 28 in good yield.

2.3.3. Inhibition of IL-1β Release In Vitro and In Vivo

Among the inflammasomes, NLRP3 is the most studied and characterized due to
its implication in the pathogenesis of different human diseases [51]. The activation of
NLRP3 inflammasomes consists of caspase-1 activation, which in turn induces secretion
of the inflammatory cytokine IL-1β. Hence, IL-1β release is the most used read-out for
NLRP3 inflammasome activation. In this study, IL-1β release was determined by ELISA
assay to assess the inhibitory effects of synthesized compounds on NLRP3 inflammasome
activation both in mouse bone marrow-derived macrophages (BMDMs) and in human
PMA-differentiated lipopolysaccharide (LPS)-primed THP-1 macrophages (Figure 2). Velu-
tone F (1) and the non-natural compounds 22, 23, and 28 demonstrated a high inhibitory
capacity on the release of IL-1β.
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Scheme 4. Synthetic pathway to regioisomer 28. Reagents and conditions: (a) BrCH2COCH3, Cs2CO3,
DMF, rt, 12 h, 63%; (b) PPA, PhCl, 110 ◦C, 20 min, 50%; (c) SeO2, dioxane, 75 ◦C, 96 h, 80%; (d) PCC,
CH2Cl2, rt, 12 h, 95%; (e) 8, MeCN, MW, 135 ◦C, 2 h, 65%.

Figure 2. In vitro inhibition of IL-1β release. (A) BMDMs were stimulated with LPS (1 μg/mL) for
2 h, then treated with compounds for 30 min, and then activated with nigericin (10 μM) for 1 h.
(B) LPS-primed PMA-differentiated THP-1 cells were stimulated with LPS (1 μg/mL) for 3 h, then
treated with compounds for 30 min, and then activated with nigericin (10 μM) for 1 h. Cell super-
natants were analyzed with ELISA test for the evaluation of IL-1β release (n = 3, mean ± SEM).
Statistics differences were analyzed using one-way ANOVA: ** p < 0.01, * p < 0.05.

To confirm the anti-inflammatory activity of these compounds in vivo, we used an
LPS-induced inflammation treatment. Mice were intraperitoneally (IP) pre-injected with
velutone F (1) and the non-natural isomers 22, 23, and 28 or vehicle at 25 mg/kg and
then were IP injected with LPS (1 mg/kg). After 4 h, plasma and peritoneal exudate were
collected from mice and analyzed for evaluation of IL-1β release. The mice that received
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pre-treatment with our compounds displayed a dramatic reduction in IL-1 production both
in peritoneal exudate and blood samples (Figure 3).

Figure 3. In vivo inhibition of IL-1β release. (A) Exudate and (B) plasma levels of IL-1β from
C57BL/6 mice pretreated with compounds or vehicle control as determined by ELISA 4 h after
intraperitoneally IP LPS (1 mg/kg) injection, n = 6/group. Data are shown as mean ± SEM. Statistical
differences were analyzed using one-way ANOVA: **** p < 0.0001, *** p < 0.001, ** p < 0.01.

Taken together, these results revealed that synthesized velutone F (1), as well as its
regioisomers 22, 23, and 28, exerted a strong inhibition on the NLRP3 inflammasome
activation both in vitro and in vivo.

3. Materials and Methods

3.1. Chemistry: Materials and General

All reagents and solvents that were commercially purchased were directly used with-
out prior treatment. Reaction temperatures were recorded using a regular thermometer
without correction. Melting points were determined on the Reichert Termovar apparatus
and are uncorrected. Reactions were monitored by analytical thin-layer chromatography
(TLC) on silica gel F254 glass plates (Merck, Darmstad, Germany) and visualized under UV
light 254 nm and KMnO4. Mobile phases abbreviations: A = Ethyl acetate, P = petroleum
ether, DCM = dichloromethane. 1H NMR spectra were recorded with a Mercury Place
Varian 400 MHz NMR spectrometer (Varian Palo Alto, CA, USA) at room temperature.
Chemical shifts (in ppm) were recorded as parts per million (ppm) downfield to tetram-
ethylsilane (TMS). The following abbreviations are used for a multiplicity of NMR signals:
s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd, double doublet; dt, double
triplet; ddd, doublet of doublet of doublets; dtd, doublet of triplet of doublets. MS was
carried out using electrospray ionization (ESI MICROMASS ZQ 2000, Waters, Milford, MA,
USA). HRMS was acquired by CIGS University of Modena e Reggio Emilia (Modena, Italy)
using a Q-Exactive Hybrid Quadrupole Orbitrap (Thermo Scientific, Waltham, MA, USA).
IR spectra were taken on a Perkin-Elmer FT-IR spectrum 100 spectrometer (Foster City, CA,
USA). Analytical HPLC was performed with Beckman System Gold 168 (Milan, Italy) using
a C18 100 A Phenomenex Kinetex (150 × 4.6 mm) and UV-DAD detection. [A]: 0.1% TFA
in water and [B]: 0.1% TFA in acetonitrile was used as a binary mobile phase at a flow
rate of 0.7 mL/min. Gradient: from 0% to 100% [B] in 25 min. Microwave reactions were
performed in a Biotage Initiator Plus reactor (Biotage, Sweden) using 2–5 mL glass vials
with a rubber cap. For all experimental spectra see Supplementary Materials.
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3.1.1. Methyl 3-(4-Methoxy-4-oxobutanoyl)furan-2-carboxylate (3)

A solution of 3-Furoic acid (1 g, 8.92 mmol, 1 equiv.) in anhydrous THF (6 mL) was
added dropwise, under argon atmosphere, to a cooled (−78 ◦C) solution of LDA, which
was previously prepared from n-BuLi (12.5 mL, 1.6 M in hexane, 19.96 mmol, 2.2 equiv.)
and i-Pr2NH (2.9 mL, 19.96 mmol, 2.2 equiv.) in THF (25 mL). The reaction mixture was
stirred at −78 ◦C for 2 h, then a solution of succinic anhydride (1 g, 9.99 mmol, 1.1 equiv.)
in anhydrous THF (8 mL) was added to the reaction flask. The cooling bath was removed,
and aqueous 2 M HCl (30 mL) was added at room temperature. The mixture was extracted
with chloroform, the organic phase was dried over Na2SO4, and solvent was evaporated.
The solid residue was dissolved in MeOH (50 mL), cooled at 0 ◦C, and H2SO4 (0.45 mL,
95%) was added dropwise. The mixture was stirred at room temperature for 24 h, then a
saturated NaHCO3 solution was added, and the mixture was extracted with AcOEt. The
organic phase, dried over Na2SO4, was evaporated under reduced pressure to give a crude
that was purified by silica gel column chromatography with A/P 1:9, v/v as a solvent
system. Title compound (3) was isolated as a colorless oil. Yield 32% over two steps. 1H
NMR (400 MHz, Chloroform-d) δ 7.51 (d, J = 1.7 Hz, 1H), 6.81 (d, J = 1.7 Hz, 1H), 3.89
(s, 3H), 3.68 (s, 3H), 3.31 (t, J = 6.7 Hz, 2H), 2.73 (t, J = 6.6 Hz, 2H). 13C NMR (101 MHz,
Chloroform-d) δ 187.72, 172.96, 162.89, 150.83, 144.36, 122.29, 113.62, 52.46, 51.83, 34.92,
27.47 [36,37].

3.1.2. Methyl 3-(1,1,4-Trimethoxy-4-oxobutyl)furan-2-carboxylate (4)

A solution of compound 3 (0.9 gr, 3.75 mmol, 1 equiv.), HC(OMe)3 (2.1 mL, 19.48 mmol,
5.2 equiv.), and p-TsOH (0.05 gr) in MeOH (8 mL) was refluxed for 48 h. The reaction
mixture was cooled to room temperature, pyridine (0.18 mL) was added, and the solvent
evaporated.The residue was purified by silica gel column chromatography with A/P 1:4,
v/v as a solvent system. Title compound 4 was obtained as a transparent oil. Yield 90%.
1H NMR (400 MHz, Chloroform-d) δ 7.36 (d, J = 1.7 Hz, 1H), 6.66 (d, J = 1.7 Hz, 1H), 3.81
(s, 3H), 3.58 (s, 3H), 3.20 (s, 6H), 2.47 (t, J = 6.7 Hz, 2H), 2.16 (t, J = 6.6 Hz, 2H). 13C NMR
(101 MHz, Chloroform-d) δ 173.51, 163.81, 154.87, 141.84, 117.12, 112.38, 111.59, 101.72,
52.18, 51.97, 49.51, 30.35, 28.92 [36,37].

3.1.3. Methyl 4-Hydroxy-7-methoxybenzofuran-5-carboxylate (5)

tert-BuOK (0.61 g, 5.45 mmol, 2.2 equiv.) was poured into anhydrous THF (65 mL)
under an argon atmosphere, and the suspension was cooled to −78 ◦C. A solution of
compound 4 (0.71 g, 2.48 mmol, 1 equiv.) in anhydrous THF (2 mL) was added dropwise,
and the mixture turned orange. After 1.5 h of stirring at −78 ◦C, anhydrous HCl (4 M in
1,4-dioxane) was added. The resulting transparent yellow reaction mixture was allowed to
room temperature and stirred for 1 h. The precipitate was filtered through a Gooch filter,
and the solvent was evaporated under reduced pressure. Chromatographic purification
of the residue with A/P 1:9 v/v as the eluent phase provided title compound 5 as a white
solid. Melting point: 125–127 ◦C. Yield 62%. 1H NMR (400 MHz, Chloroform-d) δ 11.14 (s,
1H), 7.60 (dd, J = 2.1 Hz, 1H), 7.17 (s, 1H), 6.98 (d, J = 2.1 Hz, 1H), 3.97 (d, J = 1.6 Hz, 6H).
13C NMR (101 MHz, Chloroform-d) δ 171.09, 152.43, 149.52, 144.76, 139.19, 118.90, 105.66,
105.38, 105.02, 56.51, 52.29 [36,37].

3.1.4. Methyl 4,7-Dimethoxybenzofuran-5-carboxylate (6)

A mixture of compound 5 (0.21 g, 0.95 mmol, 1 equiv.), Cs2CO3 (1.55 g, 5.75 mmol,
5 equiv.), and CH3I (0.29 mL, 4.75 mmol, 5 equiv.) in anhydrous DMF (6 mL) was stirred
at room temperature for 16 h under an argon atmosphere. After complete conversion of
starting material (checked by TLC A/P9 1:9), the reaction was partitioned between HCl
2 M and AcOEt; the organic phase was washed with HCl 2 M (×2) and brine, dried over
Na2SO4, and the solvent was evaporated to dryness. Purification of the crude by column
chromatography with A/P 1:4 as the eluent phase afforded title compound 6 as a colorless
oil. Yield 96%. 1H NMR (300 MHz, Chloroform-d) δ 7.63–7.61 (m, 1H), 7.26 (s, 1H), 6.95–6.94
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(m, 1H), 4.00 (d, J = 0.8 Hz, 6H), 3.94 (d, J = 0.8 Hz, 3H). 13C NMR (75 MHz, Chloroform-d)
δ 167.04, 149.35, 148.04, 145.57, 141.84, 123.31, 117.58, 108.69, 105.80, 62.46, 56.77, 52.52.

3.1.5. 4,7-Dimethoxybenzofuran-5-carbaldehyde (7)

A solution of compound 6 (0.2 g, 0.84 mmol, 1 equiv.) in dry Et2O (4 mL) was added
dropwise to a stirred to a cooled (0 ◦C) suspension of LiAlH4 (0.08 g, 2.1 mmol, 2.5 equiv.)
in anhydrous Et2O (5 mL) under argon atmosphere. The reaction mixture was stirred at
room temperature overnight, then it was cooled to 0 ◦C, and aqueous NaOH solution (5 mL,
2 M) was added. After 30 min, the mixture was filtered on a celite pad, and the phases
were separated. The aqueous phase was extracted with Et2O. The combined organics were
dried over Na2SO4, and the solvent was evaporated to give (4,7-dimethoxybenzofuran-5-
yl)methanol as a white crystalline solid, which was used in the next oxidative step without
further purification.

A solution of the primary alcohol (0.14 g, 1.29 mmol, 1 equiv.) in anhydrous DCM
(5 mL) was added to a suspension of PCC (0.42 g, 1.93 mmol, 1.5 equiv.) in DCM (5 mL).
The dark brown reaction mixture was magnetically stirred at room temperature for 1.5 h
then Et2O was added. The supernatant was decanted from the black insoluble residue,
which was further washed with Et2O (×3). The combined organic phases were filtered
through a pad of silica, and the solvent was evaporated. Purification of the crude by
column chromatography with A/P 1:4 v/v as a solvent system furnished title compound
7 as a white crystalline solid. Melting point: 142–145 ◦C. Yield 50%.1H NMR (400 MHz,
Chloroform-d) δ 10.46 (s, 1H), 7.67 (dd, J = 2.3, 0.4 Hz, 1H), 7.25 (s, 1H), 7.02 (d, J = 2.3 Hz,
1H), 4.15 (s, 3H), 4.00 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 189.09, 149.92, 145.30,
142.04, 122.24, 120.30, 105.88, 103.45, 61.74, 56.29.

3.1.6. 2,5-Dimethoxyphenol (9)

H2O2 (2.4 mL, 30% w/w, 78.21 mmol, 5.4 equiv.) was added dropwise to a magnetically
stirred mixture of 2,5-dimethoxybenzaldehyde (2.42 g, 14.56 mmol, 1 equiv.), SeO2 (0.038 g,
0.342 mmol, 0.023 equiv.) in tert-BuOH (6 mL). The reaction mixture was stirred overnight
at room temperature then Et2O (20 mL) was added. The resulting mixture was washed
with brine (×3), the organic phase was dried over Na2SO4, and the solvent was evaporated
to dryness. The residue was dissolved in MeOH (10 mL), and a solution of K2CO3 (2 g)
in H2O (10 mL) was added to the solution. After 1 h, HCl 6M was added to reach pH 1,
and the reaction mixture was extracted with DMC (20 mL ×3). The combined organic
phases were dried over anhydrous Na2SO4, and the solvent was evaporated to dryness.
Purification was carried out by silica gel column chromatography with A/P 1.5:8.5 v/v to
obtain compound 9 as a transparent oil. Yield 90%. 1H NMR (400 MHz, Chloroform-d) δ
6.77 (d, J = 8.8 Hz, 1H), 6.56 (d, J = 2.9 Hz, 1H), 6.38 (dd, J = 8.8, 2.9 Hz, 1H), 5.66 (s, 1H),
3.84 (s, 3H), 3.75 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 154.56, 146.44, 140.96, 111.45,
104.23, 101.73, 56.58, 55.66 [38].

3.1.7. 4-Bromo-2,5-dimethoxyphenol (10)

NBS (1.16 g, 6.55 mmol, 1 equiv.) was added to a cooled (0 ◦C) solution of 9 (1.0 g,
6.55 mmol, 1 equiv.) in acetonitrile (130 mL). Stirring at 0 ◦C was continued for 30 min.
Then, Na2S2O3 saturated solution was added, and the mixture was extracted with AcOEt
(×3). The combined organic phases were washed with brine, dried over Na2SO4, and
the solvent was evaporated. Purification of the residue by column chromatography by
eluting with A/P 1:4 v/v gave 10 as a transparent oil. Yield 97%. 1H NMR (400 MHz,
Chloroform-d) δ 7.02 (s, 1H), 6.61 (s, 1H), 5.65 (s, 1H), 3.83 (s, 3H), 3.81 (s, 3H). 13C NMR
(101 MHz, Chloroform-d) δ 150.66, 145.71, 140.94, 115.77, 100.51, 99.81, 56.77, 56.74.

3.1.8. 1-Bromo-4-(2,2-dimethoxyethoxy)-2,5-dimethoxybenzene (11)

BrCH2CH(OMe)2 (1.0 mL, 8.82 mmol, 1.5 equiv.) was added dropwise to a stirred
solution of 10 (1.37 g, 5.88 mmol, 1 equiv.) and KOH (0.66 g, 11.756 mmol, 2 equiv.) in

639



Int. J. Mol. Sci. 2022, 23, 8957

DMAC (12 mL). The reaction mixture was stirred at 140 ◦C for 1.5 h and then cooled to
room temperature. H2O (20 mL) was added, and the resulting mixture was extracted
with Et2O (40 mL ×3). The combined organic phases were washed with aqueous NaOH
(30 mL, 5%) and H2O (30 mL), dried over Na2SO4, and the solvent was evaporated to
dryness. Purification of the residue by column chromatography with A/P 1:4 v/v as the
eluent furnished 11 as a white crystalline solid. Melting point: 57–60 ◦C. Yield 83%. 1H
NMR (400 MHz, Chloroform-d) δ 7.05 (s, 1H), 6.63 (s, 1H), 4.72 (t, J = 5.2 Hz, 1H), 4.04 (d,
J = 5.2 Hz, 0H), 3.83 (s, 3H), 3.80 (s, 3H), 3.46 (s, 6H). 13C NMR (101 MHz, Chloroform-d) δ
150.30, 148.22, 144.66, 117.47, 102.52, 102.07, 69.94, 57.10, 56.87, 54.51.

3.1.9. 5-Bromo-4,7-dimethoxybenzofuran (12) by Cyclization of (11)

A solution of compound 11 (0.37 g, 1.55 mmol, 1 equiv.) in chlorobenzene (3 mL) was
added dropwise to a heated (120 ◦C) mixture of polyphosphoric acid (0.5 g) in chloroben-
zene (15 mL). After 30 min, the reaction mixture was cooled to room temperature, diluted
with Et2O, and washed with H2O. The removal of volatiles under reduced pressure gave a
residue that was purified by column chromatography with A/P 0.5:9.5 v/v. Compound
12 was isolated as a white crystalline solid. Melting point: 63–65 ◦C. Yield 50%. 1H NMR
(400 MHz, Chloroform-d) δ 7.59 (dd, J = 2.2, 0.5 Hz, 1H), 6.92 (s, 1H), 6.87 (dd, J = 2.1, 0.4 Hz,
1H), 3.97 (d, J = 1.7 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 145.11, 144.54, 143.95,
142.09, 122.44, 110.55, 107.66, 104.60, 61.06, 56.57.

3.1.10. 4,7-Dimethoxybenzofuran-5-carbaldehyde (7) via Halogen-Metal Exchange

n-BuLi (1.32 mL, 1.6 M in hexane, 2.1 equiv.) was added to a cooled (−78 ◦C) solution
of compound 12 (0.26 g, 1.0 mmol, 1.0 equiv) in dry THF (5 mL) under argon atmosphere.
The reaction mixture was stirred at −78 ◦C for 20 min. Then, DMF (0.25 mL, 3.25 equiv.)
was added, and the cooling bath was removed. After 12 h, AcOEt (10 mL) was added,
and the reaction was quenched with NH4Cl saturated aqueous solution. The organic layer
was separated, washed with brine, dried over Na2SO4, and the solvent was evaporated
to dryness. Chromatographic purification of the residue with A/P 1:4 v/v afforded the
aldehyde 7 as a white crystalline solid. Melting point: 142–145 ◦C. Yield 50%. 1H NMR
(400 MHz, Chloroform-d) δ 10.46 (s, 1H), 7.67 (dd, J = 2.3, 0.4 Hz, 1H), 7.25 (s, 1H), 7.02
(d, J = 2.3 Hz, 1H), 4.15 (s, 3H), 4.00 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 189.09,
149.92, 145.30, 142.04, 122.24, 120.30, 105.88, 103.45, 61.74, 56.29.

3.1.11. 1-Phenylprop-2-en-1-one (13)

Formalin (0.8 mL, 37%, 10 mmol, 5 equiv.) was added to a solution of the ylide 8 (0.76 g,
2 mmol, 1 equiv.) in DCM (8 mL), and the mixture was heated at reflux overnight. After
washing with brine, the organic phase was dried over anhydrous Na2SO4 and evaporated
to dryness. Purification of the residue by column chromatography with A/P 1:4 v/v as
the eluent phase furnished compound 13 as a clear oil. Yield 80%. 1H NMR (400 MHz,
Chloroform-d) δ 7.97–7.93 (m, 2H), 7.58–7.55 (m, 1H), 7.51–7.45 (m, 2H), 7.16 (ddd, J = 17.2,
10.6, 0.6 Hz, 1H), 6.44 (dd, J = 17.2, 1.7 Hz, 1H), 5.95–5.91 (m, 1H). 13C NMR (101 MHz,
Chloroform-d) δ 191.14, 137.35, 133.06, 132.47, 130.26, 129.00, 128.77, 128.70, 128.07 [45].

3.1.12. 2-(2,5-Dimethoxyphenoxy) tetrahydro-2H-pyran (14)

DHP (4.16 mL, 46 mmol, 10 equiv.) was added to a solution of compound 9 (0.71 g,
4.6 mmol, 1 equiv.) and PPTS (0.115 g, 0.46 mmol, 0.1 equiv.) in DCM (10 mL). The reaction
mixture was stirred at room temperature overnight, then it was diluted with DCM and
washed with NaOH solution and brine. The organic phase was dried over Na2SO4 and
evaporated. Purification was performed by column chromatography using A/P 1:9 v/v as
the eluent phase. Compound 14 was isolated as a clear oil. Yield 91%. 1H NMR (400 MHz,
DMSO-d6) δ 6.89 (d, J = 8.8 Hz, 1H), 6.68 (d, J = 2.9 Hz, 1H), 6.50 (dd, J = 8.9, 2.9 Hz, 1H),
5.39 (t, J = 3.3 Hz, 1H), 3.82 (ddd, J = 11.1, 8.9, 3.8 Hz, 1H), 3.71 (s, 3H), 3.67 (s, 3H), 3.53
(dtd, J = 11.5, 4.3, 1.2 Hz, 1H), 1.94–1.38 (m, 7H) [44].
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3.1.13. 2-Hydroxy-3,6-dimethoxybenzaldehyde (15)

n-BuLi (4 mL, 1.6 M in hexane, 6.37 mmol, 1.1 equiv.) was added dropwise to a cooled
(0 ◦C) solution of compound 14 (1.38 g, 5.79 mmol, 1 equiv.) in anhydrous Et2O (60 mL)
under argon atmosphere. The reaction mixture turned purple, then yellow, and stirring
was continued at room temperature for 2 h. The reaction flask was cooled to −78 ◦C, and
anhydrous DMF (1.78 mL, 23.16 mmol, 4 equiv.) was added. The reaction mixture was
stirred at room temperature for 2 h, quenched with HCl (5 mL, 6 N), and stirred at room
temperature for 1 h. The aqueous phase was extracted with AcOEt (×3), the combined
organics were dried over Na2SO4, and the solvent was evaporated. Purification of the
residue was performed by column chromatography with A/P 1:4 v/v as the eluent phase.
Compound 15 was isolated as bright yellow solid. Melting point: 67–69 ◦C. Yield 80%. 1H
NMR (400 MHz, Chloroform-d) δ 12.17 (s, 1H), 10.31 (s, 1H), 7.02 (d, J = 8.9 Hz, 1H), 6.27 (d,
J = 8.9 Hz, 1H), 3.84 (d, J = 0.8 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 194.91, 155.87,
153.58, 142.08, 120.27, 111.09, 99.36, 56.90, 55.78 [44].

3.1.14. 3-Bromo-6-hydroxy-2,5-dimethoxybenzaldehyde (16)

AcONa (0.091 gr, 1.1 mmol, 1.1 equiv.) and then Br2 (0.056 mL, 1.1 mmol, 1.1 equiv.)
was added to a cooled (0 ◦C) solution of compound 15 (0.182 g, 1 mmol, 1 eq) in acetic
acid (3 mL). The reaction mixture was stirred at room temperature for 30 min. Then, H2O
(10 mL) was added, and the mixture was extracted with DCM (10 mL × 3). The combined
organic phases were washed with H2O (10 mL), dried over Na2SO4, and evaporated.
Purification of the residue by column chromatography with A/P 1:4 v/v as the eluent
phase furnished compound 16 as a light-yellow solid. Melting point: 92–95 ◦C. Yield 80%.
1H NMR (400 MHz, Chloroform-d) δ 11.89 (s, 1H), 10.21 (s, 1H), 7.19 (s, 1H), 3.92 (s, 3H),
3.87 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 194.91, 152.63, 152.47, 145.51, 122.50,
115.15, 104.06, 63.41, 56.67 [44].

3.1.15. Ethyl 2-(4-bromo-2-formyl-3,6-dimethoxyphenoxy)acetate (17)

Cs2CO3 (0.36 g, 1.1 mmol, 1.1 equiv.) and BrCH2COOEt (0.12 mL, 1.1 mmol, 1.1 equiv.)
were added to a solution of compound 16 (0.261 g, 1 mmol, 1 equiv.) in DMF (5 mL). The
reaction mixture was stirred at room temperature for 1 h. H2O (10 mL) was added, and the
mixture was extracted with AcOEt (20 mL × 3). The combined organic phases were washed
with H2O (20 mL), dried over Na2SO4, and the solvent was evaporated. Compound 17

was isolated as a white grainy solid after trituration with petroleum ether. Melting point:
85–86 ◦C. Yield 85%. 1H NMR (400 MHz, Chloroform-d) δ 10.49 (s, 1H), 7.27 (s, 1H), 4.76
(s, 2H), 4.23 (q, J = 7.1 Hz, 2H), 3.85 (d, J = 2.1 Hz, 6H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR
(101 MHz, Chloroform-d) δ 189.32, 168.96, 150.74, 148.89, 148.75, 121.27, 112.82, 69.75, 62.64,
61.36, 56.66, 14.24.

3.1.16. 5-Bromo-4,7-dimethoxybenzofuran (12) via Cyclization of (17)

LiOH·H2O (0.032 g, 0.78 mmol, 3 equiv.) was added to a magnetically stirred solution
of compound 17 (0.09 g, 0.26 mmol, 1 equiv.) in a 3:1 THF/H2O (4 mL) mixture. After
stirring at room temperature overnight, the reaction mixture was acidified with 1 M HCl
and extracted with AcOEt (10 mL × 3). The combined organics were washed with brine,
dried over anhydrous Na2SO4, and evaporated to dryness. The white solid residue was
dissolved in Ac2O (3 mL), AcONa (0.085 g, 1.035 mmol, 1.5 equiv.) was added, and the
mixture was heated at 130 ◦C for 2 h. Successively, the temperature was lowered to 60 ◦C,
and EtOH (3 mL) was added dropwise to consume acetic anhydride. The stirring was
continued at 60 ◦C for 2 h. then, the reaction mixture was cooled to room temperature.
H2O (3 mL) was added, and the mixture was extracted with AcOEt (10 mL). The organic
phase was washed with NaOH (5 mL 2 N) and with H2O (5 mL), dried over Na2SO4,
and evaporated. Chromatographic purification of the residue with A/P 0.5:9.5 provided
compound 12 as a white crystalline solid. Melting point: 63–65 ◦C. Yield 57%.1H NMR
(400 MHz, Chloroform-d) δ 7.59 (dd, J = 2.2, 0.5 Hz, 1H), 6.92 (s, 1H), 6.87 (dd, J = 2.1, 0.4 Hz,
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1H), 3.97 (d, J = 1.7 Hz, 6H).13C NMR (101 MHz, Chloroform-d) δ 145.11, 144.54, 143.95,
142.09, 122.44, 110.55, 107.66, 104.60, 61.06, 56.57.

3.1.17. Synthesis of (1) from (12) via Mizoroki-Heck

A reaction flask containing DMF (1 mL) and DIPEA (1 mL) was charged with phenyl-
propenone 13 (0.165 g, 1.25 mmol, 1.25 equiv.), aryl bromide 12 (0.257 g, 1 mmol, 1 equiv.),
P(o-tol)3 (0.121 gr, 0.4 mmol), and Pd(OAc)2 (0.011 g, 0.05 mmol, 0.05 equiv.). The reaction
mixture was stirred under an argon atmosphere at 110 ◦C for 5 h. Then, AcOEt (10 mL) and
H2O (10 mL) were added to the residue after solvent evaporation. The insoluble solid was
filtered on celite, and the organic phase was washed with brine and dried over Na2SO4.
The solvent was evaporated, and Chromatographic purification of the residue with A/P
1:4 v/v provided compound 1 [10] as a yellow crystalline solid. Melting point: 98–103 ◦C.
Yield 32%. 1H NMR (400 MHz, Chloroform-d) δ 8.22 (d, J = 15.8 Hz, 1H), 8.05–8.01 (m, 2H),
7.62 (d, J = 2.2 Hz, 1H), 7.59–7.48 (m, 4H), 7.05 (s, 1H), 6.95 (dd, J = 2.2, 0.6 Hz, 1H), 4.05
(s, 3H), 4.04 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 191.00, 148.07, 144.97, 141.96,
140.32, 138.60, 132.53, 128.54, 128.50, 121.68, 121.47, 120.74, 105.34, 104.97, 61.51, 56.50.
HPLC r.t. = 23,233 min. ESI = 309,2086 [M + H]+. HRMS m/z: [M + H]+ calc for C19H16O4
309.11214, found 309.1121; [M + Na]+ calc 331.09408 found 331.0937. I.R. (neat) cm−1 = 3126,
1654, 1598, 1586, 1572, 1480, 1440, 1354, 1287, 1231, 1202, 1185, 1159, 1072, 1013, 995, 935,
875, 853, 771, 738, 718, 704, 685, 662.

3.1.18. Synthesis of (1) from (7) via Wittig

A microwave vial was charged with aldehyde 7 (0.065 g, 0.3 mmol, 1 equiv.), ylide 8

(0.125 g, 0.33 mmol, 1.1 equiv.), and acetonitrile (3 mL); microwave was set at 135 ◦C for
1.5 h. The solvent was evaporated and the residue chromatographed by eluting with A/P
1:4 v/v. Yield 70%.

3.1.19. (E)-3-(4,7-Dimethoxybenzofuran-2-yl)-1-phenylprop-2-en-1-one (22)

A microwave vial was charged with aldehyde (20, in mixture ratio 65:35 with 7)
(0.08 g, 0.38 mmol, 1 equiv.), ylide 8 (0.144 g, 0.38 mmol, 1 equiv.), and acetonitrile (3 mL);
microwave was set at 135 ◦C for 1.5 h. The solvent was evaporated and the residue
chromatographed by eluting with A/P 1:4 v/v. Yield 70%. Melting Point: 155–160 ◦C. 1H
NMR (400 MHz, Chloroform-d) δ 8.12–8.06 (m, 2H), 7.71 (d, J = 4.9 Hz, 2H), 7.59 (ddt, J = 8.3,
6.6, 1.4 Hz, 1H), 7.55–7.47 (m, 2H), 7.13 (s, 1H), 6.80 (d, J = 8.6 Hz, 1H), 6.54 (d, J = 8.6 Hz,
1H), 4.01 (s, 3H), 3.91 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 189.04, 151.81, 147.38,
145.17, 139.38, 137.41, 132.41, 130.13, 128.09, 128.05, 121.06, 120.40, 110.05, 108.56, 102.49,
56.09, 55.25. HPLC r.t. = 22,617 min. ESI = 3,092,086 [M + 1]. HRMS m/z: [M + H]+ calc for
C19H16O4 309.11214, found 309.1122; [M + Na]+ calc 331.09408 found 331.094.

3.1.20. Synthesis of (22 and 1) from (20 and 7) via Wittig by Convectional Heating

A round bottom flask vial was charged with aldehydes (20, in mixture ratio 65:35 with
7) (0.08 g, 0.38 mmol, 1 equiv.), ylide 8 (0.144 g, 0.38 mmol, 1 equiv.), and toluene (3 mL);
the mixture was refluxed overnight. After complete conversion of the starting material, the
solvent was evaporated and the residue chromatographed by eluting with A/P 1:4 v/v.
Yield 70%.

3.1.21. (E)-3-(4,7-Dimethoxybenzofuran-6-yl)-1-phenylprop-2-en-1-one (23)

A microwave vial was charged with aldehyde 21 (0,08 mg, 0.38 mmol, 1 equiv.), ylide
8 (144 mg, 0.38 mmol, 1 equiv.), and acetonitrile (3 mL); the microwave was set at 135 ◦C
for 1.5 h. The solvent was evaporated and the residue chromatographed by eluting with
A/P 1:4 v/v. Yield 70%. Melting Point 138–141 ◦C 1H NMR (400 MHz, Chloroform-d) δ
8.23 (d, J = 15.9 Hz, 1H), 8.05–8.02 (m, 2H), 7.62 (d, J = 2.1 Hz, 1H), 7.61–7.49 (m, 4H), 6.89
(d, J = 2.1 Hz, 1H), 6.87 (s, 1H), 4.17 (s, 3H), 3.97 (s, 3H).13C NMR (101 MHz, Chloroform-d)
δ 191.16, 148.59, 147.46, 145.45, 140.43, 138.72, 132.61, 128.64, 128.61, 122.92, 122.26, 122.11,
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105.07, 101.56, 61.41, 55.92.HPLC r.t. = 24,183 min. ESI = 3,092,086 [M + 1]. HRMS m/z:
[M + H]+ calc for C19H16O4 309.11214, found 309.1121; [M + Na]+ calc 331.09408 found
331.0937.

3.1.22. 2-(Dimethoxymethoxy)-1,4-dimethoxybenzene (18)

Bromoacetaldehyde dimethyl acetale (1.14 mL, 9.73 mmol, 1.5 equiv.) was added
dropwise to a solution of 9 (1 g, 6.49 mmol, 1 equiv.), KOH (727 mg, 13 mmol, 2 equiv.) in
DMAC (13 mL) at room temperature. The mixture was heated at 140 ◦C and stirred for 2 h
until the starting material was no longer detected by TLC (A/P 1:4). It was allowed to cool
down to room temperature and quenched with H2O (20 mL). The crude was extracted with
Et2O (40 mL × 3), and combined organic phases were washed with an aqueous solution
of 5% NaOH (30 mL) and H2O (30 mL). After drying over anhydrous Na2SO4, the ether
extraction phase was evaporated in vacuo. The residue was purified by silica gel column
chromatography (elution system A/P 1:4 v/v) to obtain 18 as a white crystalline solid.
Yield 70%. 1H NMR (400 MHz, Chloroform-d) δ 6.80 (d, J = 8.8 Hz, 1H), 6.56 (d, J = 2.9 Hz,
1H), 6.44 (dd, J = 8.8, 2.8 Hz, 1H), 4.77 (t, J = 5.2 Hz, 1H), 4.03 (d, J = 5.2 Hz, 2H), 3.78 (d,
J = 21.9 Hz, 6H), 3.46 (s, 6H). 13C NMR (101 MHz, Chloroform-d) δ 154.26, 149.08, 144.18,
113.21, 104.69, 102.73, 102.37, 69.16, 56.84, 55.73, 54.35.

3.1.23. 4,7-Dimethoxybenzofuran (19)

Compound 18 (1 g, 4.12 mmol, 1 equiv.) and Sn-β zeolite (4.12 g) (kindly prepared
by the analytical chemistry division of the University of Ferrara, Prof. Pasti Luisa) were
poured in chlorobenzene (42 mL). The heterogeneous mixture was stirred at 105 ◦C. After
5 h, it was allowed to cool down to room temperature, filtered through a Gooch filter,
and evaporated under reduced pressure. The residue was purified by silica gel column
chromatography (elution system A/P 1:9 v/v) to obtain a white crystalline solid. Yield 62%.
1H NMR (400 MHz, Chloroform-d) δ 7.56 (d, J = 2.1 Hz, 1H), 6.86 (d, J = 2.1 Hz, 1H), 6.70
(d, J = 8.5 Hz, 1H), 6.54 (d, J = 8.5 Hz, 1H), 3.97 (s, 3H), 3.90 (s, 3H). 13C NMR (101 MHz,
Chloroform-d) δ 147.60, 143.90, 140.38, 119.45, 106.43, 104.43, 102.72, 56.53, 55.80.

3.1.24. 1-(2,5-Dimethoxyphenoxy)propan-2-one (24)

Compound 9 (560 mg, 4.21 mmol, 1 equiv.) was dissolved in DMF (0.2 M), then Cs2CO3
(1.5 g, 4.631 mmol, 1.1 equiv.) and bromoacetone (0.63 gr, 4.63 mmol, 1.1 equiv.) were
added. The mixture was stirred overnight at room temperature and quenched with brine
and H2O. The mixture was extracted with AcOEt, dried over Na2SO4, and the solvent was
evaporated. The residue was purified by silica gel column chromatography (elution system
A/P 1:4 v/v) to obtain 24 as a yellowish oil. Yield 63%.1H NMR (400 MHz, Chloroform-d) δ
6.83 (d, J = 8.8 Hz, 1H), 6.47 (dd, J = 8.8, 2.8 Hz, 1H), 6.39 (d, J = 2.8 Hz, 1H), 4.57 (s, 2H),
3.84 (s, 3H), 3.74 (s, 3H), 2.28 (s, 3H).13C NMR (101 MHz, Chloroform-d) δ 206.07, 154.22,
148.22, 144.00, 113.22, 105.29, 102.74, 74.46, 56.73, 55.77, 26.56.

3.1.25. 4,7-Dimethoxy-3-methylbenzofuran (25)

A mixture of polyphosphoric acid (0.52 g) in chlorobenzene (15 mL) was heated
at 120 ◦C, and a solution of 24 (370 mg, 1.55 mmol, 1 equiv.) in chlorobenzene (3 mL)
was added. The mixture turned black, and after 20 min, it was allowed to cool at room
temperature. The chlorobenzene phase was decanted, and the residue was rinsed three
times with 20 mL of Et2O. The ether was evaporated, and cyclized product 25 was purified
on silica gel column chromatography by eluting with A/P 0.2:9.8, v/v, to obtain a yellowish
solid. Yield 50%. 1H NMR (400 MHz, Chloroform-d) δ 7.28 (d, J = 1.4 Hz, 1H), 6.66 (d,
J = 8.5 Hz, 1H), 6.49 (d, J = 8.5 Hz, 1H), 3.95 (s, 3H), 3.86 (s, 3H), 2.35 (d, J = 1.3 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) δ 149.34, 145.93, 140.50, 140.36, 120.11, 116.40, 106.33,
102.40, 56.58, 55.80, 29.78.
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3.1.26. (4,7-Dimethoxybenzofuran-3-yl)methanol (26), 4,7-Dimethoxybenzofuran-
3-carbaldehyde (27)

Compound 25 (109 mg, 0.57 mmol, 1 equiv.) and SeO2 (125 mg, 1.134 mmol, 2 equiv.)
in 1,4-dioxane were stirred at 75 ◦C for 96 h. The cooled mixture was filtered through
Gooch, and the solvent evaporated under reduced pressure. Chromatographic purification
of the residue using A/P 3:7 v/v as the eluent phase provided title compounds 26 and 27 in
1:1 ratio as brown and red solid, respectively. Yield 80%. 1H NMR (400 MHz, Chloroform-d)
δ 7.47 (d, J = 1.0 Hz, 1H), 6.71 (d, J = 8.6 Hz, 1H), 6.56 (d, J = 8.6 Hz, 1H), 4.73 (d, J = 0.9 Hz,
2H), 3.95 (s, 3H), 3.94 (s, 3H), 2.85 (s, 1H). 13C NMR (101 MHz, Chloroform-d) δ 147.06,
146.03, 140.71, 140.55, 120.85, 118.54, 106.82, 102.70, 56.55, 55.94.

3.1.27. 4,7-Dimethoxybenzofuran-3-carbaldehyde (27)

A solution of 26 (50 mg, 0,24 mmol, 1 equiv.) in anhydrous DCM (5 mL) was added
to a suspension of PCC (129 mg, 0.6 mmol, 2.5 equiv.) in anhydrous DCM (5 mL). The
red mixture turned dark brown and was stirred at room temperature overnight. The
insoluble cake was rinsed three times with anhydrous Et2O. The ether portions were
combined, filtered through a pad of Florisil, and evaporated. Compound 27 was afforded
by chromatographic purification using A/P 3:7 v/v as the eluent phase. Yield 95%. 1H
NMR (400 MHz, Chloroform-d) δ 10.41–10.41 (m, 1H), 8.21–8.18 (m, 1H), 6.77 (d, J = 8.6 Hz,
1H), 6.65 (d, J = 8.6 Hz, 1H), 3.96 (s, 3H), 3.92 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ
187.31, 148.52, 148.25, 145.99, 140.31, 123.46, 107.68, 104.36, 56.57, 55.82.

3.1.28. (E)-3-(4,7-Dimethoxybenzofuran-3-yl)-1-phenylprop-2-en-1-one (28)

A microwave vial was charged with aldehyde 27 (65 mg, 0.3 mmol, 1 equiv.), ylide 8

(125 mg, 0.33 mmol, 1.1 equiv.), and acetonitrile (3 mL); the microwave was set at 135 ◦C for
2 h. The solvent was evaporated, and the residue was purified on silica gel chromatography
eluting with A/P 1:4 v/v to obtain the desired product 28 as a yellow-ocher solid. Yield
65%. 1H NMR (400 MHz, Chloroform-d) δ 8.08–8.02 (m, 3H), 7.97–7.84 (m, 2H), 7.61–7.48
(m, 3H), 6.78 (d, J = 8.6 Hz, 1H), 6.65 (d, J = 8.7 Hz, 1H), 3.98 (s, 3H), 3.96 (s, 3H). 13C NMR
(101 MHz, Chloroform-d) δ 190.58, 148.41, 146.56, 145.78, 140.38, 138.38, 134.75, 132.62,
128.56, 128.46, 124.00, 119.85, 116.75, 107.53, 104.04, 56.56, 55.96. HPLC r.t. = 23,017 min.
ESI = 3,092,086 [M + 1]. HRMS m/z: [M + H]+ calc for C19H16O4 309.11214, found 309.1121;
[M + Na]+ calc 331.09408 found 331.0937.

3.1.29. Cell Cultures and Stimulation

Bone marrow-derived macrophages (BMDMs) were isolated from C57BL/6 mice
as described [52] and differentiated for 7 days in Iscove′s Modified Dulbecco′s Medium
supplemented with 15% fetal bovine serum (FBS, Gibco), 1% penicillin/streptomycin (P/S)
and 10 ng/mL M-CSF. THP-1 cells were grown in RPMI medium supplemented with 10%
FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. THP-1 cells were stimulated by
100 ng/mL PMA overnight to differentiate into macrophages. All cells were grown in a
5% CO2 incubator at 37 ◦C. BMDMs were seeded at 5 × 105 in 24 well plates. After 12 h,
the medium was removed, and cells were treated with LPS from Escherichia coli 055:B5
(1 μg/mL) in fresh Iscove′s Modified Dulbecco′s Medium for 2 h. After that, the medium
was removed and replaced with a serum-free medium containing DMSO or compounds
(10 μM) for 30 min. Cells were then stimulated with Nigericin (10 μM) for 1 h. Human
THP-1 cells were seeded at 3 × 105 cells per well in 24 well plates. The following day, the
overnight medium was replaced, and cells were stimulated with LPS (1 μg/mL) for 3 h.
The medium was removed and replaced with a serum-free medium containing DMSO or
compounds (10 μM) for 30 min. Cells were then stimulated with Nigericin (10 μM) for 1 h.

3.1.30. In Vivo LPS Challenge

C57BL/6 mice were IP injected with compounds (25 mg/kg) or vehicle control (DMSO)
30 min before IP injection of LPS 1 mg/kg (4 h) and then were euthanized, and blood and
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peritoneal exudate were isolated. Mouse plasma was collected after blood centrifugation
(1000× g, 15 min at 4 ◦C). ELISA for IL-1β was performed according to the manufacturer’s
instructions (R&D Systems).

3.1.31. ELISA

Supernatants from BMDMs and THP-1 cell culture were assayed for mouse or human
IL-1β, respectively, by ELISA according to the manufacturer’s instructions (R&D Systems).

4. Conclusions

We succeeded in synthesizing the bioactive compound velutone F (1), the chalconoid
contained in Millettia velutina stem, together with other 21 flavonoids. Our chemical total
synthesis of velutone F is advantageous compare to the recently reported [24] seven steps
semi-synthesis requiring the naturally occurring furanochromone derivative Khellin as
the costly starting material (25 G > 800 USD). We could develop synthetic routes A and
B; the first one establishes the benzofuran nucleus by creating the annellated carbocyclic
ring onto a furan ring, while the second one proceeds exactly the other way. Instead,
the Wittig olefination and the Heck coupling reaction are the featuring steps allowing for
the assemblage of the 1,3-diaryl enone scaffold. Both the multi-step synthetic routes A
and B establish the enone moiety at position C-5 of the 4,7-dimethoxybenzofuran thus,
slightly modified synthetic approaches were designed in order to achieve the non-natural
chalconoids 22, 23, and 28, which formally are the C-2, C-3, and C-6 regioisomers of
velutone F (1). The anti-inflammatory effects of the newly synthesized compounds are
also reported.
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