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Abstract Se-(2-aminoalkyl)selenocysteines were shown

to have a chemoprotective activity towards HepG2 cells,

contrasting the cell damage of aflatoxin B1. The results of

this study suggest that our newly synthesized seleno-dia-

mino acids are apparently endowed with a potent protective

potential against cell damage caused by AFB1 similar to, or

even higher than, that exerted by the reference compound

Se-Me-SeCys. The protective effect does not seem to be

absolute, i.e., merely determined by the presence of the

chalcogen atom, but rather strictly related to the molecular

structure of the new compounds tested. From this point of

view, Se-(2-aminoalkyl)selenocysteines may represent

a new class of biochemical redox agents fruitfully

exploitable to contrast aflatoxin toxicity, at the same time a

sound medical application and an economically relevant

agricultural issue.

Keywords Sec conjugates � GPx mimics �
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Introduction

‘‘Allium chemistry’’ identifies a broad area of interest that

includes a plethora of sulfur- and selenium-containing

compounds naturally occurring in garlic, onion, and other

genus Allium plants (Block 2010). Due to the outcomes of

several epidemiological studies (Agarwal 1996; Le Bon

and Siess 2000; Amagase 2006), such compounds (e.g.,

S-allylcysteine, alliin, diallylsulfides, diallyldisulfides,

Se-methylselenocysteine and many others), have gained

significant credit as chemopreventive agents (Yang et al.

2001; el-Bayoumy et al. 2006; Roman et al. 2013).

Several reports from the recent literature indicate that

organo-chalcogen compounds interfere with the cellular

redox mechanism through the modulation of the oxidative

stress (OS). Such a modulation may exert pleiotropic

effects, depending on the target cells. For example, some

selenium-containing organic compounds can counteract OS

by producing, often through a multi-step process, biologi-

cally active species that eventually reduce the ROS (reac-

tive oxygen species) within catalytic cycles mimicking the

action of the selenoenzyme glutathione peroxidase (GPx).

On the other hand, redox modulating compounds may

induce selective cytotoxicity in specific cells, including

cancer cells (Jamier et al. 2010; Du et al. 2013).

The awareness that selenium- (and, even more, tellu-

rium)-containing molecules may work better than classical,
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mostly radical scavenging, antioxidants has led to the

design and synthesis of a multitude of new organoselenium

compounds (el-Bayoumy et al. 1995; Mugesh et al. 2001;

Jacob et al. 2003; Sanmartı́n et al. 2009; Bhabak and

Mugesh 2010; Plano et al. 2010, 2011; Haratake et al.

2011; Santi et al. 2011; Satheeshkumar and Mugesh 2011;

Storkey et al. 2011; Martins et al. 2013; Saluk et al. 2013).

In any case, natural as well as synthetic organic compounds

containing one or more selenium atom(s) exhibit different

GPx activity, and sometimes different chemopreventive

efficacy, depending upon both oxidation state and substi-

tution of the selenium atom(s), that are responsible for their

biochemical behavior (Mugesh et al. 2001; Drake 2006;

Nogueira and Rocha 2011).

Not long ago some of us reported (Caputo et al. 2007,

2010) the synthesis of new selenium-containing diamino

acids (such as compound 3) that actually can be regarded as

selenocysteines carrying a 2-aminoalkyl residue linked to

the selenium atom. Within the wide scenery of organose-

lenium compounds, this sort of selenocysteine derivative

appears to be rather interesting, notwithstanding that these

compounds were basically monoselenides and, as such,

would not be expected to have great value as GPx mimcs.

As a matter of fact, it has been reported (Iwaoka and Ku-

makura 2008) that monoselenides undergo oxidation to the

corresponding selenoxides in a reversible process where

the selenoxides are reconverted to selenides, even at a

higher rate. Otherwise, the molecular architecture of our

selenocysteine derivatives implies that their selenoxides,

once formed can eliminate rapidly a stable dehydroalanine

residue (Scheme 1) and give rise to selenenic acids which

are promptly reduced to selenols (the catalytically active

species for GPx enzyme) by a generic thiol (that within the

cellular environment would likely be represented by

reduced glutathione, GSH) (Gieselman et al. 2002).

Other selenocysteine conjugates reported so far bear

mostly aromatic residues linked to the selenium atom and,

in such a context, our seleno-diamino acids gain special

value due to the presence of an amino group at C-2 of the

alkyl-selenium moiety. It is, in fact, well documented that

either nitrogen- or oxygen-containing groups, suitably

positioned toward the selenium atom to afford non-cova-

lent intramolecular Se���Het interactions (Mugesh and du

Mont 2001; Mukherjee et al. 2010), influence significantly

the competition between reduction and beta-elimination of

the intermediate selenoxide, thus modulating ‘‘by internal

chelation’’ (Phadnis and Mugesh 2005; Bayse and Allison

2007) the activity of selenocysteines. They can be therefore

regarded as pro-drugs, able to release in situ the active

R-selenol species well known for their pharmacological

activity.

To the best of our knowledge no examples of 2-ami-

noalkyl conjugates of selenocysteine were investigated so

far for chemopreventive activity in cells, and the leading

compounds tested were mostly aromatic conjugates bear-

ing one nitrogen group on the benzene ring (usually non-

interacting with the selenium atom), beside some sporadic

aliphatic (allyl, propyl) derivatives (Andreadou et al. 1996;

Ip et al. 1999).

On the basis of such evidence we decided to check the

possible chemopreventive action of 2-aminoalkyl deriva-

tives of selenocysteine towards the hepatic cell damage

induced by aflatoxin B1 (AFB1) that is known to be cyto-

toxic and originate liver pathologies (IARC 1993), thus

representing a risk factor for human liver cancer (Wogan

et al. 2011). In particular, the toxicity of AFB1 in HepG2

cells appeared to represent an appropriate experimental

model owing to the interference of AFB1 molecule with the

redox balance in living cells, enhancing OS (Shen et al.

1995).

It is worth pointing out that many natural and synthetic

compounds are already known to be able to contrast the

cytotoxic damage induced by AFB1 (Aboobaker et al.

1994; Gradelet et al. 1997; Gonzàlez de Mejı̀a et al. 1997;
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Scheme 1 Oxidation of Se-(2-

aminoalkyl)selenocysteines

(e.g., compound 3) with

formation of catalytically active

selenols by fragmentation of the

resulting selenoxides
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Galvano et al. 2001). Ebselen, the first ever synthetic GPx

mimic studied extensively in biological systems, is still one

outstanding example of a broadly recognized selenium-

based protective agent (Yang et al. 2000), whereas there is

scientific evidence that garlic (Allium sativum) is itself an

efficient dietary component capable to contrast cell injury

induced by AFB1, likely due to the cocktail of sulfur and

selenium compounds it contains, many of which have been

independently shown to prevent AFB1 cytotoxicity (el-

Mofty et al. 1994; Sheen et al. 2001; Guyonett et al. 2002;

Berges et al. 2004).

The results obtained (vide infra), albeit being of a pre-

liminary nature, seem to disclose that Se-(2-aminoal-

kyl)selenocysteine conjugates may indeed represent a new

class of biochemical redox agents which in the medium

term may be exploited to contrast the toxicity of aflatoxins.

Such an activity would at the same time provide the basis

for a sound medical application and also address an eco-

nomically relevant agricultural issue (Khlangwiset and Wu

2010).

Materials and methods

The redox catalysts used in this study were synthesized and

studied with a combination of chemical, biochemical and

cell culture assays to evaluate their redox behavior and

their protective effects against cell damage caused by

AFB1.

Chemistry and biochemistry

Inorganic substances, organic reagents, and solvents were

commercially obtained, pure compounds (Fluka, Aldrich)

and used without further purification. 1H and 13C NMR

spectra were recorded on Varian Inova (500 MHz) and

Gemini (200 MHz), Bruker DRX (400 MHz) spectrome-

ters: chemical shifts are in ppm (d) and J coupling con-

stants in Hz. Low resolution MS spectra were recorded on

Thermo-Finnigan LXQ linear trap instrument. Optical

rotations were measured with Jasco 1010 polarimeter:

k = 589 nm, 1.0 dm cell, CHCl3 unless otherwise speci-

fied. All compounds for which analytical and spectro-

scopic data are quoted were homogeneous by TLC and

HPLC, and solids were crystallized. Elemental analyses

were performed on a Perkin–Elmer Series II 2400, CHNS

analyzer. TLC analyses were performed using silica gel

plates (E. Merck silica gel 60 F-254) visualized by UV

light, iodine vapors, or ninhydrin spray. Column chro-

matography was carried out on silica gel (E. Merck,

70–230 mesh).

Unless stated otherwise, all experiments described

(except synthetic chemistry) were performed in triplicate.

(2R,20S)-2-(Boc)-Amino-3-(20-(Boc)-amino-40-
methylpentylselanyl)propanoic acid (3)

Prepared according to a reported general selenoalkylation

procedure (Caputo et al. 2007) with slight modifications.

Commercial Boc-diprotected L-selenocystine (1) (0.5 g;

1 mmol) was suspended in absolute ethanol (10 mL) under

argon atmosphere. Solid NaBH4 (0.2 g; 5 mmol) was

added in one portion and the mixture was stirred at room

temperature for 20 min, until clear and colorless. (S)-1-

Iodo-4-methylpentan-2-(Boc)-amine (2) (Caputo et al.

1995) (0.6 g; 2 mmol) dissolved in tetrahydrofuran (4 mL)

was then added portion wise and stirring was continued for

12 h. The reaction was quenched by addition of aq 10 %

NH4Cl (10 mL), and the mixture was shaken with ethyl

acetate and brine until neutral. The organic layer was dried

(Na2SO4) and the solvents were evaporated under reduced

pressure. The residue was chromatographed (CHCl3/

CH3OH, 97:3) to afford 3 as colorless oil (66 % yield).

One analytical sample: [a]D

25 = 5.8 (c = 0.9) [5.5

(c = 1.0 in CH2Cl2)]. 1H NMR (400 MHz): d 0.92 (m, 6H,

H-50), 1.31 (m, 2H, H-30), 1.45 (s, 9H, Boc), 1.46 (s, 9H,

Boc), 1.64 (m, 1H, H-40), 2.73 (m, 2H, H-10), 3.01 (m, 2H,

H-3), 3.83 (m, 1H, H-20), 4.70 (m, 1H, NH), 4.91 (m, 1H,

H-2), 5.46 (m, 1H, NH). 13C NMR (100 MHz): d 22.1,

22.8, 24.8, 28.2, 28.3, 43.6, 46.4, 54.6, 69.1, 80.0, 155.1,

155.2, 171.0. Calculated for C19H36N2O6Se (467.5): C,

48.82 %; H, 7.76 %; N, 5.99 %; found: C, 48.86 %; H,

7.72 %; N, 5.94 %.

(2R,20S)-2-(Boc)-Amino-3-(20-(Boc)-amino-40-
methylpentylthio)propanoic acid (4)

Prepared from commercial Boc-Cys-OH and iodide 2

according to a reported general thioalkylation procedure

(Bolognese et al. 2006).

One analytical sample: [a]D

25 = 11.7 (c = 1.3). 1H NMR

(400 MHz): d 0.94 (t, 6H, J = 6.5, H-50), 1.44–1.58 (m,

21H, H-40, H-30, Boc), 2.68 (m, 2H, H-10), 3.09 (m, 2H,

H-3), 3.77 (m, 1H, H-20), 4.52–5.17 (m, 2H, H-2, NH), 5.59

(bs, 1H, NH). 13C NMR (100 MHz): d 21.7, 23.1, 24.8,

27.3, 27.9, 28.0, 36.5, 39.5, 42.9, 49.2, 53.1, 80.2, 155.5,

172.9. Calculated for C19H36N2O6S (420.56): C, 54.26 %;

H, 8.63 %; N, 6.66 %; found: C, 54.20 %; H, 8.68 %; N,

6.64 %.

(2R,20S)-2-(Fmoc)-Amino-3-(20-amino-40-
methylpentylselanyl)propanoic acid (6)

Prepared from commercial L-selenocystine and iodide 2, as

reported above for the preparation of compound 3. The

crude reaction product, after evaporation of the solvents

under vacuum, was redissolved in tetrahydrofuran (10 mL)

Se-(2-aminoalkyl)selenocysteines as biochemical redox agents 461
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and treated with FmocOSu (0.3 g, 1 mmol) under standard

conditions. The final product, (2R,20S)-2-(Fmoc)-amino-3-

(20-Boc-amino-40-methylpentylselanyl)propanoic acid (5),

after column chromatography (CHCl3/CH3OH, 97:3) was

obtained in 72 % yield.

One analytical sample: [a]D

25 = 29.6 (c = 1.1). 1H

NMR (500 MHz): d 0.93 (t, 6H, J = 6.5, H-50), 1.36–1.57

(m, 10H, H-40, Boc), 1.68 (m, 2H, H-30), 2.70 (m, 2H,

H-10), 3.19 (m, 2H, H-3), 3.80 (m, 1H, H-20), 4.25 (t, 1H,

J = 6.9, CH-Fmoc), 4.38 (m, 2H, CH2-Fmoc), 4.62 (bd,

1H, J = 8.6, NH), 4.81 (m, 1H, H-2), 6.01 (bd, 1H,

J = 7.0, NH), 7.32 (t, 2H, J = 6.6, H-arom.), 7.40 (t, 2H,

J = 7.8, H-arom.), 7.63 (bd, 2H, H-arom), 7.77 (d, 2H,

J = 7.8, H-arom). 13C NMR (100 MHz): d 20.1, 23.9,

22.5, 28.3, 42.3, 46.9, 51.3, 55.9, 66.7, 80.2, 119.9, 125.1,

126.9, 127.2, 141.5, 148.0, 154.9, 156.0, 177.5. Calculated

for C29H38N2O6Se (589.58): C, 59.08 %; H, 6.50 %; N,

4.75 %; found: C, 59.05 %; H, 6.52 %; N, 4.72 %.

Removal of the Boc protecting group from chromato-

graphically pure 5, with formic acid under standard con-

ditions (Gandhi and Singh 2008), afforded the final

compound 6 (88 %) which was pure enough to be used

without further purification in the subsequent assays.

One analytical sample: [a]D

25 = 31.8 (c = 0.9). 1H

NMR (400 MHz): d 0.90 (t, 6H, J = 6.4, H-50), 1.46 (m,

1H, H-40), 1.70 (m, 2H, H-30), 2.71 (m, 1H, H-10a),

2.90–3.15 (m, 3H, H-10b, NH2), 3.19–3.54 (m, 3H, H-20,
H-3), 4.22 (m, 1H, H-2), 4.29 (m, 1H, CH-Fmoc), 4.42 (m,

2H, CH2-Fmoc), 6.22 (bs, 1H, NH), 7.30 (m, 2H, H-arom.),

7.39 (t, 2H, J = 7.4, H-arom.), 7.60 (d, 2H, J = 7.4,

H-arom), 7.76 (d, 2H, J = 7.4, H-arom). 13C NMR

(100 MHz): d 22.2, 24.2, 22.7, 29.6, 42.6, 47, 51.5, 55.8,

66.8, 119.9, 125.0, 127.0, 127.6, 141.1, 143.8, 155.8,

175.6. Calculated for C24H30N2O4Se: C, 58.89 %; H,

6.18 %; N, 5.72 %; found: C, 58.92 %; H, 6.15 %; N,

5.74 %.

(S)-4-Methyl-1-(phenylselanyl)pentan-2-(Boc)-amine (7)

Commercial diphenyldiselenide (0.3 g, 1 mmol) was

suspended in absolute ethanol (10 mL) under argon

atmosphere. Solid NaBH4 (0.2 g, 5 mmol) was added in

one portion and the mixture stirred for 20 min, until

clear and colorless. The iodide 2 (0.6 g, 2 mmol) dis-

solved in tetrahydrofuran (4 mL) was then added. After

10 min under reflux, the reaction mixture was cooled to

room temperature and quenched by addition of aq 10 %

NH4Cl (10 mL). The mixture was then shaken with ethyl

acetate and brine until neutral. The organic layer was

dried (Na2SO4) and the solvents were evaporated under

reduced pressure. The residue was chromatographed

(petroleum ether/ethyl acetate, 98:2) to obtain 7 as col-

orless oil (75 %).

One analytical sample: [a]D

25 = -3.3 (c = 0.9) [-0.7

(c = 1.0 in CH2Cl2]. 1H NMR (400 MHz): d 0.96 (t, 6H,

J = 6.4, H-5), 1.33–1.56 (m, 10H, H-4, Boc), 1.62 (m, 2H,

H-3), 3.12 (m, 2H, H-1), 3.95 (m, 1H, H-2), 4.60 (bs, 1H,

NH), 7.23–7.33 (m, 3H, H-arom), 7.53–7.60 (m, 2H,

H-arom). 13C NMR (50 MHz): d 22.7, 23.3, 28.8, 30.1,

35.5, 44.8, 48.9, 79.6, 126.9, 127.4, 130.9, 133.2, 155.6.

Calculated for C17H27NO2Se (356.4): C, 57.30 %; H,

7.64 %; N, 3.93 %; found: C, 57.24 %; H, 7.68 %; N,

3.91 %.

The compound 7 had been formerly mentioned by

Narayanaperumal et al. (2010), unfortunately without

detailing experimental/spectroscopic data.

PhSH assay: the activities of the compounds under

investigation as oxidation catalysts were estimated

according to the method reported by Iwaoka and Tomoda

(1994) using thiophenol (PhSH) as a methanol-soluble

alternative to glutathione. To a solution of 1 mM PhSH in

CH3OH (890 lL) a solution (10 lL) of each compound

under investigation (100 lM in dimethylsulfoxide) was

added. The reaction was initiated by adding 2 mM H2O2

(100 lL) and monitored at k = 305 nm for 30 min at

25 �C. The initial rates (v0) were calculated from the first

5–10 % of the reaction. Negative controls included the

compounds in the presence of either H2O2 or PhSH only.

Se-Me-SeCys was used as positive control in the assay.1

DPPH assay: the radical scavenging activities were

estimated according to the method reported by Blois

(1958). Methanolic solutions at different concentrations of

each of the compounds tested and 50 lM 1,1-diphenyl-2-

picrylhydrazyl (DPPH) in CH3OH (200 lL) were incu-

bated for 20 min in the dark at 25 �C. After that, their

absorbance were measured at k = 517 nm versus a blank

containing exclusively DPPH. The activities were expres-

sed as inhibition percentages and calculated as: radical

scavenging activity % ¼ A0�A1ð Þ=A0 � 100½ �, where

A0 is the absorbance of the blank and A1 the absorbance of

the single samples examined. The measures were validated

by using in parallel ascorbic acid as a positive control

under the same conditions.

1 Ebselen has been broadly used as reference compound in the

measure of GPx activity. The rather recent elucidation (Sarma and

Mugesh 2005, 2008) of the mechanism(s) involved in its GPx cycle,

however, has put in evidence that Ebselen can react with aryl thiol

substrates and leads to side species that are responsible for over/

under-estimation of GPx activities. Therefore, in our earlier exper-

iments PhSeSePh was preferred as reference compound, due to its

catalytic cycle which involves the formation of the selenol species

PhSeH (Nogueira et al. 2004; Sausen de Freitas et al. 2010; Nogueira

and Rocha 2011). Nevertheless, also in view of the considerably

higher activity of PhSeSePh (Table 1), we decided eventually to refer

to Se-CH3-selenocysteine (Se-Me-SeCys), monoselenide whose struc-

ture is much closer to that of our Se-(2-aminoalkyl)selenocysteines.
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FRAP assay: the ferric reducing antioxidant power

(FRAP) was estimated according to the method described

by Benzie and Strain (1996) with several modifications.

Fresh FRAP reagent was prepared by mixing 2.5 mL of

a solution of 2,4,6-tris(2-pyridyl)-1,3,5-s-triazine (TPTZ)

(1.0 mmol) in 40 mM hydrochloric acid (10 mL) with aq

20 mM Fe(III) (2.5 mL) and 0.3 M acetate buffer (pH

3.6; 25 mL). The final solution contained 1.67 mM

Fe(III) and 0.83 mM TPTZ. A sample (300 lL) was

warmed up to 37 �C and its absorbance (A0 min) was

read at k 593 nm. Afterwards, methanolic solutions (at

different concentrations) of the compounds to be tested

(10 lL) and water (30 lL) were added to the FRAP

reagent and incubated in the dark at room temperature

for 10 min. The relative absorbances (A10 min) were read

at k = 593 nm. The final values were expressed as

DA = A10 min–A0 min.

Biology

In vitro cytotoxic and protective activities

For assaying the cytotoxic and the protective, biological

activities of the compounds, cells were inoculated into

96-well microtiter plates at a density of 5 9 103 cells/

well in 100 lL of culture medium with or without the

addition of increasing concentrations of the compounds

under investigation. To evaluate the protective effects

against cell damage caused by AFB1, the latter was

added to the cultures after 20 h pre-incubation with

different concentrations of the compounds to assay and

after washing cells three times with fresh medium prior

to addition of AFB1. Cells were then cultured for a

further 48 h. During the entire experimental phases, cells

were incubated at 37 �C and 5 % CO2 in culture med-

ium. Control cultures received equivalent volumes of

culture medium and vehicle. At the end of the incubation

times, the number of total cells and number of viable

cells were evaluated by microscopic analysis in a

haemocytometer chamber, using the Trypan Blue exclu-

sion test as a viability assay. The effects of the com-

pounds on the metabolic activity were examined by the

MTS-test colorimetric method, using a commercial kit

(MTS, Cell Titer 96 Aqueous One Solution, Promega,

Madison, WI, USA). The assay was performed according

to the manufacturer’s protocol, by directly adding 20 lL

of ‘‘CellTiter 96 Aqueous One Solution Reagent’’ to the

culture wells at the end of the incubation period. After

further 2–3 h incubation, absorbance was read at

k = 490 nm. These methods are widely used to assess

cytotoxicity of compounds, as also shown by some of us

(Balestrieri et al. 2011; Bonaccorsi et al. 2012; Cordero

et al. 2012).

Calculation of dose–response indexes

For determining cell injury caused by AFB1, the metabolic

activity inhibitory concentrations nn (ICnn, AFB1 con-

centration able to cause reduction of the formazan product

formation, MTS assay, by nn %) were calculated according

to the best-fit curve, y value versus log x, where y is the

value of the examined function and x is the AFB1 con-

centration. Results from at least three different determi-

nations were used to calculate the dose–response curve.

The nn % level was chosen to ensure that values lie within

the concentration range utilized.

Statistical analysis

Data analysis was performed using the SPSS statistical

software system (version 17.0 for Windows, Chicago, IL,

USA). Comparison of means among sample groups was

carried out using Hochberg’s GT2 post hoc multiple

comparison One-way ANOVA test. Differences were

considered significant at p \ 0.05 and highly significant at

p \ 0.001.

Results and discussion

This work arises as a continuation of our previous studies

on the reactions of thio-alkylation (Bolognese et al. 2006)

and seleno-alkylation (Caputo et al. 2007) of enantiome-

rically pure 2-aminoalkyl iodides originating from natu-

rally occurring a-amino acids (Caputo et al. 1995). The

present results show that the seleno-diamino acids obtained

in the seleno-alkylation, Se-2-aminoalkyl derivatives of

selenocysteine, may carry out a chemopreventive action

towards the hepatic cell damage induced by AFB1, which is

known to be cytotoxic and may cause liver pathologies

(IARC 1993).

The seleno-diamino acid 3 was our main target to

undertake a preliminary assessment of the biochemical and

biological properties of the class of compounds to which it

belongs. It was synthesized as shown in Scheme 2 (see also

the ‘‘Materials and methods’’ section), by coupling of Boc-

Sec-OH selenide (prepared in situ from commercial disel-

enide 1) with 2-(Boc)-aminoalkyl iodide 2 (obtained from

Boc-Leu-OH, Caputo et al. 1995), according to our already

mentioned general seleno-alkylation procedure.

H
N

CO2H

X

H
N

R2 R1 Se

H
N

Boc

4 X=S, R1=R2=Boc
5 X=Se, R1=Fmoc, R2=Boc
6 X=Se, R1=Fmoc, R2=H

7
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Beside compound 3 some more analogues (namely,

compounds 4, 6, and 7) were also prepared.

In consideration of the predictable antioxidant activity

of organoselenium compounds, prior to investigating any

hepatic chemopreventive capacities in HepG2 cells we

submitted our chalcogen-compounds to preliminary assays

in vitro, to ascertain their supposed antioxidant properties.

Three different assays have been reported above: DPPH

and FRAP assays led all to negative results, thus allowing

us to rule out any major (and maybe counter-productive)

antioxidant activity performed by either sequestering oxy-

gen-based radicals or donating electrons to oxidized spe-

cies (e.g., reactive oxygen metabolites, ROM). A negligible

radical inhibition in the DPPH assay (9 % at 500 lM

conc.) was observed for compound 6, but it can be confi-

dently ascribed to the possible interference of some 9H-

fluorene radical originating from the Fmoc group.

The thiophenol, PhSH, assay was used as predictive

measure of activity in cell culture (Giles et al. 2003). It is a

standard catalytic assay that spectrophotometrically fol-

lows the formation of diphenyl disulfide (PhSSPh) from

PhSH in the presence of H2O2 and catalyst. Increased rates

of disulfide formation are indicative of catalytic activity

(Iwaoka and Tomoda 1994). The results obtained, that are

shown in Table 1, deserve some comments.

Overall, the increases in the baseline rate of 2- or even

3-fold were quite significant and similar to the activity of

other selenium agents tested by us and others in the past

(Collins et al. 2005; Pariagh et al. 2005; Doering et al.

2012). Compound 3, in particular, appears to be rather

active. This compound is therefore of special interest as a

possible catalytic redox modulator able to interfere with

cellular redox processes and signaling in the presence of

(elevated levels of) H2O2 (see below). Otherwise, com-

pound 4, its sulfur analogue, did not show thiol peroxidase

activity under our conditions. Indeed such a lower activity

of the sulfur compounds would not be entirely unexpected,

as GPx-like catalytic activity tends to increase for ana-

logues in the order of sulfur \ selenium \ tellurium. But

then, the value of 0.75 (Table 1) does not indicate that

compound 4 is less active (or inactive at all) than the other

compounds tested. As a matter of fact it inhibits (slows

down) the oxidation of PhSH by H2O2 and this may be

accounted for by (partial) oxidation of 4 (likely to its

corresponding sulfoxide) that consumes the hydrogen

peroxide available for the oxidation of PhSH. In fact, the

relative negative control experiment (compound

4 ? H2O2, 305 nm) showed a constant absorbance line

paralleling the abscissa axis, although at a value [0

(=0.41), probably due to the formation of a side species that

in the final experiment might be responsible for a slight

(considering the stoichiometric ratio of the reactants

involved) reduction of the hydrogen peroxide available for

the oxidation of PhSH.

The other selenium-containing compounds tested as part

of this study showed similar increases in the initial rate of

PhSH oxidation, which implies that apart from the sulfur/

selenium issue, there is no clear structure-activity rela-

tionship emerging, at least as far as the few compounds

under investigation are concerned.

The relationship between molecular structure and bio-

logical activity of our chalcogen-compounds was therefore

investigated further in cell culture, firstly by comparing the

cytotoxic effect exerted by the synthesized compounds

using morphological analysis and a conventional viability

assay. In fact, in this phase methods such as MTS- or MTT-

based assays were excluded to avoid false results due to

direct or indirect interactions of high concentrations of

compounds with intrinsic reductive potential with the bi-

oreductive reaction of these assays (Bruggisser et al. 2002;

Wang et al. 2010). For dose–response studies on cytotox-

icity, mother solutions of compounds 3, 4, 6, 7, and Se-Me-

SeCys were diluted in experimental culture medium to

reach the final increasing concentrations of 10, 50, and

100 lM. The obtained samples were added to adherent

HepG2 cells, seeded 24 h before at 5 9 103/well into

96-well microtiter plates, in 100 lL total volume and

incubated at 37 �C in a CO2 incubator for a further 72 h.

As a control, the same cells were exposed to the vehicle

H
N

IBoc

H
N

Boc
Se

CO2H

NH
Se

H
N

CO2H

Boc

1

Boc

2(
b)

a) NaBH4

2
3

Scheme 2 Seleno-alkylation of

2-(Boc)-aminoalkyl iodide 2.

Synthesis of seleno-diamino

acid 3

Table 1 Thiol-peroxidase activity of compounds tested

Compound PhSH activitya

3 3.00 ± 0.40

4 0.75 ± 0.01

6 1.67 ± 0.69

7 1.33 ± 0.11

Ph-Se-Se-Ph 4.28 ± 0.12

Se-Me-SeCys 2.08 ± 0.11

a Catalyzed/uncatalyzed reaction rate ratio
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alone (DMSO), in amounts corresponding to the higher

employed for dissolving the compounds. At the end of the

incubation time, cell morphological changes in various

samples were observed under an inverted microscope. The

cells were then recovered by brief trypsinization and

immediately re-suspended in serum containing medium to

stop further protease action. The total number of recovered

cells and the percentage of viable cells was then evaluated

by microscopy analysis of stained cells using a standard

Trypan Blue exclusion test. Preliminary experiments indi-

cated that no significant change of dead cell percentage

could be detected with any of the compounds assayed at

concentrations lower than those utilized in these dose–

response experiments. The qualitative, morphological

analysis under inverted microscope revealed that no

changes with respect to control samples were practically

observed for all the compounds assayed at the lower con-

centration of 10 lM (Fig. 1).

Conversely, remarkable differences, both in terms of

monostrate confluence and in morphology of cells, were

observed at the higher concentrations of 50 and 100 lM for

all the compounds assayed except, apparently, for com-

pound 4. In fact, the sulfur-containing analogue of seleno-

diamino acid 3 exerted only mild, morphologically

detectable, inhibitory effects on cell growth at the higher

concentration of 100 lM. Noticeably, dramatic morpho-

logical changes caused by compound 6 at 50 lM and, even

higher, at 100 lM, suggested that this compound was

endowed with an high biologically active potential.

Quantification of the cytotoxic effects of the compounds

under study, as assayed by total and dead cell counts, in

agreement with the qualitative observations, generally

confirmed the dose-dependency of the exerted effects. In

fact, no significant changes in total cell number were

observed for all the compounds assayed at the concentra-

tion of 10 lM (Fig. 2a). Otherwise, dose-dependent sig-

nificant or highly significant changes, with remarkable

decreases in cell counts, were detected at the higher con-

centrations for all the selenium containing compounds,

including Se-Me-SeCys, except for compound 6 at 50 lM.

No significant change was observed in cultures exposed to

the sulfur-containing compound 4. In order to ascertain

whether decreases in total cell numbers were associated

only to inhibitory effects on cell growth or also to specific

cytotoxic effects, the above reported results were compared

with those concerning cell viability, as assayed by Trypan

Blue staining, in samples from cultures subjected to the

same experimental conditions. Results, reported in Fig. 2b,

showed a very good coincidence between % total cells and

% viable cells for compound 6 and Se-Me-SeCys, sug-

gesting that these compounds may act mainly as growth-

inhibitory, i.e. cytostatic agents rather than as cytotoxic

agents, even at the higher concentrations assayed. In con-

trast, compounds 3 and 7 showed a similar capacity to act

as highly cytostatic as well as moderately cytotoxic agents,

at concentrations of 50 lM and higher. Interestingly,

compound 4, i.e., the only compound that did not appar-

ently modify cell morphology or number, nevertheless

significantly reduced viable cell numbers at the concen-

trations of 50 and 100 lM, and hence exhibited a limited

cytotoxic potential (Fig. 2b).

Altogether, these results clearly indicate that all the

compounds under investigation at a concentration of

10 lM did not exert any cytotoxic or cytostatic effect but,

at the same time, that our chalcogen-compounds were still

endowed with a potent, dose-dependent biological activity.

Based on these results, the concentration of 10 lM was

considered as suitable for successive studies on possible

protective effects against cell injury caused by AFB1.

To fully set up the optimal experimental conditions for

evaluating a possible protection by our novel chalcogen-

compounds against AFB1 in HepG2 cells, we then per-

formed dose–response experiments using concentrations of

aflatoxin in the range between 1 and 100 lM. Culture

conditions were the same as described above for measuring

the cytotoxicity of the chalcogen-compounds, but at the

end of a 48 h incubation time, cell damage induced by

AFB1 was detected directly in the cultures subjected to

different experimental conditions by adding the MTS

reagent to the culture wells and by determining color

changes, as described in ‘‘Materials and methods’’. To

exclude a possible direct effect of AFB1 on the MTS

reaction, the MTS reagent was also added to some control

wells containing equal volumes of culture medium with the

Fig. 1 Effects of chalcogen-compounds on HepG2 cell cultures. Cell

cultures were examined after 72 h treatment for changes in

morphology and growth, directly in the culture well, under an

inverted microscope at the same magnification (original magnifica-

tion, 1009). Panels show representative fields selected from exper-

imental samples of one out of three experiments with similar results.

The scale bar, reported only in the lower/right panel, represents

50 lM
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different concentrations of AFB1, as in the experimental

samples, but without cells. No color change was observed

in these wells at any of the concentrations of AFB1

assayed. Results, expressed as IC30, IC40 and IC50 values,

showed that AFB1 actually caused, as expected, a well-

detectable cell injury in a dose-dependent manner (see

Table 2). Based on these results a concentration of 10 lM

AFB1, i.e., a concentration close to that capable to reduce

the metabolic activity of the cells by 40 %, was considered

as suitable for successive, cell protection experiments.

We next focused our attention on the possible protective

effects of our chalcogen-compounds, by directly investi-

gating their effects on cell injury caused by AFB1. To this

purpose, the biological activity of the seleno-diamino acids

3, 6, 7 and that of compound 4 and of Se-Me-SeCys was

assayed by performing further experiments in which HepG2

cells pre-incubated for 20 h with 10 lM of the compounds

were then washed three times with fresh medium and

exposed to 10 lM AFB1 for a further 48 h. At the end of the

incubation time, the effects on the cells were first measured

by determining the mitochondrial metabolic activity using

the MTS assay. Preliminary experiments showed that none

of the compounds assayed significantly modified by them-

selves absorbance values of the MTS reaction when added to

the culture medium, at the concentration utilized of 10 lM,

either in the presence or in the absence of the cells.

The results shown in Fig. 3a represent the mean values of

three determinations for each compound tested, obtained in

one representative experiment out of the two performed with

similar results, and are expressed as % to vehicle treated

control. No significant change was observed, as expected, in

all groups treated with chalcogen-compounds alone with

respect to the vehicle treated group. Conversely, a highly

significant inhibitory effect of AFB1 on cell metabolic

activity was observed, in agreement to preliminary experi-

ments, indicating a reduction of about 40 % with respect to

control cells. Compound 7 did not exert any protective effect,

but rather further reduced MTS values in a significant

manner. All other compounds assayed significantly (com-

pound 4) or highly significantly improved values related to

the metabolic activity, with compound 3, which was also the

most active compound in the thiophenol-based catalysis

assay, exerting a potent protective effect on this parameter

that was even higher than that exerted by Se-Me-SeCys.

Fig. 2 Quantification of the effects of chalcogen-compounds on

growth and viability of HepG2 cells. Cells were treated for 72 h with

control vehicle (vehicle), or 10 lM (black), 50 lM (gray), 100 lM

(white), compound 3, compound 4, compound 6, compound 7, and Se-

Me-SeCys (SeMC). After trypsinization, all cells, including the

floating ones, were recovered and total cell number (a) and viable cell

number (b) were evaluated by microscopy analysis in a haemocy-

tometer chamber, using the Trypan Blue exclusion test. Results are

expressed as percentage cell number (total number of cells in the

experimental sample/mean total number of cells in the control

samples 9100) (a) or percentage viability (number of viable cells in

the experimental sample/mean number of viable cells in the control

samples 9100) (b). Each data point represents the mean and the

standard deviation from three different determinations obtained in one

out of three experiments with similar results. Comparisons of the

means between treated samples and controls, by Hochberg’s GT2 post

hoc multiple comparison One-Way ANOVA test, were as follows.

a 10 lM, all comparisons = not significant (NS); 50 lM, 3
p \ 0.001, 4 = NS, 6 = NS, 7 p = 0.004, SeMC p = 0.006;

100 lM, 3 p \ 0.001, 4 = NS, 6 p \ 0.001, 7 p \ 0.001, SeMC
p \ 0.001. b 10 lM, 3 p = 0.004, all other comparisons = NS;

50 lM, 3 p \ 0.001, 4 p = 0.033, 6 = NS, 7 p \ 0.001, SeMC
p = 0.004; 100 lM, 3 p \ 0.001, 4 p = 0.033, 6 p \ 0.001, 7
p \ 0.001, SeMC p \ 0.001

Table 2 Cytotoxic activity of AFB1 on HepG2 cell line

Cytotoxic

agent

IC30 (lM)a IC40 (lM)a IC50 (lM)a

AFB1 6.36 (10.28/

3.90)b
11.12 (17.74/

6.97)b
19.46 (31.94/

11.86)b

a Inhibitory concentrations (IC), defined as the concentrations

required to decrease metabolic activity after a 48 h treatment, as

assessed using the MTS assay, by 30 % (IC30), 40 % (IC40) and 50 %

(IC50), respectively. Results represent the mean values obtained from

three independent determinations in one of two experiments with

similar results. Within parenthesis, mean ? SD/mean - SD, are also

reported
b Pearson’s r value = 0.97
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Levels of protection of chalco-diamino acids against cell

injury caused by AFB1 were also evaluated by determining

cell viability, according to the Trypan Blue exclusion test,

in cultures that underwent the same treatment under the

same experimental conditions as described above for those

which have been investigated in the MTS assay. Results

indicate that, in this case, pre-treatment with all the com-

pounds assayed actually increased levels of viable cells

with respect to the dramatic inhibitory effect exerted by

AFB1. Nevertheless, changes in levels of viability caused

by compounds 6 and 7 were not statistically significant.

Conversely, treatment with compounds 3, 4, and Se-Me-

SeCys all caused significant difference in % viable cells,

showing a remarkable increase of viability, with Se-Me-

SeCys exerting a slightly higher protective effect with

respect to compound 3, against cell death caused by AFB1.

These results suggest that our newly synthesized seleno-

diamino acids are apparently endowed with a potent pro-

tective potential against cell damage caused by AFB1 that

is at least similar to, or even higher than, that exerted by

Se-Me-SeCys. However, this protective effect is not

absolute, but rather strictly related to the molecular struc-

ture of the compounds.

Interestingly, compounds particularly active in the

thiophenol-based catalysis assay, such as compound 3, also

appear to act as better cell protectants compared to ‘‘poor’’

GPx-like catalysts (e.g., sulfur compound 4). Nonetheless,

there are exceptions. In fact, the sulfur-containing analogue

of seleno-diamino acid 3, i.e. compound 4, was able to

contrast cell damage and loss caused by AFB1 apparently

better than the other selenium containing compounds, and

despite the fact that it was considerably less active in the

thiophenol assay. This suggests that the protective effect

could be related in some way to the specific molecular

moiety of these diamino acids rather than to the presence of

selenium. As a matter of fact, both the selenide and sulfide

may act as one-shot sacrificial reducing agents which

become oxidized to the sulfoxide/selenoxide or even the

sulfone/selenone. As there is no extensive catalysis, both,

the sulfur and selenium analogues may behave similarly in

cell culture. Indeed, the advantage of selenium to outper-

form sulfur as antioxidant is usually based on the fact that

the selenium analogue is catalytic, due to its ability to react

spontaneously as selenoxide back to selenide (sulfur in

form of a sulfoxide cannot do this). If this step of the

reaction becomes less important, or does not occur, as in

the case of a sacrificial, non-catalytic antioxidant, then the

sulfur and selenium analogues may well act as equally

good antioxidants, as both are able to interfere with OS by

reacting with and sequestering ROS.

Conclusions

Together, the results presented above indicate that cells

pretreated with a non-toxic concentration of chalcogen-

Fig. 3 Quantification of the protective effects of chalcogen-com-

pounds towards cytotoxicity induced by AFB1 in HepG2 cells. Cells

were pretreated for 20 h with control vehicle or 10 lM compound 3,

compound 4, compound 6, compound 7, and Se-Me-SeCys (SeMC)

before washing and addition of vehicle (black) or 10 lM AFB1

(white) for a further 48 h. Cell metabolic activity and viability were

then assessed by the MTS assay (a) or by the Trypan Blue exclusion

test (b), respectively. Results are expressed as percentage absorbance

(absorbance value in the experimental sample/mean absorbance value

in the control, vehicle treated, samples 9 100) (a) or percentage

viability (number of viable cells in the experimental sample/mean

number of viable cells in the control, vehicle treated, samples 9 100)

(b). Each data point represents the mean and the standard deviation

from three different determinations obtained in one out of three

experiments with similar results. Comparisons of the means by

Hochberg’s GT2 post hoc multiple comparison One-Way ANOVA

test, were as follows: a vehicle group without AFB1 versus all groups

without AFB1, all comparisons = not significant (NS); vehicle group

without AFB1, versus all groups with AFB1, all comparisons

p \ 0.001; vehicle group with AFB1, versus 4 with AFB1

p = 0.015, versus 7 with AFB1 p = 0.007, all other comparisons

p \ 0.001; b vehicle group without AFB1 versus all groups without

AFB1, all comparisons = not significant (NS); vehicle group without

AFB1, versus all groups with AFB1, all comparisons p \ 0.001;

vehicle group with AFB1, versus 3 with AFB1 p = 0.003, versus 4
with AFB1 p = 0.006, versus 6 and 7 with AFB1 = NS, all other

comparisons p \ 0.001
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diamino acids were efficiently protected against cell dam-

age caused by AFB1, presumably attributable to a reduction

in the oxidative insult. Interestingly, the seleno-diamino

acid 3 exerted a chemo-protective effect that was slightly

higher than that shown by the reference compound Se-Me-

SeCys. The presence of selenium in the molecular structure

of the compound, however, seems not to be always

mandatory.

Besides, chemoprotection seems not attributable to a

direct action of chalcogen-diamino acids on AFB1, as

proved by the ability of AFB1 to fully conserve its cyto-

toxic potential when exposed to chalcogen-diamino acids

before addition to the cells (data not shown).

In addition to their capacity, when administered to the

cells in pre-treatment at non-toxic concentrations, to con-

trast, at least partially, cytotoxic effects of AFB1, our seleno-

diamino acids 3, 6, and 7 if administered at the higher con-

centrations of 50–100 lM seemed to be endowed with a

potent cytotoxic potential. In particular, while compound 6,

similarly to the reference compound Se-Me-SeCys, seems to

preferentially act as a cell growth inhibitor, compounds 3 and

7 seem to be relatively good inducers of cell death, especially

when used at the higher concentration. Thus, seleno-diamino

acid 3, i.e. the compound showing the higher protective

activity against cell death caused by AFB1 at the concen-

tration of 10 lM, also seems to exert the higher cytotoxic

effect towards HepG2 carcinoma cells when used at higher

concentrations. This apparent paradox should not be sur-

prising based on existing data on the biological functions of

selenium showing a dose-dependent shift from antioxidant to

pro-oxidant effects for this element (reviewed by Lee and

Jeong 2012). Moreover, the cytotoxicity we observed in

HepG2 cells could be related to complex and only partly

understood mechanisms underlying the selective induction

of cell death by redox modulating agents (Saidu et al. 2013a,

b).

In conclusion, further investigations are required to

clarify the chemical and biochemical mechanisms under-

lying the protective effects exerted by chalcogen-diamino

acids towards AFB1-induced cell damage as well as to

characterize growth inhibition and cell death induced by

the same compounds at higher concentrations. Nonetheless,

our results confirm that this family of compounds is

endowed with a potent biological activity, greatly encour-

aging future studies to understand the actual potential of

compounds of this family as chemoprotective agents and/or

cytostatic or even cytotoxic redox modulators, against both

OS and cancer.

Acknowledgments The authors acknowledge that part of this work

was performed (by A. N.) at Heinrich-Heine University, Düsseldorf

(Germany), under the skilled guidance of Prof. Dr. Helmut Sies.

Financial support to A. N. by the Scuola di Dottorato Agrisystem of

the Catholic University of the S. H. (Italy), to A. M. by the University

of Messina (Italy), and to C. J. by the University of Saarland

(Germany) is gratefully acknowledged. R. C. and A. M. contributed

equally to the study. All authors discussed the results and commented

on the manuscript. C. J. wishes to acknowledge funding via the

European Community’s Seventh Framework Programme (FP7/2007-

2013) under grant agreement 215009 RedCat. 1H and 13C NMR

spectra were performed at Centro Interdipartimentale di Metodologie

Chimico-Fisiche, University of Napoli Federico II. Varian Inova

500 MHz instrument is property of Consorzio Interuniversitario

Nazionale la Chimica per l’Ambiente (INCA).

Conflict of interest The authors have declared no conflict of

interest.

References

Aboobaker VS, Balgi AD, Bhattacharya RK (1994) In vivo effect of

dietary factors on the molecular action of aflatoxin B1: role of

non-nutrient phenolic compounds on the catalytic activity of

liver fractions. In Vivo 8:1095–1098

Agarwal KC (1996) Therapeutic actions of garlic constituents. Med

Res Rev 16:111–124

Amagase H (2006) Clarifying the real bioactive constituents of garlic.

J Nutr 136:716S–725S

Andreadou I, Menge WMPB, Commandeur JNM, Worthington EA,

Vermeulen NPE (1996) Synthesis of novel Se-substituted

selenocysteine derivatives as potential kidney selective prodrugs

of biologically active selenol compounds: evaluation of kinetics

of b-elimination reactions in rat renal cytosol. J Med Chem

39:2040–2046

Balestrieri E, Pizzimenti F, Ferlazzo A, Giofrè SV, Iannazzo D,
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