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A B S T R A C T

Multitarget approaches are highly effective strategies for treating acute and chronic inflammatory diseases. In this field, the dual inhibition of 5-lipoxygenase-acti
vating protein (FLAP) and soluble epoxide hydrolase (sEH) offers the advantage of reducing the production of diverse pro-inflammatory lipid mediators (LMs) while 
preserving pro-resolving mediator levels. However, this approach is underexplored in medicinal chemistry, given the limited number of existing dual inhibitors. Here, 
we present the rational design of the adamantylureido-benzylamide aniline 6, which features in vitro FLAP/sEH inhibitory activity. An accurate investigation about 
the crucial interactions between our synthesized derivatives and 5LOX, FLAP and sEH binding sites, led us to shed light on structural requirements differentiating 
among the three targets. Lipidomic profiling following 6 in vivo administration highlighted the reduction of 5-LOX/FLAP- and sEH-derived LMs, resulting in a 
favourable redistribution of LMs in agreement with the inhibition of its molecular targets.

1. Introduction

Inflammation is a host response to various noxious stimuli, including 
thermal, mechanical, chemical injuries, as well as pathogenic infections. 
The primary goal of the inflammatory response is to remove harmful 
stimuli and promote the healing process, thereby restoring the organ
ism’s homeostasis. If resolution of inflammation fails, the process can 
become chronic, contributing to a broad spectrum of chronic inflam
matory diseases such as asthma, heart disease, cancer, obesity, and 
many others [1]. The inflammatory response is tightly regulated by lipid 
mediators (LMs) such as prostanoids, leukotrienes (LTs), 

epoxyeicosatrienoic acids (EETs), and specialized pro-resolving media
tors (SPMs), whose biosynthesis starts with the release of poly
unsaturated fatty acids (PUFAs) from membrane phospholipids. In 
particular, free arachidonic acid (AA) serves as substrate for three 
enzymatic branches: cyclooxygenase (COX), lipoxygenase (LOX), and 
cytochrome P450 (CYP450) pathways, each generating a broad range of 
LMs [2]. All these metabolites have been intensely investigated for their 
crucial role in orchestrating the propagation and the resolution of the 
inflammatory cascade. Prostanoids are produced by the activity of 
COXs, and primarily play a pro-inflammatory role. However, some 
prostanoids, such as PGE2 and PGD2, can exert an anti-inflammatory 
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actions depending on the context and the cellular target [3].
Pro-inflammatory LTs derive from the 5-LOX pathway, involving the 

5-LOX-activating protein (FLAP) that is devoid of enzymatic activity and 
assists 5-LOX in the initial steps of LT biosynthesis, providing AA as 
substrate [4,5]. 5-LOX also metabolizes other PUFAs such as eicosa
pentaenoic acid (EPA) and docosahexaenoic acid (DHA) into bioactive 
LMs, which contribute to resolving inflammation [6]. However, the 
involvement of FLAP in SPM biosynthesis via 5-LOX depends on the 
PUFA, where EPA and AA but not DHA are utilized by FLAP as 5-LOX 
substrates for SPM production [7,8].

EETs derive from AA after conversion by CYP450, and their role as 
endogenous anti-inflammatory LMs has been well characterized. 
Nevertheless, upon formation, EETs survive only for a very short time in 
the bloodstream due to their hydrolysis and inactivation by soluble 
epoxide hydrolase (sEH), which converts them into the corresponding 
pro-inflammatory dihydroxyeicosatrienoic acid (DiHET) derivatives 
[9]. EETs possess anti-inflammatory, analgesic, anti-migratory, and 
fibrinolytic properties, and their pathway modulation represents a 
fruitful therapeutic option in the anti-inflammatory field [10,11]. In this 
regard, inhibition of sEH leads to an increased concentration of EETs and 
a concomitant reduction in the production of pro-inflammatory DiHETs, 
thereby attenuating inflammation in experimental models of acute and 
chronic inflammation [12,13].

To date, nonsteroidal anti-inflammatory drugs (NSAIDs), which 
inhibit prostanoid biosynthesis, represent the pillar of the anti- 
inflammatory treatment; however, they are plagued by several and 
serious side effects, especially at cardiovascular and gastrointestinal 
levels [14–16]. Current developments in the design of new 
anti-inflammatory compounds are oriented toward multitarget ap
proaches, intended to facilitate simultaneous interaction with two or 
more enzymes involved in the formation and degradation of LMs. This 
path is particularly pursued because it enables the enhancement of ef
ficacy and safety in the treatment of inflammation-related disorders 
[17–19].

Recently, we conducted a drug discovery campaign with the aim of 
identifying novel anti-inflammatory compounds that act via alternative 
mechanisms than those of NSAIDs. We developed a dual 5-LOX/sEH 

inhibitor (compound 73, Fig. 1), which has been validated using in 
vivo murine models of inflammation [20]. Moving forward this research 
and exploiting the previously acquired information, we obtained a se
lective sEH inhibitor (compound 28, Fig. 1), with in vivo 
anti-inflammatory activities [21]. Taking advantage of our previous 
findings in this field, here we report the identification of a dual 
FLAP/sEH inhibitor (compound 6, Fig. 1), obtained through in-silico 
design. Derivative 6 was validated by in vitro testing its inhibitory ac
tivity on human isolated sEH, verifying the lack of activity against 
5-LOX, and assessing its activity in human neutrophils in the absence or 
presence of exogenous AA. Thus, we investigated about compound 6 
selectivity, observing no activity against COXs and mPGES1 and finally 
we continued with its in vivo pharmacological characterization, profiling 
the mice lipidome after derivative 6 administration.

We shifted our interests toward FLAP instead of 5-LOX, considering 
the aim of inhibiting pro-inflammatory LT production, while preserving 
SPM formation from DHA. At the same time, sEH inhibition allows the 
increase of EET levels, exploiting their anti-inflammatory properties 
[22–26]. This pharmacological strategy has been well validated, as 
demonstrated by the number of sEH inhibitors subjected to clinical trials 
[27–29]. In contrast, despite several FLAP inhibitors disclosed so far, 
none of them have reached the pharmaceutical market, principally 
because of their poor pharmacokinetic [30,31]. Contextually, FLAP/sEH 
dual inhibition remains a largely unexplored area, with diflapolin and its 
derivatives (Fig. 1) currently the only known compounds exhibiting this 
profile [32,33].

2. Results and discussion

2.1. Chemistry

Final derivatives 1–6 were synthesized in accordance with Scheme 1. 
2, 4-Dinitrobenzoic acid was first converted into the corresponding 
methyl ester intermediate a (98 % yield) by microwave irradiation in 
acid medium and then reduced to the phenylenediamine-based com
pound b in presence of ammonium formate and Pd/C as catalyst, in 
almost quantitive yield. The subsequent reaction with cyclohexylamine 

Fig. 1. Chemical structure of previously synthesized compounds 73 and 28, diflapolin and the new FLAP/sEH inhibitor 6.
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or 1-adamantanmethylamine using triethylamine as base and tri
phosgene as carbonyl group donor led to the urea intermediates c and 
d (43 and 53 % yield). After basic hydrolysis the corresponding car
boxylic acid e and f were coupled with methyl 4-aminobutyrrate, methyl 
4-aminomethyl benzoate, benzylamine, 1-propylamine, 2-(4-biphenyl) 
ethylamine or 4-nitrobenzylamine yielding, respectively, final com
pounds 1–5 and intermediate g in 52–66 % of yield. Intermediate g was 
further reduced under the conditions described above, giving the final 
derivative 6 (55 % yield).

Compounds 7–14 were obtained applying the synthetic procedures 
depicted in Scheme 2. For the synthesis of 7 and 8 2-nitro-1,4-phenyle
nediamine was reacted with methyl 4-formylbenzoate under reductive 
amination conditions, furnishing intermediate h in 75 % of yield. Then, 
reaction with benzyl chloroformate in basic medium led to the amino- 
protected compound i (92 % yield), which has been converted into 
the urea j by reaction with 1-adamantanmethylamine in the previously 
reported conditions (56 % yield). The following reduction of the nitro 
group quantitatively gave the compound 7, which was further hydro
lysed in basic medium, furnishing the corresponding carboxylic deriv
ative 8 in 92 % of yield.

Final derivatives 9 and 10 were obtained using 1,4-phenylenedi
amine as starting material. It was first converted into the urea inter
mediate k (44 % yield), by reaction with 1-adamantanmethylamine, and 

then alkylated with methyl 4-(bromomethyl)benzoate or 4-nitrobenzyl 
chloride using potassium tert-butoxide as base under microwaves irra
diation, yielding final compound 9 (54 % yield) and intermediate l (46 
% yield). The latter was further reduced under the above described 
conditions furnishing the amino-derivative 10 (51 % yield).

2-Methoxy-4-nitroaniline was employed for the synthesis of 11–14. 
The starting material was protected using di-tert-butyl dicarbonate as 
Boc group donor and DIPEA as base leading to the intermediate m (78 % 
yield), which was reduced at the position 4, and converted into the urea 
intermediates o and p (44–51 % yield). The acid-based Boc depro
tection, using TIS as scavenger, and the following alkylation with methyl 
4-(bromomethyl)benzoate or 4-nitrobenzyl chloride led to the final 
compound 11 and to intermediates q and r (45–50 % yield). Derivative 
11 and intermediate q were hydrolysed to the corresponding carboxylic 
acids 12 and 13 in almost quantitative yield, while r was reduced to the 
final amino compound 14 as described above (92 % yield)

Derivatives 15 and 16 were synthetized as depicted in Scheme 3. 4- 
Nitrophenol reacted with methyl 4-(bromomethyl)benzoate in the con
ditions described above leading to the alkylated intermediate s (71 % 
yield). Then, it was subjected to the reduction of the nitro group at 
position 4 (t, 98 % yield) and, further derivatized to the ureidic com
pound u in presence of 1-adamantanmethylamine (46 % yield). The final 
basic hydrolysis led to 15 in almost quantitative yield. For the synthesis 

Scheme 1. Synthesis of the derivatives 1–6.
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of 16, 4-aminobenzylamine, employed as starting material, was first 
converted into the urea v (45 % yield), alkylated by reductive amination 
in presence of methyl 4-formyl benzoate and finally hydrolysed 
furnishing derivative 16 (92 % yield), applying the reaction conditions 
previously reported.

2.2. Molecular docking and biological evaluation

In our recent contribution on indoline-based dual inhibitors against 
5-LOX and sEH, we demonstrated that the 1-(adamantan-1-ylmethyl)- 
urea group, bound to an aromatic ring, is fundamental for sEH inhibition 
[21]. These structural features were merged with the reported obser
vations that different known inhibitors of FLAP present a conserved 
central phenyl substructure properly substituted [34–36]. Thus, we 
designed a new small library of 16 tri-substituted aryl-derivatives as 
potential sEH/FLAP inhibitors. Firstly, the designed molecules were 

synthesized and then assessed in vitro to evaluate their inhibitory ac
tivity against sEH and 5-LOX/FLAP.

The in vitro tests against isolated sEH enzyme highlighted that most 
compounds are active in nanomolar range with diverse efficiencies. Five 
out of the 16 small molecules, namely 6, 9, 10, 11, and 12, showed very 
potent inhibition (IC50 < 13 nM, Table 1). These compounds fit well into 
the binding site in equivalent spaces and share the same network of 
intermolecular interactions through their common structural moieties 
(Fig. 2A–D,4A). Specifically, the urea donates two H-bonds to D335 and 
accepts two ones from Y383 and Y466. The adamantyl moiety gives van 
der Waals contacts with Y336, M339, T360, F381, Q384, L499, M503. 
The phenyl ring linked to urea group establishes π-π interaction with 
H524 (Fig. 2A–D,4A). Noteworthy, these described ligand-protein in
teractions are also observable for the compound 34 N, which was co- 
crystallized with sEH [37]. The urea also establishes two aromatic 
H-bonds with Y383 and Y466. Moreover, the central phenyl group of 9 

Scheme 2. Synthesis of the derivatives 7–14.

Scheme 3. Synthesis of the derivatives 15 and 16.
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and 10 gives two aromatic H-bonds with the backbone CO of F267, 
while 11 only one. The methoxy group of 11 accepts an aromatic H-bond 
from the side chain of F267. Instead, 6 is hydrogen-bonded to the F267 
CO by the amino group on the central phenyl ring (Fig. 4A). Compound 
12 does not show these aromatic H-bonds, justifying a slightly higher 

IC50 than 9, 10 and 11. The benzyl group of 9, 10, 11, gives π-π inter
action with W525. The same cyclic moiety of 10 establishes also an 
aromatic-bond and two hydrogen bonds by its amino group at C-4 with 
backbone CO of R410 and V416 (Fig. 2A). The ester group of 9 and 11 
accepts a H-bond from the NH backbone of H524 and F497, respectively. 

Table 1 
Inhibition of human isolated sEH and human isolated 5-LOX. All values are given as mean ± SEM of single determinations obtained in 3–4 independent experiments.

Compound R R1 R” IC50 for sEH (nM) IC50 for 5-LOX (μM)

1 COOMe–(CH2)3– CyclohexylCH2- – 4029.7 ± 1298.4 ND
2 4-COOMe-PhCH2- AdamantylCH2- – 502.2 ± 255.2 ND
3 PhCH2- AdamantylCH2- – >10,000 >10
4 (CH2)2 CH3- AdamantylCH2- – >10,000 >10
5 4-Ph-Ph(CH2)2- AdamantylCH2- – >10,000 >10
6 4-NH2-PhCH2- AdamantylCH2- - 12.6 ± 3.5 > 10
7 COOMe- NH2 – 21.8 ± 2.2 0.56 ± 0.34
8 COOH NH2 – 56.3 ± 16.8 3.40 ± 1.09
9 4-COOMe-PhCH2- AdamantylCH2- H 2.6 ± 0.9 0.39 ± 0.12
10 4-NH2-PhCH2- AdamantylCH2- H 1.7 ± 0.4 0.86 ± 0.27
11 4-COOMe-PhCH2- AdamantylCH2- OCH3 2.8 ± 1.5 0.50 ± 0.25
12 4-COOH-PhCH2- AdamantylCH2- OCH3 8.9 ± 3.2 3.21 ± 1.29
13 4-COOH-PhCH2- CycloheptanylCH2- OCH3 525.9 ± 88.5 7.04 ± 2.70
14 4-NH2-PhCH2- AdamantylCH2- OCH3 72.2 ± 12.5 0.40 ± 0.20
15 – – – 37.0 ± 0.8 >10
16 COOH H – 20.7 ± 3.9 ND

ND = not determined.

Fig. 2. Three-dimensional model of the interactions given by 10 (A), 9 (B), 11 (C) and 12 (D) with sEH. The protein is depicted by green tube with the atom colour 
code: C, green; polar H, white; N, dark blue; O, red; S, yellow). The small molecules are represented by sticks (black for 10, kiwi for 9, cyan for 11, light grey for 12) 
and balls (with the atom colour code used for the protein except for C, as for the sticks). The dashed black and violet lines indicate respectively the hydrogen bond 
and aromatic H-bond between the ligand and protein.
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The carboxylic acid of 12 gives the same interaction of the ester group of 
9. Compound 6 structurally differs from 9, 10, 11 and 12 for an amide 
linker between the two aromatic rings instead of an amine. Despite an 
aromatic H-bond of the aniline moiety, respectively, with backbone CO 
of R410 and K495, the higher linker length of 6 increases the distance 
from W525, lowering the strength of the π stacking, in agreement with 
the obtained IC50 of 19 nM. The compounds 7, 8, 14, 15, and 16 pre
sented a lower inhibitory profile, varying from 20 nM to 73 nM 
(Table 1), than the congeners above described. The amine at C-2 of 
central phenyl of 7 and 8 is not involved in hydrogen bond and impedes 
the π stacking with H524 (Fig. S49A and B). Even though the amine at 
C-4 of benzyl of 14 is H-bonded to side chain of S415, no π stacking with 
H525 is established (Fig. S49C). Moreover, the presence of a methoxy 
group disfavours the formation of aromatic H-bonds by the central ar
omatic cycle. The oxygen linker of 15 is engaged in an aromatic H-bond 
with W525 displacing and 90◦ rotating the central phenyl from H524 
with the loss of π-π interaction (Fig. S49D). Differently from its ana
logues, 16 is endowed with a methylene between the urea and central 
aromatic ring, inducing a 90◦ rotation of the phenyl respect to 6, 9, 10, 
11, and 12 (Fig. S49E). This rotation causes the loss of the aromatic 
H-bond and lowers the strength of π stacking with H524 by incrementing 
the distance between the planar counterparts, raising its IC50 respect to 
6, 9, 10, 11, and 12. As 6, 2 has a methyl amide linker between the two 
aromatic rings but with an ester group instead of an amine at C-4 of 
benzyl (Fig. S50A). The presence of the bulkier ester group induces the 
loss of a hydrogen bond by urea and by the amine at C-2 of the phenyl 
ring, reducing the inhibitory activity (2 IC50 = 502.2 vs 6 IC50 = 12.6 
nM). Compounds 1 and 13 replace the adamantly group respectively 
with a cyclohexyl and cycloheptyl (Fig. S50B and C). According to our 
previous studies [21], the adamantly replacement lowers, also for this 
scaffold, the van der Waals contacts with the surrounding residues, 
giving rise to poorer inhibitor activity. Moreover, 7 also presents a 
carbon chain instead of a benzyl group losing the π stacking with W525, 
leading to an around eight times higher IC50 than 13. In agreement with 
experimental values, no optimal interactions with sEH binding cavity 
and not plausible docked poses were found for 3–5.

Next, to evaluate the bioactivity of the synthetized compounds 
against 5-LOX and FLAP, we employed well-established cell-free (FLAP- 
independent) and cell-based (FLAP-dependent) test systems [38]. The 
cell-free assay utilizes isolated human recombinant 5-LOX, with 20 μM 
AA provided as a substrate for enzymatic conversion in the absence of 
FLAP. For the analysis of 5-LOX and/or FLAP inhibition in intact cells 
(cell-based assay), we used human neutrophils stimulated with the 
calcium ionophore A23187. In this setup, the exogenous addition of AA 
(20 μM) at least partially bypasses the requirement for FLAP in LT for
mation (Table 2). The in vitro tests with isolated 5-LOX revealed inhib
itory activity only for compounds endowed with methylamine linker 
between the aromatic rings and the urea directly bound to the phenyl 
(7–14; 0.39 ± 0.12 μM ≤ IC50 ≤ 7.04 ± 2.70 μM, Table 1). Conversely, 
scarce/absent inhibition of 5-LOX is observed for the other analogues. 
Theoretical studies suggested that the methylamine moiety is H-bonded 
to the Fe2+ coordinating residue I673, allowing the correct accommo
dation of side aromatic ring to form a π-cation with catalytic ion. On the 
contrary, the replacement of NH with the carbonyl of the amide group 
induces the loss of this hydrogen bond with I673 and moves away the 
aromatic portion preventing the occupancy of the open position of Fe2+

coordination sphere (Fig. 3). Moreover, we observed that larger mo
lecular size negatively affects the interaction with 5-LOX, causing dis
torted ligand conformations or no docked poses (Fig. 3).

Considering these preliminary results and taking into account our 
goal to develop FLAP/sEH inhibitors, we continued our investigation, 
discarding those derivatives which showed 5-LOX activity (compounds 
7–14), as well as those lacking remarkable sEH inhibition (compounds 
1, 3–5, 13). Thus, we selected derivatives 2, 6, 15 and 16 for the sub
sequent evaluation in the cell-based FLAP-dependent system. In this 
assay, human neutrophils were pretreated by the compounds 2, 6, 15 
and 16 for 15 min at 10 μM each, and cells were stimulated for 10 min by 
2.5 μM of A23187. Then, 5-LOX products (LTB4, trans- and epi-trans- 
LTB4 and 5-HETE) were analyzed by RP-HPLC.

As shown in Table 2, only compound 6 was able to suppress 5-LOX 
product formation by >50 % (residual activity 35.7 %), while com
pounds 2, 15 and 16 were poorly active or non-active.

Table 2 
Effects of compounds 2, 6, 15 and 16 (10 μM) on 5-LOX/FLAP-dependent LM formation in human neutrophils.

Compound Structure 5-LOX residual activity in neutrophils (%)

2 78.8 ± 7.6

6 35.7 ± 5.9

15 >100

16 77.5 ± 8.5

T. Ciaglia et al.                                                                                                                                                                                                                                  European Journal of Medicinal Chemistry 302 (2026) 118338 

6 



To exclude the requirement of FLAP for 5-LOX product formation in 
activated PMNL, exogenous AA was added to the incubation media. Of 
interest, compound 6 lost its potency in the presence of exogenous AA. 
Thus, in the absence of exogenous AA, the IC50 value was determined at 
5.4 ± 0.5 μM but when exogenous AA was included in these cell-based 
assays, the IC50 was higher than 10 μM, suggesting that 6 may act via 
FLAP or, at least, in an AA-competitive manner (Table 3).

To shed light on the peculiar behaviour of 6 and to rationalize its 
interaction with FLAP, a computational analysis was carried out. Indeed, 
in-silico study suggested that the observed experimental outcomes could 
be mainly ascribed to the methyl amide linker between two aromatic 
rings of derivative 6, which allows a deep penetration into the binding 
cavity of FLAP with the molecule completely buried into the hydro
phobic pocket, placing only the 1-(adamantan-1-ylmethyl)urea near to 
the protein surface [34–36]. The central phenyl ring of 6 gives van der 
Waals interactions with chain A residues A63, T66, A113, I119 and G24 

of chain C (Fig. 4B). The same interactions are found for benzyl group 
with residues of chain A A63, T66, and chain C N23, F26, V61, Y64. The 
benzyl also establishes an aromatic H-bond with the backbone CO of 
N23 and the side chain of N57 (chain C), while the amide linker is 
H-bonded to the side chain of T66 of monomer A (Fig. 4B). The amine at 
C-2 of the central phenyl forms an H-bond with backbone CO of F114 
(chain A) and, intriguingly, overlaps the quinoline nitrogen of 
co-crystallized ligand DG-031 (PDB ID: 6VGC) [34], which engages a 
water-mediated hydrogen bond with backbone NH of F114A. The other 
amine group is H-bonded to the side chain of N23 (chain C). The urea 
group accepts and donates a hydrogen bond respectively to side chain 
and backbone CO of K116 (chain A). The adamantyl moiety accommo
dates into an apolar cavity delimited by L120 and F123A of chain A, and 
V21 oh chain C.

Collectively, in line with our previous contribution to multitargeting 
drugs [25,26], the structural modifications between the two aromatic 
rings are crucial to address the macromolecular recognition by small 
molecules. Indeed, the obtained outcomes suggest that the methyl amide 
linker led to selective dual FLAP/sEH inhibitors (Fig. 5). The methyl 
amine switches the binding preference towards both sEH and 5-LOX, 
moreover, a small linker between 1-(adamantan-1-ylmethyl)urea and 

Fig. 3. Three-dimensional model of the interactions given by 6 with 5-LOX. 
The protein is depicted by grey tube with the atom colour code: C, grey; 
polar H, white; N, dark blue; O, red. The small molecule is represented by or
ange sticks and balls (with the atom colour code used for the protein except for 
C, as for the sticks).

Fig. 4. Three-dimensional model of the interactions given by 6 with sEH (A) and FLAP (B). The protein sEH is represented as in Fig. 2. FLAP is depicted by faded red- 
orange (chain A) and green (chain C) tube (C, according to chain colour; polar H, white; N, dark-blue; O, red; S, yellow). 6 is represented by orange sticks and balls 
(with the atom colour code used for the protein except for C, as for the sticks). The dashed black and violet lines indicate respectively the hydrogen bond and 
aromatic H-bond between the ligand and protein.

Table 3 
IC50 values of the lead compound 6 on 5-LOX product formation in human 
neutrophils in the absence or presence of exogenous AA. Data are means ± S.E. 
M., n = 3.

IC50 (μM) (w/o AA) IC50 (μM) (+AA)

6 5.4 ± 0.5 >10

Fig. 5. Schematic representation of the structural modifications carried out to 
design dual or triple inhibitors.
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central phenyl could be tolerated by sEH. The side molecular moieties of 
the compounds should appear versatile and could be well tailored to 
design the aimed inhibitors.

2.3. Compound 6 modulates the lipid mediator class switch in human 
macrophages

After identifying the dual FLAP/sEH-inhibitory efficiency of com
pound 6, we investigated whether compound 6 could inhibit other en
zymes within the AA cascade, namely COX-1/2 and mPGES-1. Up to a 
concentration of 10 μM, compound 6 did not affect the activities of 
isolated COX-1 (Fig. 6A) and COX-2 (Fig. 6B) or mPGES-1 enriched in 
microsomes (Fig. 6C) in cell-free assays. Control experiments using the 
non-selective COX inhibitor indomethacin (indo., 10 μM) and the 
mPGES-1 inhibitor MK886 (10 μM) confirmed the validity of the assays 
(Fig. 6A–C). Next, we investigated the capacity of compound 6 to switch 
the LM profiles in human monocyte-derived macrophages (MDM). We 
employed pro-inflammatory M1-MDMs and pro-resolving M2-MDM 
stimulated with exotoxins contained in Staphylococcus aureus-condi
tioned medium (SACM) [39] as test systems. Notably, the M1-MDM 
subtype abundantly expresses FLAP as well as mPGES-1 and COX-2, 
and produces high amounts of LTB4 and PGE2, while M2-MDM dis
plays lower FLAP, mPGES-1 and COX-2 levels but strongly expresses 
15-LOX-1, generating high amounts of 15-LOX products and resolvin D5 
(RvD5) upon stimulation with SACM [39]. Compound 6 inhibited the 
formation of 5-LOX/FLAP-derived LMs in M1-and M2-MDMs, such as 
LTB4 and LTC4, in a concentration-dependent manner, becoming 
apparent at concentrations as low as 1 μM (Fig. 6D–F). This effect was 
more pronounced in M1-MDM versus M2-MDM, primarily due to their 
higher expression of FLAP in M1-MDM, consistent with previous studies 
[40]. Notably, the formation of 5- and 15-LOX-1-mediated SPM, such as 
RvD5, was not affected in M2-MDMs by compound 6, indicating that 
5-LOX activity for SPM biosynthesis is not impaired (Fig. 6D). Moreover, 
compound 6 elicited a differential modulation of COX-derived LMs 
where thromboxane B2 (TXB2) levels were significantly reduced but PGs, 
including PGE2, PGD2, and PGF2α, were markedly elevated (Fig. 6D–F). 
These findings suggest a redirection of AA metabolism from the 5-LOX 
pathway toward enhanced COX pathway activity, along with suppres
sion of TX formation.

2.4. Compound 6 modulates lipid mediator biosynthesis in murine 
zymosan-induced peritonitis

To evaluate the effect of compound 6 on 5-LOX/FLAP and sEH 
product formation in vivo, we employed a well-established experimental 
model of LM-driven inflammation, namely zymosan-induced peritonitis 
in mice. Male mice were pre-treated intraperitoneally with compound 6 
(10 mg/kg), followed 30 min later by zymosan administration (1 mg/ 
mouse) (Fig. 7A). 4 h post-zymosan injection, mice were euthanized, 
and LMs were quantified in peritoneal exudates using UPLC-MS/MS. To 
measure the plasmatic concentration of compound 6 during the 
zymosan-induced peritonitis, we performed LC-MS/MS analysis. 4 h 
after intraperitoneal administration of compound 6 at a dose of 10 mg/ 
kg, the plasma concentration was 32.26 ± 4.45 ng mL− 1 (n = 5). These 
findings indicate that compound 6 is systemically available at this time 
point, suggesting sustained plasma levels following administration.

Compound 6 clearly modulated specific pro-inflammatory and anti- 
inflammatory LM levels in the exudates. In this context, as observed in 
the in vitro experiments, pre-treatment of mice with compound 6 led to a 
significant reduction of AA-derived 5-LOX/FLAP products induced by 
zymosan (Fig. 7B). Specifically, the levels of LTB4, 5-HETE, and LTE4 
were markedly reduced in the mice treated with compound 6 (Fig. 7B 
and C), while the level of EPA-derived 5-HEPE was not altered (Fig. 7B).

It is well established that inhibition of sEH results in elevated levels 
of anti-inflammatory EETs and in a corresponding decrease of pro- 
inflammatory DHETs, thereby attenuating inflammation in both acute 

and chronic experimental models. LM analysis showed that treatment 
with compound 6 led to an increase in the EET/DHET ratio (Fig. 7D), 
driven by elevated anti-inflammatory EET levels (Fig. 7B and C), 
particularly 11,12-EET and 14,15-EET (Fig. 7B) and a concomitant 
decrease in pro-inflammatory DHETs (Fig. 7C), such as 11,12-DHET 
(Fig. 7B) in the exudates, confirming sEH as target of compound 6. In 
addition, a significant reduction of PG levels induced by zymosan in
jection was observed, especially PGE2, while no effects on TXB2 were 
obvious (Fig. 7B and C). Moreover, compound 6 did not impact the 
production of AA- and EPA-derived 12-/15-LOX products (Fig. 7B).

Collectively, these findings demonstrate that compound 6 effectively 
modulates key inflammatory pathways in vivo by targeting FLAP– and 
sEH–dependent LM biosynthesis, leading to a shift from pro- 
inflammatory (LTs and DHETs) to anti-inflammatory mediator profiles 
(EETs).

3. Conclusion

In this report, we reveal compound 6 as dual FLAP/sEH inhibitor 
with in vivo activity. The discovery of this lead compound originated 
from an in-silico study that addressed the identification of the chemical 
requirements needed to effectively and simultaneously bind both FLAP 
and sEH proteins, thereby reducing pro-inflammatory LM production 
while preserving the levels of anti-inflammatory LMs. By integrating the 
analysis of the in vitro results with molecular modelling information, we 
successfully achieved our goal (see Fig. 5), obtaining clear insights into 
the structural motifs that orient the affinity of 6 to FLAP and sEH and at 
the same time reducing the interaction with 5-LOX, thus preserving 5- 
LOX-dependent SPM biosynthesis. This approach will be helpful in the 
future design of multitarget LM pathway modulators, rationalizing their 
molecular architecture in accordance with the desired activity.

To the best of our knowledge, few examples for FLAP/sEH multiple 
inhibitors exist, all structurally related to diflapolin. This underscores 
the medicinal chemistry potential of this underexplored area, where 
defining the structural requirements for dual activity is a critical step 
toward the rational design of such inhibitors.

Multitarget approaches in the inflammatory field are well- 
recognized strategies. The complexity degree of the inflammatory pro
cess, as in term of involved proteins and mediators, as well as for the 
biological repercussions, makes the multiple inhibition principle an 
advantageous option. This is evident in terms of reduction of side effects, 
increasing of therapeutic efficacy and decreasing of unfavourable 
compensatory effects [41].

The in vivo characterization of derivative 6 highlighted a very clear 
trend in the rearrangement of LMs detected by UPLC-MS/MS-based 
metabololipidomics. The reduction of LTs and DHET levels and the 
enhanced levels of EETs underlines the favourable profile of LMs 
following compound 6 administration to mice. These results make de
rivative 6 a valuable hit compound for further developments of FLAP/ 
sEH inhibitors as multitarget agents for exploitation in acute and chronic 
inflammatory diseases.

4. Experimental section

4.1. Experimental section

General: All the other reagents and solvents were purchased from 
Merck (Milan, Italy), unless otherwise stated. Reactions were performed 
under magnetic stirring in round-bottomed flasks unless otherwise 
noted. Moisture-sensitive reactions were conducted in oven-dried 
glassware under nitrogen stream, using freshly distilled solvents. TLC 
analysis of reaction mixtures was performed on precoated glass silica gel 
plates (F254, 0.25 mm, VWR International), while crude products were 
purified by the Isolera Spektra One automated flash chromatography 
system (Biotage, Uppsala, Sweden), using commercial silica gel car
tridges (SNAP KP-Sil, Biotage). NMR spectra were recorded on a Bruker 
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Fig. 6. Effects of compound 6 on isolated enzymes and LMs formation in human macrophages. (A) Isolated ovine COX-1, (B) human recombinant COX-2, and as well 
as, (C) mPGES-1 in microsomal preparations of IL-1β-stimulated A549 cells, were incubated with the vehicle (0.1 % DMSO) as the control (=100 %), 0.1, 1 or 10 μM 
of compound 6, or control inhibitors such as 10 μM indomethacin (indo.) for COX-1/2 and MK886 (10 μM) for mPGES-1, and the enzymatic activities were assessed. 
Data are given as % of control ±SEM, n = 3. One-way ANOVA with Dunnett’s multiple comparisons test against veh., **p < 0.01, ***p < 0.001. (D-F) M1-and M2- 
MDMs were treated with vehicle (veh., 0.1 % DMSO) or compound 6 at the indicated concentrations for 30 min and then stimulated with 1 % SACM for 90 min. (D) 
LM formation is shown as log data of -fold change versus vehicle-treated controls in a heatmap, n = 4. Results for selected LMs of M1-MDMs (E) and M2-MDMs (F) are 
shown as pg/5 × 105 cells as mean ± SEM in bar charts, n = 4, one-way ANOVA with Dunnett’s multiple comparison test against veh.-treated cells, *p < 0.05, **p <
0.01, ***p < 0.001.
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Avance 400 MHz apparatus, at room temperature. Chemical shifts were 
reported in δ values (ppm) relative to internal Me4Si for 1H and 13C 
NMR. J values were reported in hertz (Hz). 1H NMR peaks were 
described using the following abbreviations: s (singlet), d (doublet), t 
(triplet), and m (multiplet). HR-MS spectra were recorded by LTQ- 
Orbitrap-XL-ETD mass spectrometer (Thermo Scientific, Bremen, Ger
many), equipped with an ESI source. All the final compounds showed a 
purity ≥95 % as assessed by RP-UHPLC-PDA analysis, performed using a 
Nexera UHPLC system (Shimadzu, Kyoto, Japan) consisting of a CBM-40 
lite controller, two LC-40B X3 pumps, an SPD-M 40 photo diode array 
detector, a CTO-30A column oven and, a SIL-40C X3 autosampler. The 
chromatographic analysis was accomplished on a Kinetex® Evo C18 
column, 150 × 2.1 mm × 2.6 μm (Phenomenex®, Bologna, Italy) 
maintained at 40 ◦C. The optimal mobile phase consisted of 0.1 % 
HCOOH/H2O v/v (A) and 0.1 % HCOOH/ACN v/v (B) delivered at 
constant flow rate of 0.3 mL/min − 1. Analysis was performed in gradient 
elution as follows: 0–20.00 min, 5–95 % B; 20.00–25.00 min, isocratic to 
95 % B; then 5 min for column re-equilibration. Data acquisition was set 
in the range 190–800 nm and chromatograms were monitored at 254 

nm.

4.2. General procedure A: Pd-catalysed reduction and deprotection 
reaction (b, 6, 7, 10, n, 14, t)

To a solution of starting material (1.0 mmol) in a mixture of THF/ 
MeOH (1/1 v/v), ammonium formate (10 eq) and Pd/C (10 % mol) were 
added. The reaction mixture was refluxed at 110 ◦C until the complete 
disappearance of the starting material, monitored by TLC. After 
completion, the reaction solution was filtered through Celite 503 (Merck 
Millipore, Burlington, USA) and evaporated under vacuum, yielding the 
final compounds or the corresponding intermediates that were used in 
the next step without further purification.

4.3. General procedure B: urea formation (c, d, j, k, o, p, u, v)

To a solution of 1,4-phenylenediamine, 4-aminobenzylamine, in
termediate b, i, n or t (0.1 mmol) in dichloromethane, triphosgene (0.4 
eq), triethylamine (1.2 eq) and the proper amine (1.2 eq) were added 

Fig. 7. Effects of compound 6 on LM formation in murine peritonitis. (A) Experimental timeline of zymosan-induced mouse peritonitis. Mice received compound 6 
(10 mg/kg; zymosan + 6 group) or vehicle (0.5 mL PBS with 2 % DMSO, 3 % Tween 20, and 3 % PEG 400, veh. group) i.p., 30 min prior to induction of peritonitis by 
zymosan (1 mg/mouse, i.p.). After 4 h, peritoneal exudates were collected. (B-D) LMs were extracted from the exudates and analyzed by UPLC-MS/MS. (B) LMs levels 
are shown as log data of -fold changes of compound 6-treated mice against the vehicle-treated mice in a heatmap, n = 5–6. (C) Results for selected 5-LOX/FLAP 
products (LTB4, LTE4), COX products (TXB2, PGE2), as well as EETs (sum of 5,6-EET, 11,12-EET and 13,15-EET) and DHETs (sum of 5,6-DHET, 8,9-DHET, 
11,12-DHET and 14,15-DHET) are shown for sham controls, vehicle-treated and compound 6-treated mice as pg/mL exudate as means ± SEM in bar charts, n = 5–6. 
One-way ANOVA with Tukey’s multiple comparison test, *p < 0.05, **p < 0.01. (D) Ratio of the sum of EETs against the sum of DHETs is shown as mean ± SEM in 
bar charts, n = 5–6. One-way ANOVA with Tukey’s multiple comparison test, **p < 0.01.
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and the mixture was stirred for 1 h at room temperature. After the 
completion of the reaction, monitored by TLC, water (30 mL) was added 
and the mixture was extracted with dichloromethane (3 x 10 mL); the 
organic layer was dried over Na2SO4, filtered and evaporated. Flash 
chromatography using n-hexane/ethyl acetate as mobile phase fur
nished the corresponding urea compounds.

4.4. General procedure C: hydrolysis (e, f, 8, 12, 13, 15, 16)

The proper ester intermediate (1 mmol) was dissolved in methanol 
(5 mL) and added with 2 mL of NaOH 1 M aqueous solution. The reac
tion mixture was stirred at 100 ◦C until the complete disappearance of 
the starting material, evidenced by TLC. The aqueous phase was 
quenched with 20 mL of HCl 2 M, diluted with ethyl acetate and 
extracted. Then, the organic layer was filtered, dried over anhydrous 
Na2SO4 and evaporated in vacuo affording the final derivatives without 
further purification.

4.5. General procedure D: coupling reaction (1–5)

To a solution of e or f (1.0 mmol) in dichloromethane, methyl 4-ami
nobutyrate, methyl 4-(aminomethyl)benzoate, 4-nitrobenzylamine, 
benzylamine, 1-propylamine or 2-(4-biphenyl)ethylamine(1.2 mmol), 
HOBt (1.2 mmol), HBTU (1.2 mmol) and DIPEA (2.4 mmol) were added 
and the mixture was stirred at room temperature for 12 h. Afterward, the 
reaction mixture was diluted with dichloromethane (20 mL), and the 
resulting solution was washed successively with 10 % aqueous solution 
of citric acid (2 × 15 mL), 10 % aqueous solution of NaHCO3 (2 × 15 
mL), and water (2 × 15 mL). The organic phase was dried over Na2SO4, 
filtered and concentrated in vacuo. Flash chromatography of the resi
dues, using mixtures of dichloromethane/ethyl acetate as eluent system 
furnished the corresponding amide derivatives.

4.6. General procedure E: reductive amination (h, w)

To a solution of 2-nitro-1,4-phenylendiamine or intermediate v (0.1 
mmol) in DCM/CH3COOH (5:1 v/v) 1.2 eq of methyl 4-formylbenzoate 
were added and the mixture was stirred at 80 ◦C. After 3 h sodium tri
acetoxyborohydride (1.8 eq) was added portionwise and the mixture 
was refluxed for further 1 h. After cooling to room temperature, 20 mL of 
NaOH 1 N solution were added and the organic layer was separated. 
Then it was dried over Na2SO4, filtered, and concentrated under vac
uum. Flash chromatography on silica gel using n-hexane/ethyl acetate 
(4:1, v:v) as mobile phase furnished intermediate h or w.

4.7. General procedure F: alkylation reaction (9, l, 11, q, r)

Intermediate k, deprotected o or p (0.1 mmol) was dissolved in 
acetonitrile and added with 2 equivalents of potassium tert-butoxide and 
2 equivalents of the proper alkyl halide. Afterward, the mixture was 
heated to 120 ◦C in a microwave reactor for 1 h, quenched by 10 % 
aqueous solution of citric acid and diluted with dichloromethane. The 
organic layer was separated, dried over anhydrous Na2SO4, filtered, and 
concentrated under vacuum. Flash chromatography of the crude 
mixture using n-hexane/ethyl acetate as mobile phase furnished the 
purified intermediates.

4.8. General procedure G: Boc removal (11.1-r.1)

The N-Boc protected intermediates o or p (1 mmol) were dissolved in 
a mixture of TFA/DCM (1/3, v/v), and triisopropylsilane (TIS, 0.25 
mmol) was added. The mixture was stirred at room temperature for 3 h. 
Then, a solution of NaOH (2 N) was added until pH 7. The mixtures were 
diluted with dichloromethane, and the organic phase was extracted, 
dried over Na2SO4, filtered, and concentrated in vacuo. The final 
products were obtained by precipitation from dichloromethane and 

diethyl ether.

4.9. Synthesis of methyl 2,4-dinitrobenzoate (a)

To a 10 mL microwave vial charged with methanol (6 mL) and a 
magnetic stir bar 2,4-dinitrobenzoic acid (1 mmol) was added. The re
action vessel was sealed and heated under microwave irradiation for 1 h 
at 110 ◦C. After cooling, the reaction vessel was uncapped, the vial 
content evaporated and diluted with dichloromethane and 20 mL of 
NaOH 1 M aqueous solution. Upon the extraction, the organic layer was 
dried over anhydrous Na2SO4, filtered, and evaporated under vacuum. 
The resulting crude was used in the next step without further purifica
tion step. Whitish powder (98 % yield). 1H NMR (400 MHz, CDCl3): δ: 
4.01 (s, 3H, CH3); 7.97 (d, 1H, aryl, J = 8.4 Hz); 8.56 (d, 1H, aryl, J =
10.5 Hz); 8.81 (s, 1H, aryl).

4.10. Methyl 2,4-diaminobenzoate (b)

Obtained from a following the general procedure A. Whitish powder 
(94 % yield). 1H NMR (400 MHz, CD3OD): δ: 3.77 (s, 3H, CH3); 
5.95–5.98 (m, 2H, aryl); 7.56 (d, 1H, aryl, J = 8.6 Hz). HR-MS m/z calcd 
for C8H10N2O2 [(M + H)]+: 167.0815; found 167.0844.

4.11. Methyl 2-amino-4-(3-(cyclohexylmethyl)ureido)benzoate (c)

Synthesized from b and cyclohexanemethylamine following the 
general procedure B. FC in n-hexane/ethyl acetate 1/1, Rf: 0.45. Whitish 
powder (43 % yield). 1H NMR (400 MHz, CD3OD): δ: 0.92–1.02 (m, 2H, 
CH2); 1.20–1.28 (m, 2H, CH2); 1.69–1.83 (m, 5H, CH and CH2); 
1.89–1.94 (m, 2H, CH2); 3.00 (d, 2H, CH2, J = 8.1 Hz); 3.64 (s, 3H, CH3); 
6.33 (d, 1H, aryl, J = 10.6 Hz); 7.40 (d, 1H, aryl, J = 8.6 Hz); 7.52 (s, 1H, 
aryl). HR-MS m/z calcd for C16H23N3O3 [(M + H)]+: 306.1812; found 
306.1805.

4.12. Methyl 4-(3-(((3r,5r,7r)-adamantan-1-yl)methyl)ureido)-2- 
aminobenzoate (d)

Obtained from b and 1-adamantanemethylamine according to the 
general procedure B. FC in n-hexane/ethyl acetate 3/7, Rf: 0.46. Whitish 
powder (53 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.57 (s, 6H, CH2); 
1.72 (d, 3H, CH and CH2, J = 11.6 Hz); 1.81 (d, 3H, CH and CH2, J =
11.9 Hz); 2.00 (bs, 3H, CH and CH2); 2.90 (s, 2H, CH2); 3.82 (s, 3H, CH3); 
6.49 (d, 1H, aryl, J = 10.8 Hz); 6.97 (s, 1H, aryl); 7.69 (d, 1H, aryl, J =
8.8 Hz). HR-MS m/z calcd for C20H27N3O3 [(M + H)]+: 358.2125; found 
358.2177.

4.13. 2-Amino-4-(3-(cyclohexylmethyl)ureido)benzoic acid (e)

Intermediate e was obtained from c following the general procedure 
C. Whitish powder (95 % yield). 1H NMR (400 MHz, CD3OD): δ: 1H NMR 
(400 MHz, CD3OD): δ: 0.94–1.05 (m, 2H, CH2); 1.21–1.28 (m, 2H, CH2); 
1.68–1.84 (m, 5H, CH and CH2); 1.90–1.95 (m, 2H, CH2); 3.02 (d, 2H, 
CH2, J = 8.2 Hz); 6.40 (d, 1H, aryl, J = 10.4 Hz); 7.44 (d, 1H, aryl, J =
8.5 Hz); 7.57 (s, 1H, aryl). HR-MS m/z calcd for C15H21N3O3 [(M + H)]+: 
292.1656; found 292.1659.

4.14. 4-(3-(((3r,5r,7r)-adamantan-1-yl)methyl)ureido)-2-aminobenzoic 
acid (f)

Obtained from d following the general procedure C. Whitish powder 
(93 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.57 (s, 6H, CH2); 1.71 (d, 
3H, CH and CH2, J = 11.6 Hz); 1.80 (d, 3H, CH and CH2, J = 11.9 Hz); 
2.00 (bs, 3H, CH and CH2); 2.91 (s, 2H, CH2); 3.82 (s, 3H, CH3); 6.49 (d, 
1H, aryl, J = 8.7 Hz); 6.95 (s, 1H, aryl); 7.71 (d, 1H, aryl, J = 8.7 Hz). 
HR-MS m/z calcd for C19H25N3O3 [(M + H)]+: 344.1969; found 
344.1980.
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4.15. Methyl 4-(2-amino-4-(3-(cyclohexylmethyl)ureido)benzamido) 
butanoate [1]

Synthesized from e and methyl 4-aminobutyrate according to the 
general procedure D. FC in n-hexane/ethyl acetate 1/1, Rf: 0.46. Whitish 
oil (52 % yield). 1H NMR (400 MHz, CD3OD): δ: 0.92–1.02 (m, 2H, CH2); 
1.20–1.28 (m, 2H, CH2); 1.69–1.83 (m, 7H, CH and CH2); 1.89–1.94 (m, 
2H, CH2); 2.42 (t, 2H, CH2, J = 7.3 Hz); 3.03 (d, 2H, CH2, J = 6.8 Hz); 
3.37 (t, 2H, CH2, J = 6.9 Hz); 3.66 (s, 3H, CH3); 6.29 (d, 1H, aryl, J =
10.8 Hz); 7.37 (d, 1H, aryl, J = 8.6 Hz); 7.50 (s, 1H, aryl). 13C NMR (100 
MHz, CD3OD) δ: 28.4, 36.7, 39.9, 47.3, 51.1, 51.2, 54.7, 104.5, 110.4, 
113.1, 126.9, 128.5, 129.3, 129.33, 133.9, 146.3, 147.3, 157.9, 167.1. 
HR-MS m/z calcd for C28H35N3O4 [(M + H)]+: 391.2340; found 
391.2335.

4.16. Methyl 4-((4-(3-(adamantan-1-ylmethyl)ureido)-2- 
aminobenzamido)methyl)benzoate (2)

Obtained from f and methyl 4-(bromomethyl)benzoate according to 
the general procedure D. FC in n-hexane/ethyl acetate 7/3, Rf: 0.47. 
Yellowish oil (64 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.53 (s, 6H, 
CH2); 1.66 (d, 3H, CH and CH2, J = 11.8 Hz); 1.78 (d, 3H, CH and CH2, J 
= 12.0 Hz); 1.95 (bs, 3H, CH and CH2); 2.86 (s, 2H, CH2); 3.90 (s, 3H, 
CH3); 4.58 (s, 2H, CH2); 6.31 (dd, 1H, aryl, J’ = 2.3 Hz, J’’ = 8.6 Hz); 
7.43–7.48 (m, 3H, aryl); 7.52 (s, 1H, aryl); 7.97 (d, 2H, aryl, J = 8.3 Hz). 
13C NMR (100 MHz, DMSO) δ: 28.4, 33.8, 36.7, 39.9, 42.5, 51.2, 104.6, 
107.3, 108.2, 126.9, 128.6, 128.9, 129.3, 142.6, 145.1, 152.1, 156.8, 
167.0, 170.2. HR-MS m/z calcd for C28H34N4O4 [(M + H)]+: 491.2653; 
found 491.2633.

4.17. 4-(3-(((3r,5r,7r)-adamantan-1-yl)methyl)ureido)-2-amino-N-(4- 
nitrobenzyl)benzamide (g)

Synthesized from f and 4-nitrobenzylamine following the general 
procedure D. FC in n-hexane/ethyl acetate 8/2, Rf: 0.44. Yellowish oil 
(60 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.57 (s, 6H, CH2); 1.70 (d, 
3H, CH and CH2, J = 12.3 Hz); 1.78 (d, 3H, CH and CH2, J = 12.1 Hz); 
2.00 (bs, 3H, CH and CH2); 2.90 (s, 2H, CH2); 4.63 (s, 2H, CH2); 6.66 (dd, 
1H, aryl, J’ = 2.1 Hz and J’’ = 8.7 Hz); 6.88 (d, 2H, aryl, J = 2.1 Hz); 
7.48 (d, 1H, aryl, J = 8.7 Hz); 7.58 (d, 2H, aryl, J = 8.7 Hz); 8.22 (d, 2H, 
aryl, J = 8.7 Hz); 7.38 (d, 1H, aryl, J = 8.3 Hz). HR-MS m/z calcd for 
C26H31N5O4 [(M + H)]+: 477.2376; found 477.2398.

4.18. 4-(3-(adamantan-1-ylmethyl)ureido)-2-amino-N-benzylbenzamide 
[3]

Obtained from f and benzylamine according to the general procedure 
D. FC in n-hexane/ethyl acetate hexane/ethyl acetate 1/1. Rf: 0.42. 
Yellowish powder (62 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.56 (s, 
6H, CH2); 1.70 (d, 3H, CH and CH2, J = 11.8 Hz); 1.78 (d, 3H, CH and 
CH2, J = 12.1 Hz); 2.00 (bs, 3H, CH and CH2); 2.90 (s, 2H, CH2); 4.53 (s, 
2H, CH2); 6.65 (dd, 1H, aryl, J’ = 2.1 Hz and J’’ = 8.7 Hz); 6.87 (d, 1H, 
aryl, J = 2.1 Hz); 7.22–7.26 (m, 1H, aryl); 7.31–7.36 (m, 4H, aryl); 7.43 
(d, 1H, aryl, J = 8.6 Hz). 13C NMR (100 MHz, CD3OD) δ: 28.4, 33.5, 36.7, 
39.8, 42.5, 51.0, 104.9, 106.7, 109.8, 126.6, 126.9, 128.1, 128.6, 139.3, 
143.6, 150.4, 156.7, 170.2. HR-MS m/z calcd for C26H32N4O2 [(M +
H)]+: 433.2598; found 433.2576.

4.19. 4-(3-(adamantan-1-ylmethyl)ureido)-2-amino-N-propylbenzamide 
[4]

Obtained from f and 1-propylamine according to the general pro
cedure D. FC in n-hexane/ethyl acetate 3/7. Rf: 0.40. Yellowish powder 
(66 % yield). 1H NMR (400 MHz, CD3OD): δ: 0.99 (t, 3H, CH3, J = 6.0 
Hz); 1.58 (s, 6H, CH2); 1.64 (dd, 1H, CH2, J’ = 5.8 Hz and J’’ = 11.6 Hz); 
1.71 (d, 3H, CH and CH2, J = 9.3 Hz); 1.78 (d, 3H, CH and CH2, J = 9.6 

Hz); 1.99 (bs, 3H, CH and CH2); 2.90 (s, 2H, CH2); 3.30 (t, 2H, CH2, J =
5.8 Hz); 6.31 (dd, 1H, aryl, J’ = 1.8 Hz and J’’ = 6.8 Hz); 7.38 (d, 1H, 
aryl, J = 6.8 Hz); 7.49 (bs, 1H, aryl). 13C NMR (100 MHz, CD3OD) δ: 
10.4, 22.4, 28.4, 33.8, 36.7, 39.9, 41.0, 51.4, 104.9, 107.4, 109.3, 128.8, 
142.0, 151.7, 156.9, 170.3. HR-MS m/z calcd for C22H32N4O2 [(M +
H)]+: 385.2598; found 385.2582.

4.20. N-(2-([1,1′-biphenyl]-4-yl)ethyl)-4-(3-(adamantan-1-ylmethyl) 
ureido)-2-aminobenzamide [5]

Obtained from f and 2-(4-biphenyl)ethylamine according to the 
general procedure D. FC in n-hexane/ethyl acetate hexane/ethyl acetate 
1/1. Rf: 0.43. Yellowish powder (57 % yield). 1H NMR (400 MHz, 
CD3OD): δ: 1.58 (s, 6H, CH2); 1.70 (d, 3H, CH and CH2, J = 9.2 Hz); 1.78 
(d, 3H, CH and CH2, J = 9.6 Hz); 1.98 (bs, 3H, CH and CH2); 2.96 (t, 2H, 
CH2, J = 6.1 Hz); 3.60 (t, 2H, CH2, J = 6.1 Hz); 6.29 (dd, 1H, aryl, J’ =
1.8 Hz and J’’ = 6.8 Hz); 7.31–7.36 (m, 4H, aryl); 7.44 (t, 2H, aryl, J =
6.4 Hz); 7.51 (bs, 1H, aryl); 7.57 (d, 2H, aryl, J = 6.6 Hz); 7.61 (d, 1H, 
aryl, J = 5.7 Hz). 13C NMR (100 MHz, CD3OD) δ: 28.4, 33.8, 35.0, 36.7, 
39.9, 40.9, 51.3, 104.8, 107.3, 126.4, 126.6, 126.7, 128.4, 128.8, 129.0, 
138.6, 139.1, 140.9, 142.1, 151.8, 156.9, 170.3. HR-MS m/z calcd for 
C33H38N4O2 [(M + H)]+: 523.3068; found 523.3049.

4.21. 4-(3-(adamantan-1-ylmethyl)ureido)-2-amino-N-(4-aminobenzyl) 
benzamide [6]

Obtained from g according to the general procedure A. FC in n- 
hexane/ethyl acetate 1/9. Rf: 0.40. Yellowish powder (55 % yield). 1H 
NMR (400 MHz, CD3OD): δ: 1.55 (s, 6H, CH2); 1.69 (d, 3H, CH and CH2, 
J = 11.7 Hz); 1.78 (d, 3H, CH and CH2, J = 12.1 Hz); 1.99 (bs, 3H, CH 
and CH2); 2.89 (s, 2H, CH2); 4.39 (s, 2H, CH2); 6.63 (dd, 1H, aryl, J’ =
2.1 Hz and J’’ = 6.6 Hz); 6.72 (d, 2H, aryl, J = 8.4 Hz); 6.86 (d, 1H, aryl, 
J = 2.0 Hz); 7.11 (d, 2H, aryl, J = 8.3 Hz); 7.38 (d, 1H, aryl, J = 8.3 Hz). 
13C NMR (100 MHz, CD3OD) δ: 28.8, 33.5, 36.7, 39.8, 42.3, 51.0, 104.9, 
106.8, 110.2, 115.3, 128.1, 128.6, 128.8, 143.5, 146.2, 150.2, 156.7, 
170.0. HR-MS m/z calcd for C26H33N5O2 [(M + H)]+: 448.2707; found 
448.2701.

4.22. Methyl 4-(((4-amino-3-nitrophenyl)amino)methyl)benzoate (h)

Synthesized from 2-nitro-1,4-phenylendiamine and methyl 4-formyl
benzoate following the general procedure E. FC in n-hexane/ethyl ace
tate 8/2, Rf: 0.45. Yellowish powder (75 % yield). 1H NMR (400 MHz, 
CD3OD): δ: 3.91 (s, 3H, CH3); 4.37 (s, 2H, CH2); 6.84 (d, 1H, aryl, J = 9.0 
Hz); 6.99 (dd, 1H, aryl, J’ = 2.7 Hz and J’’ = 6.3 Hz); 7.11 (d, 1H, aryl, J 
= 2.7 Hz); 7.51 (d, 2H, aryl, J = 8.2 Hz); 7.99 (d, 2H, aryl, J = 8.2 Hz). 
HR-MS m/z calcd for C15H15N3O4 [(M + H)]+: 302.1135; found 
302.1166.

4.23. Synthesis of methyl 4-(((4-amino-3-nitrophenyl)((benzyloxy) 
carbonyl)amino)methyl)benzoate (i)

To a solution of intermediate h (0.5 mmol) in dichloromethane, 
DIPEA (1.2 eq) and benzyloxycarbonyl chloride (1.2 eq) were added. 
The reaction mixture was stirred for 2 h at room temperature. Then, the 
organic phase was added with water and extracted with dichloro
methane (3 x 15 mL). The organic layer was separated, dried over 
anhydrous Na2SO4, filtered, and evaporated under vacuum. The crude 
was purified by flash chromatography using n-hexane/ethyl acetate 
(4:1, v:v) as eluent system, furnishing the corresponding protected in
termediate i. Rf: 0.45. Yellowish oil (92 % yield). 1H NMR (400 MHz, 
CDCl3): δ: 3.93 (s, 3H, CH3); 4.90 (s, 2H, CH2); 5.20 (s, 2H, CH2); 6.70 (d, 
1H, aryl, J = 8.8 Hz); 7.28–7.35 (m, 8H, aryl); 7.93 (s, 1H, aryl); 7.97 (d, 
2H, aryl, J = 8.2 Hz). HR-MS m/z calcd for C23H21N3O6 [(M + H)]+: 
436.1503; found 436.1583.
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4.24. Methyl 4-(((4-(3-(((1s,3s)-adamantan-1-yl)methyl)ureido)-3- 
nitrophenyl)((benzyloxy)carbonyl)amino)methyl)benzoate (j)

Obtained from i and 1-adamantanemethylamine according to the 
general procedure C. FC in dichloromethane/ethyl acetate 9.5/0.5, Rf: 
0.45. Yellowish oil (56 % yield). 1H NMR (400 MHz, CDCl3): δ: 1.55 (s, 
6H, CH2); 1.67 (d, 3H, CH and CH2, J = 11.7 Hz); 1.76 (d, 3H, CH and 
CH2, J = 12.1 Hz); 1.96 (bs, 3H, CH and CH2); 2.89 (s, 2H, CH2); 3.88 (s, 
3H, CH3); 4.98 (s, 2H, CH2); 5.19 (s, 2H, CH2); 7.29–7.34 (m, 6H, aryl); 
7.45 (d, 1H, NH, J = 8.2 Hz); 7.92 (d, 2H, aryl, J = 8.2 Hz); 7.97 (bs, 1H, 
NH); 8.31 (d, 2H, aryl, J = 9.2 Hz). HR-MS m/z calcd for C35H38N4O7 
[(M + H)]+: 627.2813; found 627.2845.

4.25. Methyl 4-(((4-(3-(adamantan-1-ylmethyl)ureido)-3-aminophenyl) 
amino)methyl)benzoate [7]

Synthesized from j applying the general procedure A. Whitish pow
der (94 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.48 (s, 6H, CH2); 1.66 
(d, 3H, CH and CH2, J = 11.8 Hz); 1.75 (d, 3H, CH and CH2, J = 12.1 Hz); 
1.95 (bs, 3H, CH and CH2); 2.84 (s, 2H, CH2); 4.38 (s, 2H, CH2); 6.06 (d, 
1H, aryl, J = 11.0 Hz); 6.12 (d, 1H, aryl, J = 2.4 Hz); 6.78 (d, 1H, aryl, J 
= 8.4 Hz); 7.47 (d, 2H, aryl, J = 8.2 Hz). 7.95 (d, 2H, aryl, J = 8.2 Hz). 
13C NMR (100 MHz, CD3OD) δ: 28.4, 36.7, 39.8, 46.9, 51.1, 51.3, 100.0, 
104.0, 126.9, 128.4, 128.6, 129.2, 144.6, 146.4, 148.3, 159.4, 167.1. 
HR-MS m/z calcd for C27H34N4O3 [(M + H)]+: 463.2704; found 
463.2694.

4.26. 4-(((4-(3-(adamantan-1-ylmethyl)ureido)-3-aminophenyl)amino) 
methyl)benzoic acid [8]

Final derivative was obtained from 7 following the general proced
ure C. Precipitated from MeOH/diethyl ether. Whitish powder (92 % 
yield). 1H NMR (400 MHz, CD3OD): δ: 1.55 (s, 6H, CH2); 1.69 (d, 3H, CH 
and CH2, J = 11.7 Hz); 1.78 (d, 3H, CH and CH2, J = 12.1 Hz); 1.98 (bs, 
3H, CH and CH2); 2.89 (s, 2H, CH2); 4.43 (s, 2H, CH2); 6.96 (d, 1H, aryl, 
J = 9.1 Hz); 7.20 (d, 1H, aryl, J = 2.8 Hz); 7.49 (d, 2H, aryl, J = 8.2 Hz); 
7.79 (d, 1H, aryl, J = 9.1 Hz); 7.99 (d, 2H, aryl, J = 8.2 Hz). 13C NMR 
(100 MHz, CD3OD) δ: 28.4, 36.7, 39.9, 46.8, 51.4, 105.9, 119.8, 124.6, 
125.4, 126.8, 129.6, 139.9, 144.3, 144.7, 156.9, 168.7. HR-MS m/z 
calcd for C26H32N4O3 [(M + H)]+: 449.2547; found 449.2603.

4.27. 1-(((1s,3s)-adamantan-1-yl)methyl)-3-(4-aminophenyl)urea (k)

Obtained from 1,4-phenylenediamine and 1-adamantanemethyl
amine following the general procedure B. FC in n-hexane/ethyl ace
tate 3/7, Rf: 0.48. Whitish powder (44 % yield). 1H NMR (400 MHz, 
CD3OD): δ: 1.55 (s, 6H, CH2); 1.70 (d, 3H, CH and CH2, J = 11.8 Hz); 
1.78 (d, 3H, CH and CH2, J = 12.1 Hz); 1.99 (bs, 3H, CH and CH2); 2.89 
(s, 2H, CH2); 6.70 (d, 2H, aryl, J = 8.6 Hz); 7.08 (d, 2H, aryl, J = 8.6 Hz). 
HR-MS m/z calcd for C18H25N3O [(M + H)]+: 300.2070; found 
300.2055.

4.28. Methyl 4-(((4-(3-(adamantan-1-ylmethyl)ureido)phenyl)amino) 
methyl)benzoate [9]

Compound 9 was synthesized from k and methyl 4-(bromomethyl) 
benzoate according to the general procedure F. FC in n-hexane/ethyl 
acetate 1/1, Rf: 0.45. Yellowish powder (54 % yield). 1H NMR (400 
MHz, CD3OD): δ: 1.53 (s, 6H, CH2); 1.68 (d, 3H, CH and CH2, J = 11.7 
Hz); 1.77 (d, 3H, CH and CH2, J = 12.1 Hz); 1.98 (bs, 3H, CH and CH2); 
2.86 (s, 2H, CH2); 3.90 (s, 3H, CH3); 4.39 (s, 2H, CH2); 6.58 (d, 2H, aryl, 
J = 8.8 Hz); 7.04 (d, 2H, aryl, J = 8.8 Hz); 7.48 (d, 2H, aryl, J = 8.2 Hz); 
7.96 (d, 2H, aryl, J = 8.3 Hz). 13C NMR (100 MHz, CD3OD) δ: 28.4, 36.7, 
39.8, 51.1, 51.2, 113.1, 122.5, 127.0, 128.4, 129.0, 129.2, 144.9, 146.3, 
158.2, 167.1. HR-MS m/z calcd for C27H33N3O3 [(M + H)]+: 448.2595; 
found 448.2590.

4.29. 1-(((1s,3s)-adamantan-1-yl)methyl)-3-(4-((4-nitrobenzyl)amino) 
phenyl)urea (l)

Obtained from k and 4-nitrobenzyl chloride following the general 
procedure F. FC in dichloromethane/ethyl acetate 9.5/0.5, Rf: 0.45. 
Whitish oil (46 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.53 (s, 6H, 
CH2); 1.69 (d, 3H, CH and CH2, J = 11.6 Hz); 1.78 (d, 3H, CH and CH2, J 
= 12.1 Hz); 1.98 (bs, 3H, CH and CH2); 2.87 (s, 2H, CH2); 6.57 (d, 2H, 
aryl, J = 8.8 Hz); 7.05 (d, 2H, aryl, J = 8.8 Hz); 7.61 (d, 2H, aryl, J = 8.6 
Hz); 8.19 (d, 2H, aryl, J = 8.7 Hz). HR-MS m/z calcd for C25H30N4O3 
[(M + H)]+: 435.2391; found 435.2380.

4.30. 1-(Adamantan-1-ylmethyl)-3-(4-((4-aminobenzyl)amino)phenyl) 
urea [10]

Final derivative 10 was synthesized from l applying the general 
procedure A. Precipitated from MeOH/diethyl ether. Whitish powder 
(51 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.54 (s, 6H, CH2); 1.69 (d, 
3H, CH and CH2, J = 11.6 Hz); 1.78 (d, 3H, CH and CH2, J = 12.1 Hz); 
1.99 (bs, 3H, CH and CH2); 2.87 (s, 2H, CH2); 4.14 (s, 2H, CH2); 6.63 (d, 
2H, aryl, J = 8.8 Hz); 6.70 (d, 2H, aryl, J = 8.4 Hz); 7.05 (d, 2H, aryl, J =
8.8 Hz); 7.12 (d, 2H, aryl, J = 8.3 Hz). 13C NMR (100 MHz, DMSO) δ: 
28.2, 37.1, 47.4, 51.3, 113.0, 114.2, 120.2, 127.6, 128.6, 130.2, 144.4, 
147.8, 156.3. HR-MS m/z calcd for C25H32N4O [(M + H)]+: 405.2649; 
found 405.2661.

4.31. Synthesis of tert-butyl (2-methoxy-4-nitrophenyl)carbamate m)

2-Methoxy-4-nitroaniline (0.5 mmol) was dissolved in dichloro
methane, and added with DIPEA (1.5 eq) and di-tert-butyl dicarbonate 
(1.5 eq), and the mixture was refluxed overnight. Then, the organic 
phase was added with water and extracted with dichloromethane (3 x 
15 mL). The organic layer was separated, dried over anhydrous Na2SO4, 
filtered, and evaporated under vacuum. The crude was purified by flash 
chromatography using n-hexane/ethyl acetate (4:1: v:v) as mobile 
phase, furnishing the corresponding protected intermediate m. Rf: 0.47. 
Whitish powder (78 % yield). 1H NMR (400 MHz, CDCl3): δ: 1.57 (s, 9H, 
CH3); 4.01 (s, 3H, CH3); 7.37 (bs, 1H, NH); 7.75 (s, 1H, aryl); 7.94 (d, 1H, 
aryl, J = 9.0 Hz); 8.29 (d, 1H, aryl, J = 9.0 Hz). HR-MS m/z calcd for 
C12H16N2O5 [(M + H)]+: 269.1132; found 269.1177.

4.32. Tert-butyl (4-amino-2-methoxyphenyl)carbamate (n)

Obtained from m following the general procedure A. Whitish powder 
(92 % yield). 1H NMR (400 MHz, CDCl3): δ: 1.53 (s, 9H, CH3); 3.68 (bs, 
2H, NH2); 3.83 (s, 3H, CH3); 6.35–6.40 (m, 2H, aryl); 6.79 (bs, 1H, NH); 
7.81 (s, 1H, aryl). HR-MS m/z calcd for C12H18N2O3 [(M + H)]+: 
239.1390; found 239.1399.

4.33. Tert-butyl (4-(3-(((3r,5r,7r)-adamantan-1-yl)methyl)ureido)-2- 
methoxyphenyl)carbamate (o)

Intermediate o was synthesized from n and 1-adamantanemethyl
amine following the general procedure B. FC in dichloromethane/ 
ethyl acetate 9.8/0.2, Rf: 0.46. Yellowish powder (44 % yield). 1H NMR 
(400 MHz, CD3OD): δ: 1.52 (s, 9H, CH3); 1.56 (s, 6H, CH2); 1.70 (d, 3H, 
CH and CH2, J = 9.2 Hz); 1.79 (d, 3H, CH and CH2, J = 11.4 Hz); 1.99 
(bs, 3H, CH and CH2); 2.90 (s, 2H, CH2); 3.86 (s, 3H, CH3); 6.70 (d, 1H, 
aryl, J = 8.6 Hz); 7.30 (d, 1H, aryl, J = 8.4 Hz); 7.63 (d, 1H, aryl, J = 5.3 
Hz); 7.12 (d, 2H, aryl, J = 8.3 Hz). HR-MS m/z calcd for C24H35N3O4 
[(M + H)]+: 430.2700; found 430.2763.

4.34. Tert-butyl (4-(3-cycloheptylureido)-2-methoxyphenyl)carbamate 
(p)

Obtained from n and cycloheptylamine applying the general 
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procedure B. FC in dichloromethane/ethyl acetate 9.8/0.2, Rf: 0.46. 
Yellowish powder (51 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.52 (s, 
9H, CH3); 1.55–1.68 (m, 8H, CH2); 1.92–1.98 (m, 2H, CH2); 3.79–3.83 
(m, 1H, CH); 3.86 (s, 3H, CH3); 6.69 (d, 1H, aryl, J = 6.4 Hz); 7.29 (d, 
1H, aryl, J = 2.2 Hz); 7.61 (d, 1H, aryl, J = 7.4 Hz). HR-MS m/z calcd for 
C20H31N3O4 [(M + H)]+: 378.2387; found 378.2375.

4.35. Methyl 4-(((4-(3-(adamantan-1-ylmethyl)ureido)-2- 
methoxyphenyl)amino)methyl)benzoate [11]

Final derivative 11 was obtained from deprotected o and methyl 4- 
(bromomethyl)benzoate following the general procedure F. FC in 
dichloromethane/ethyl acetate 9.5/0.5, Rf: 0.45. Whitish powder (48 % 
yield). 1H NMR (400 MHz, CD3OD): δ: 1.54 (s, 6H, CH2); 1.69 (d, 3H, CH 
and CH2, J = 11.7 Hz); 1.78 (d, 3H, CH and CH2, J = 12.0 Hz); 1.98 (bs, 
3H, CH and CH2); 2.87 (s, 2H, CH2); 3.88 (s, 3H, CH3); 3.90 (s, 3H, CH3); 
4.43 (s, 2H, CH2); 6.40 (d, 1H, aryl, J = 8.4 Hz); 6.57 (d, 1H, aryl, J =
8.4 Hz); 7.01 (s, 1H, aryl); 7.46 (d, 2H, aryl, J = 8.1 Hz); 7.96 (d, 1H, 
aryl, J = 8.2 Hz). 13C NMR (100 MHz, CD3OD) δ 28.4, 36.7, 39.9, 47.3, 
51.1, 51.2, 54.7, 104.5, 110.4, 113.1, 126.9, 128.5, 129.3, 129.33, 
133.9, 146.3, 147.3, 157.9, 167.1. HR-MS m/z calcd for C28H35N3O4 
[(M + H)]+: 478.2700; found 478.2691.

4.36. Methyl 4-(((4-(3-cycloheptylureido)-2-methoxyphenyl)amino) 
methyl)benzoate (q)

Obtained from deprotected p and methyl 4-(bromomethyl)benzoate 
according to the general procedure F. FC in dichloromethane/ethyl ac
etate 9.5/0.5, Rf: 0.47. Yellowish powder (45 % yield). 1H NMR (400 
MHz, CDCl3): δ: 1.34–1.59 (m, 8H, CH2); 1.89–1.93 (m, 2H, CH2); 
3.47–3.54 (m, 1H, CH); 3.85 (s, 3H, CH3); 3.92 (s, 3H, CH3); 4.84 (d, 1H, 
NH, J = 8.1 Hz); 6.37–6.41 (m, 2H, aryl and NH); 6.57 (d, 1H, aryl, J =
8.3 Hz); 6.88 (s, 1H, aryl); 7.44 (d, 2H, aryl, J = 8.2 Hz); 8.02 (d, 2H, 
aryl, J = 8.2 Hz). HR-MS m/z calcd for C24H31N3O4 [(M + H)]+: 
426.2387; found 426.2343.

4.37. 1-(((3r,5r,7r)-adamantan-1-yl)methyl)-3-(3-methoxy-4-((4- 
nitrobenzyl)amino)phenyl)urea (r)

Obtained from deprotected o and 4-nitrobenzyl chloride following 
the general procedure F. FC in dichloromethane/ethyl acetate 9.8/0.2, 
Rf: 0.44. Whitish powder (50 % yield). 1H NMR (400 MHz, CD3OD): δ: 
1.53 (s, 6H, CH2); 1.67 (d, 3H, CH and CH2, J = 11.7 Hz); 1.77 (d, 3H, CH 
and CH2, J = 12.1 Hz); 1.97 (bs, 3H, CH and CH2); 2.87 (s, 2H, CH2); 
3.89 (s, 3H, CH3); 4.49 (s, 2H, CH2); 6.35 (d, 1H, aryl, J = 8.4 Hz); 6.56 
(d, 1H, aryl, J = 8.4 Hz); 7.02 (s, 1H, aryl); 7.58 (d, 2H, aryl, J = 8.7 Hz); 
8.17 (d, 2H, aryl, J = 8.7 Hz). HR-MS m/z calcd for C26H32N4O4 [(M +
H)]+: 465.2496; found 465.2507.

4.38. 4-(((4-(3-(adamantan-1-ylmethyl)ureido)-2-methoxyphenyl) 
amino)methyl)benzoic acid [12]

Final compound 12 was obtained from 11 following the general 
procedure C. Precipitated from MeOH/diethyl ether. Whitish powder 
(92 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.53 (s, 6H, CH2); 1.68 (d, 
3H, CH and CH2, J = 11.7 Hz); 1.77 (d, 3H, CH and CH2, J = 12.0 Hz); 
1.97 (bs, 3H, CH and CH2); 2.87 (s, 2H, CH2); 3.87 (s, 3H, CH3); 4.41 (s, 
2H, CH2); 6.42 (d, 1H, aryl, J = 8.4 Hz); 6.58 (d, 1H, aryl, J = 10.0 Hz); 
7.01 (s, 1H, aryl); 7.43 (d, 2H, aryl, J = 8.0 Hz); 7.96 (d, 1H, aryl, J = 8.1 
Hz). 13C NMR (100 MHz, CD3OD) δ: 28.4, 36.7, 39.9, 47.3, 51.2, 54.7, 
104.4, 110.5, 113.2, 126.7, 129.4, 129.5, 130.1, 133.9, 145.5, 147.4, 
158.0, 169.2. HR-MS m/z calcd for C27H33N3O4 [(M + H)]+: 464.2544; 
found 464.2536.

4.39. 4-(((4-(3-cycloheptylureido)-2-methoxyphenyl)amino)methyl) 
benzoic acid [13]

Obtained from q applying the general procedure C. Precipitated from 
MeOH/diethyl ether. Whitish powder (95 % yield). 1H NMR (400 MHz, 
CD3OD): δ: 1.46–1.65 (m, 10H, CH2); 1.90–1.95 (m, 2H, CH2); 3.75–3.78 
(m, 1H, CH); 3.88 (s, 3H, CH3); 4.41 (s, 2H, CH32); 6.42 (d, 1H, aryl, J =
8.4 Hz); 6.56 (d, 1H, aryl, J = 8.7 Hz); 7.01 (s, 1H, aryl); 7.43 (d, 2H, 
aryl, J = 8.1 Hz); 7.95 (d, 2H, aryl, J = 8.2 Hz). 13C NMR (100 MHz, 
CD3OD) δ: 23.7, 27.8, 35.1, 47.3, 50.6, 54.7, 104.3, 110.5, 113.0, 126.6, 
129.3, 129.4, 131.0, 133.9, 145.1, 147.3, 156.8, 169.9. HR-MS m/z 
calcd for C23H29N3O4 [(M + H)]+: 412.2231; found 412.2221.

4.40. 1-(Adamantan-1-ylmethyl)-3-(4-((4-aminobenzyl)amino)-3- 
methoxyphenyl)urea [14]

Final derivative 14 was synthesized from r following the general 
procedure A. Precipitated from MeOH/diethyl ether. Whitish powder 
(92 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.55 (s, 6H, CH2); 1.70 (d, 
3H, CH and CH2, J = 11.8 Hz); 1.78 (d, 3H, CH and CH2, J = 12.1 Hz); 
1.99 (bs, 3H, CH and CH2); 2.88 (s, 2H, CH2); 3.85 (s, 3H, CH3); 4.16 (s, 
2H, CH2); 6.56 (d, 1H, aryl, J = 8.4 Hz); 6.61–6.64 (m, 1H, aryl); 6.70 (d, 
2H, aryl, J = 8.3 Hz); 7.00 (d, 2H, aryl, J = 2.0 Hz); 7.11 (d, 2H, aryl, J =
8.2 Hz). 13C NMR (100 MHz, CD3OD) δ: 28.4, 36.7, 39.9, 51.2, 54.6, 
104.3, 111.0, 113.1, 115.4, 128.1, 129.3, 129.4, 134.3, 146.2, 147.5, 
158.0. HR-MS m/z calcd for C26H34N4O2 [(M + H)]+: 435.2755; found 
435.2766.

4.41. Methyl 4-(4-nitrophenoxy)benzoate (s)

Intermediate s was obtained from 4-nitrophenol and methyl 4- 
(bromomethyl)benzoate following the general procedure F. FC in hex
ane/ethyl acetate 9/1, Rf: 0.47. Yellowish powder (71 % yield). 1H NMR 
(400 MHz, CDCl3): δ: 3.94 (s, 3H, CH3); 5.12 (s, 2H, CH2); 7.02 (d, 2H, 
aryl, J = 8.4 Hz); 7.33 (d, 2H, aryl, J = 8.4 Hz); 7.84 (d, 2H, aryl, J = 8.3 
Hz); 8.16 (d, 2H, aryl, J = 8.3 Hz). HR-MS m/z calcd for C14H11NO5.

4.42. Methyl 4-(4-aminophenoxy)benzoate (t)

Obtained from s applying the general procedure A. Yellowish powder 
(98 % yield). 1H NMR (400 MHz, CD3OD): δ: 3.90 (s, 3H, CH3); 5.03 (s, 
2H, CH2); 6.71 (d, 2H, aryl, J = 8.8 Hz); 7.13 (d, 2H, aryl, J = 8.8 Hz). 
7.21 (d, 2H, aryl, J = 8.4 Hz); 7.33 (d, 2H, aryl, J = 8.3 Hz); HR-MS m/z 
calcd for C14H13NO3 [(M + H)]+: 244.0968; 244.0992.

4.43. Methyl 4-(4-(3-(((3r,5r,7r)-adamantan-1-yl)methyl)ureido) 
phenoxy)benzoate (u)

Synthesized from t and 1-adamantanemethylamine following the 
general procedure B. FC in n-hexane/ethyl acetate 1/1, Rf: 0.45. 
Yellowish powder (46 % yield). 1H NMR (400 MHz, CDCl3): δ: 1.47 (s, 
6H, CH2); 1.64 (d, 3H, CH and CH2, J = 11.8 Hz); 1.73 (d, 3H, CH and 
CH2, J = 12.1 Hz); 1.98 (bs, 3H, CH and CH2); 2.95 (s, 2H, CH2); 3.95 (s, 
3H, CH3); 4.71 (bs, 1H, NH); 5.13 (s, 2H, CH2); 6.21 (bs, 1H, NH); 6.96 
(d, 2H, aryl, J = 8.4 Hz); 7.23 (d, 2H, aryl, J = 8.4 Hz); 7.51 (d, 2H, aryl, 
J = 8.3 Hz); 8.07 (d, 2H, aryl, J = 8.2 Hz). HR-MS m/z calcd for 
C26H30N2O4 [(M + H)]+: 435.2278; found 435.2233.

4.44. 4-((4-(3-(adamantan-1-ylmethyl)ureido)phenoxy)methyl)benzoic 
acid [15]

Final derivative 15 was obtained from u following the general pro
cedure C. Precipitated from MeOH/diethyl ether. Whitish powder (92 % 
yield). 1H NMR (400 MHz, DMSO): δ: 1.44 (s, 6H, CH2); 1.59 (d, 3H, CH 
and CH2, J = 11.8 Hz); 1.67 (d, 3H, CH and CH2, J = 12.1 Hz); 1.94 (bs, 
3H, CH and CH2); 2.78 (d, 2H, CH2, J = 6.0 Hz); 6.05 (t, 1H, NH); 6.90 
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(d, 2H, aryl, J = 9.0 Hz); 7.29 (d, 2H, aryl, J = 9.0 Hz); 7.54 (d, 2H, aryl, 
J = 8.2 Hz); 7.95 (d, 2H, aryl, J = 8.2 Hz); 8.24 (s, 1H, NH). 13C NMR 
(100 MHz, CD3OD) δ: 28.2, 37.1, 51.2, 69.3, 115.5, 119.4, 127.3, 129.9, 
130.7, 134.7, 142.9, 153.0, 156.1, 167.7. HR-MS m/z calcd for 
C26H30N2O4 [(M + Na)]+: 457.2103; found 457.2076.

4.45. 1-(((1s,3s)-adamantan-1-yl)methyl)-3-(4-aminobenzyl)urea (v)

Obtained from 4-aminobenzylamine and 1-adamantanemethylamine 
following the general procedure B. FC in n-hexane/ethyl acetate 1/1, Rf: 
0.47. Yellowish powder (45 % yield). 1H NMR (400 MHz, CD3OD): δ: 
1.51 (s, 6H, CH2); 1.68 (d, 3H, CH and CH2, J = 11.8 Hz); 1.76 (d, 3H, CH 
and CH2, J = 12.0 Hz); 1.97 (bs, 3H, CH and CH2); 2.84 (s, 2H, CH2); 
4.18 (s, 2H, CH2); 6.70 (d, 2H, aryl, J = 8.4 Hz); 7.06 (d, 2H, aryl, J =
8.3 Hz). HR-MS m/z calcd for C19H27N3O [(M + Na)]+: 314.2227; found 
314.2258.

4.46. Methyl 4-(((4-((3-(((1s,3s)-adamantan-1-yl)methyl)ureido) 
methyl)phenyl)amino)methyl)benzoate (w)

Synthesized from v and methyl 4-formyl benzoate following the 
general procedure E. FC in dichloromethane/ethyl acetate 9/1, Rf: 0.45. 
Yellowish powder (57 % yield). 1H NMR (400 MHz, CD3OD): δ: 1.48 (s, 
6H, CH2); 1.68 (d, 3H, CH and CH2, J = 11.9 Hz); 1.75 (d, 3H, CH and 
CH2, J = 12.1 Hz); 1.94 (bs, 3H, CH and CH2); 2.82 (s, 2H, CH2); 3.90 (s, 
2H, CH3); 4.15 (s, 2H, CH2); 4.40 (s, 2H, CH2); 6.57 (d, 2H, aryl, J = 8.4 
Hz); 7.03 (d, 2H, aryl, J = 8.4 Hz); 7.47 (d, 2H, aryl, J = 8.2 Hz); 7.96 (d, 
2H, aryl, J = 8.2 Hz). HR-MS m/z calcd for C28H35N3O3 [(M + Na)]+: 
462.2751; found 462.2788.

4.47. 4-(((4-((3-(adamantan-1-ylmethyl)ureido)methyl)phenyl)amino) 
methyl)benzoic acid [16]

Final derivative 16 was obtained from w applying the general pro
cedure C. Precipitated from MeOH/diethyl ether. Whitish powder (92 % 
yield). 1H NMR (400 MHz, CD3OD): δ: 1.48 (s, 6H, CH2); 1.65 (d, 3H, CH 
and CH2, J = 11.9 Hz); 1.75 (d, 3H, CH and CH2, J = 11.8 Hz); 1.95 (bs, 
3H, CH and CH2); 2.82 (s, 2H, CH2); 4.15 (s, 2H, CH2); 4.40 (s, 2H, CH2); 
6.59 (d, 2H, aryl, J = 7.1 Hz); 7.04 (d, 2H, aryl, J = 8.4 Hz); 7.45 (d, 2H, 
aryl, J = 8.0 Hz); 7.96 (d, 2H, aryl, J = 8.1 Hz). 13C NMR (100 MHz, 
CD3OD) δ: 28.4, 36.7, 39.8, 43.2, 47.1, 51.4, 112.7, 126.7, 127.9, 
127.95, 129.4, 145.7, 147.6, 160.1, 169.1. HR-MS m/z calcd for 
C27H33N3O3 [(M + H)]+: 448.2595; found 448.2590.

4.48. Computational details

The structures of small molecules were constructed by Build Panel of 
Maestro (v. 11) and refined through: OPLS3 force field [42,43], the 
Polak–Ribier conjugate gradient algorithm (PRCG, 9 × 107 steps, 
maximum derivative less than 0.001 kcal/mol), in H2O with GB/SA 
(generalized Born/surface area) solvent treatment [44]. The so obtained 
structures were processed by LigPrep [45]: checking possible tautomers 
and protonation state at pH of 7.0 ± 1.0. The experimental structures of 
sEH (PDB ID: 3I28) [37], FLAP (PDB ID: 6VGC) [34] and 5-LOX (PDB ID: 
3O8Y) [46] were prepared for docking calculation by Protein Prepara
tion Wizard [47,48]: deletion of water molecules, buffer ions and ligand; 
bond order assignment and all hydrogens addition; check of missing side 
chains, loops and residue alternate positions; assignment of the side 
chain protonation state considering the pKa at physiological pH.

The molecular docking predictions of the compounds against sEH 
and FLAP were carried out by Glide software [49,50]. The molecular 
docking parameters used for sEH were previously described [21]. The 
receptor grid for FLAP was generated using inner and outer boxes 
respectively of 10 Å and 15 Å placed at the following x, y, and z co
ordinates: 9.32, − 11.40, − 15.45. The theoretical methodology was 
validated by docking the co-crystallized ligand DG-031 with FLAP and 

then the docked and experimental conformations were superimposed, 
obtaining an RMSD = 0.875 Å [51–53]. Specifically, one pose per ligand 
was obtained by Standard Precision (SP) with default parameters. The 
SP prediction docked poses were used as input conformations for three 
rounds of Extra Precision (XP) mode calculations with default parame
ters but adding: ring conformation sampling also of the input geometry 
and filtering only amide bond trans conformation. The enhanced sam
pling mode was utilized, filtering 10,000 poses/ligand for the initial 
docking step, 1000 poses/ligand for energy minimization and 1600 
maximum output structures/ligand. Post-docking optimization was 
performed on docked conformations, sorting 100 maximum number of 
poses. Epik state penalty, aromatic bonds and intramolecular H-bond 
reward, were accounted as energy contributions. The extended protocol 
of the Induced Fit Docking [48,54,55], with XP precision mode and 
defaults parameters, was employed for screening the small molecules vs. 
5-LOX, producing 80 ligand–protein poses. Two rounds of calculations 
were performed using the top-ranked conformation of each ligand from 
the first round as input geometry for the second run. The grid with a 10 Å 
inner box was centred on Fe2+ while the outer box was automatically 
yielded. Maestro (version 11) was employed for docking outcome 
analysis and figure preparation.

4.49. In vitro pharmacological characterization

4.49.1. Cell-free 5-LOX activity assay
Human recombinant 5-LOX was expressed in E. coli Bl21 (DE3) cells, 

transformed with the plasmid pT3–5LO and 5-LOX was isolated using an 
ATP-agarose column by affinity chromatography [56]. E. coli were lysed 
in 50 mM triethanolamine/HCl pH 8.0 with EDTA (5 mM), soybean 
trypsin inhibitor (60 μg/mL), phenylmethanesulfonyl fluoride (1 mM), 
dithiothreitol (1 mM), and lysozyme (1 mg/mL) and sonified 3 times for 
15 s. The homogenate was centrifuged at 40,000×g for 20 min at 4 ◦C 
and the supernatant was transferred to an ATP-agarose column (Sig
ma-Aldrich, Deisenhofen, Germany), which was sequentially washed 
with PBS pH 7.4, 1 mM EDTA, 50 mM phosphate buffer pH 7.4, 0.5 M 
NaCl, 1 mM EDTA, and finally 50 mM phosphate buffer pH 7.4 plus 1 
mM EDTA. The enzyme was eluted with 50 mM phosphate buffer pH 7.4, 
1 mM EDTA, and 20 mM ATP.

Isolated 5-LOX (0.5 μg in PBS pH 7.4 containing 1 mM EDTA) was 
pre-incubated with vehicle (DMSO) or test compounds for 15 min on ice. 
5-LOX product formation was started by addition of 20 μM arachidonic 
acid (Sigma-Aldrich) and CaCl2 (2 mM) and stopped by addition of an 
equal volume of ice-cold methanol containing PGB1 (200 ng) as internal 
standard after 10 min at 37 ◦C. Major 5-LOX products (all-trans isomers 
of LTB4 and 5-HETE) were extracted on Sep-Pak C18 35 cc Vac Car
tridges (Waters, Milford, MA), separated by RP-HPLC on a Nova-Pak C18 
Radial-Pak Column (4 μm, 5 × 100 mm, Waters) under isocratic con
ditions (73 % methanol/27 % water/0.007 % trifluoroacetic acid) at a 
flow rate of 1.2 mL/min and detected at 235 and 280 nm [56].

4.49.2. Activity assays of isolated COX-1 and COX-2
Purified ovine COX-1 (Cayman Chemicals; 50 units) or human re

combinant COX-2 (Cayman Chemicals; 20 units) were diluted in 100 
mM Tris buffer pH 8, containing 5 mM glutathione, 5 μM hemoglobin, 
and 100 μM EDTA. Samples were pre-incubated with test compounds or 
vehicle (0.1 % DMSO) for 5 min at 4 ◦C, followed by 1 min at 37 ◦C. 
Then, AA (5 μM for COX-1 and 2 μM for COX-2) was added, and in
cubations were continued for another 10 min at 37 ◦C. Formation of 
COX-derived 12-hydroxyheptadecatrienoic acid (12-HHT) from AA was 
analyzed by RP-HPLC as described previously [57].

4.49.3. Preparation of mPGES-1 in microsomes of A549 cells and 
determination of PGE2 formation

Preparation of A549 cells and determination of mPGES-1 activity 
under cell-free assay conditions was performed as described previously 
[58]. In brief, cells were treated with 1 ng mL− 1 interleukin-1β for 48 h 
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at 37 ◦C and 5 % CO2, followed by sonification. The homogenate was 
subjected to differential centrifugation at 10,000 g for 10 min and 174, 
000 g for 1 h at 4 ◦C. The pellet (microsomal fraction) was resuspended 
in 1 mL of homogenization buffer (0.1 M potassium phosphate buffer, 
pH 7.4, 1 mM phenylmethanesulfonyl fluoride, 60 μg/mL soybean 
trypsin inhibitor, 1 μg/mL leupeptin, 2.5 mM glutathione, and 250 mM 
saccharose), and the total protein concentration was determined using 
Bradford protein assay. Microsomal membranes were diluted in potas
sium phosphate buffer (0.1 M, pH 7.4) containing 2.5 mM glutathione. 
Test compounds or vehicle were added, and after 15 min at 4 ◦C, the 
reaction (100 μL total volume) was initiated by addition of 20 μM PGH2 
(final concentration). After 1 min at 4 ◦C, the reaction was terminated 
using stop solution (100 μL; 40 mM FeCl2, 80 mM citric acid, and 10 μM 
11β-PGE2 as internal standard). Then, PGH2 was added and all samples 
were incubated for 1 min at 4 ◦C. Formed PGE2 was separated by 
solid-phase extraction and analyzed by RP-HPLC [58].

4.49.4. Analysis of cell-free sEH activity
Human recombinant sEH was expressed in Sf9 insect cells and iso

lated by affinity chromatography. In brief, Sf9 cells were infected with a 
recombinant baculovirus and lysed after 72 h in 50 mM NaHPO4 pH 8, 
300 mM NaCl, 10 % glycerol, 1 mM EDTA, 1 mM phenyl
methanesulfonyl fluoride, 10 μg/mL leupeptin, and 60 μg/mL STI by 
sonication (3 × 10 s, 4 ◦C). Sequential centrifugation at 20,000g (10 
min, 4 ◦C) and 100,000g (60 min, 4 ◦C) yielded a supernatant, which 
was then subjected to benzylthio-sepharose affinity chromatography. 
Elution with 4-fluorochalcone oxide in PBS pH 7.4 with 1 mM dithio
threitol and 1 mM EDTA yielded sEH, which was dialyzed and concen
trated. Isolated sEH (60 ng) in 25 mM Tris HCl pH 7 with 0.1 mg/mL 
bovine serum albumin (BSA) was preincubated with the vehicle (DMSO) 
or test compounds for 1 min at room temperature. The sEH substrate 
PHOME (20 μM, Cayman Chemicals) was added to start the enzymatic 
reaction, which was stopped after 60 min in the darkness by addition of 
ZnSO4 (200 mM). The formation of the fluorescent product 6-methoxy
naphtaldehyde was measured using a NOVOstar fluorescence micro
plate reader (BMG Labtech, Ortenberg, Germany), with excitation at 330 
and emission at 465 nm.

4.49.5. Human cells
Monocytes and neutrophils were isolated from leukocyte concen

trates obtained from freshly withdrawn peripheral blood of healthy 
adult male and female donors, provided by the Institute of Transfusion 
Medicine, University Hospital Jena, Germany. The experimental proto
col was approved by the ethical committee of the University Hospital 
Jena (approval no. 5050–01/17). All methods were performed in 
accordance with the relevant guidelines and regulations. This protocol is 
described in detail in Günther et al. [59] In brief, leukocyte concentrates 
were mixed with dextran (derived from Leuconostoc spp. MW ~40,000, 
Sigma Aldrich) for sedimentation of erythrocytes. The supernatant was 
centrifuged on lymphocyte separation medium (Histopaque®-1077, 
Sigma Aldrich). Contaminating erythrocytes in the pelleted neutrophil 
fraction were removed by hypotonic lysis using distilled water. Neu
trophils were then washed twice in ice-cold PBS pH 7.4 and finally 
resuspended in PBS pH 7.4 plus 1 mg/mL glucose (PG buffer). The pe
ripheral blood mononuclear cell (PBMC) fraction was seeded in RPMI 
1640 (Sigma-Aldrich) containing 10 % (v/v) heat-inactivated fetal calf 
serum (FCS), 100 U/mL penicillin, and 100 μg/mL streptomycin in cell 
culture flasks (Greiner Bio-one, Frickenhausen, Germany) and incubated 
for 1.5 h at 37 ◦C and 5 % CO2 for adherence of monocytes. For differ
entiation of monocytes to macrophages and subsequent polarization 
towards M1-and M2-MDM, we used published criteria and procedures 
[59,60]. Thus, M1-MDM were generated by incubating monocytes with 
20 ng/mL GM-CSF (Peprotech, Hamburg, Germany) for 6 days in RPMI 
1640 supplemented with 10 % FCS, 2 mmol/L L-glutamine (Bio
chrom/Merck, Berlin, Germany), 100 U/mL penicillin, and 100 μg/mL 
streptomycin, followed by treatment with 100 ng mL− 1 

lipopolysaccharide and 20 ng mL− 1 interferon-γ (Peprotech) for another 
24 h. M2-MDM were obtained by incubating monocytes with 20 ng/mL 
M-CSF (Peprotech) for 6 days and subsequent polarization by treatment 
with 20 ng mL− 1 interleukin (IL)-4 (Peprotech) for 48 h.

4.49.6. 5-LOX product formation in human neutrophils
Freshly isolated neutrophils (5 × 106) suspended in PBS pH 7.4 with 

1 mg/mL glucose were preincubated with the test compounds for 15 min 
on ice. 5-LOX product formation in neutrophils was evoked by addition 
of Ca2+-ionophore A23187 (2.5 μM, Sigma-Aldrich) with or without 20 
μM AA (as indicated) followed by incubation for 10 min at 37 ◦C. The 
reaction was stopped with an equal volume of methanol containing 
PGB1 (200 ng) as internal standard. Major 5-LOX products (all-trans 
isomers of LTB and 5-HETE, and additionally LTB4) were extracted and 
analyzed by RP-HPLC as described for the determination of cell-free 5- 
LOX activity.

4.49.7. Analysis of lipid mediator profiles of macrophages by UPLC-MS/ 
MS

Polarized M1-and M2-MDM (at the indicated numbers) were incu
bated in PBS plus 1 mM CaCl2. To determine the potential of compound 
6 to initiate the LM class switch, M1-/M2-MDM were first treated with 
indicated concentrations of compound 6 for 30 min and then stimulated 
with SACM (1 %) at 37 ◦C for 90 min. SACM was produced as previously 
described [39]. After the indicated incubation periods, the supernatants 
(1 mL) were transferred to 2 mL of ice-cold methanol containing 
deuterium-labeled internal standards (200 nM d8-5S-HETE, d4-LTB4, 
d5-LTC4, d5-LTD4, d5-LTE4, d5-LXA4, d5-RvD2 and d4-PGE2 Cayman 
Chemical/Biomol GmbH, Hamburg, Germany) to facilitate quantifica
tion and sample recovery. Solid phase extraction (SPE) and sample 
preparation for UPLC-MS/MS analysis was conducted by adapting 
published criteria [61]. Briefly, samples were kept at − 20 ◦C for 60 min 
to allow protein precipitation. After centrifugation (1200×g, 4 ◦C, 10 
min), 9 mL acidified H2O was added to the supernatants (pH = 3.5) and 
samples were subjected to SPE. Solid phase cartridges (Sep-Pak® Vac 6 
cc 500 mg/6 mL C18; Waters, Milford, MA) were equilibrated with 6 mL 
methanol and 2 mL H2O. Then, samples were loaded onto columns and 
washed with 6 mL H2O and additional 6 mL n-hexane. 
Non-cysteinylated-LM were eluted with 6 mL methyl formate in glass 
vials, and then cysteinylated-LM (LTC4, LTD4 and LTE4) were eluted 
with 6 mL methanol into separate glass vials. The eluates were brought 
to dryness using an evaporation system (TurboVap LV, Biotage, Uppsala, 
Sweden), and LM were resuspended in 100 μL methanol/water (50:50, 
v/v) for UPLC-MS/MS analysis. LM profile was analyzed with a with a 
Nexera X2 UHPLC system (Shimadzu Corporation, Kyoto, Japan) 
coupled with a QTrap 7500 mass spectrometer, controlled by SCIEX-OS 
(SCIEX, Framingham, MA, USA). LM were separated using an ACQUITY 
UPLC® BEH C18 column (1.7 μm, 2.1 × 100 mm; Waters, Eschborn, 
Germany) at 50 ◦C with a flow rate of 0.3 mL/min and a mobile phase 
consisting of methanol/water/formic acid of 42.0/57.9/0.1 (v/v/v) that 
was ramped to 80.7/19.2/0.1 (v/v/v) over 11 min and then to 
97.9/2/0.1 (v/v/v) for 5 min. QTrap 7500 mass spectrometer was 
operated in the negative ionization mode (for non-cysteinylated LMs) 
and in the positive mode (for cysteinylated LMs) using scheduled mul
tiple reaction monitoring coupled with information-dependent acquisi
tion (Table S1). The scheduled multiple reaction monitoring window 
was 60 s, optimized MS/MS parameters in the negative (Table S2) and 
positive ionization mode (Table S3) were used as given in the tables 
below. The retention time and diagnostic ions for each oxylipin were 
confirmed using an external commercially available standard (Cayman 
Chemical, Ann Arbor, MI, US). Quantification was achieved by linear 
calibration curves for each lipid mediator. Only peaks with a minimum 
signal-to-noise ratio of 10 were quantified.

4.49.8. Zymosan-induced peritonitis
CD-1 mice (33–39 g, 8 weeks old; Charles River Laboratories, Calco, 

T. Ciaglia et al.                                                                                                                                                                                                                                  European Journal of Medicinal Chemistry 302 (2026) 118338 

16 



Italy) were housed under standard conditions with free access to stan
dard rodent chow and water. Animals were acclimatized for 4 days 
under a 12 h light/12 h dark cycle in a temperature-controlled envi
ronment (21 ± 2 ◦C). Mice were randomly assigned to experimental 
groups, and all procedures were conducted during the light phase. All 
animal experiments were performed in accordance with Italian (D.L. 26/ 
2014) and European (Directive 2010/63/EU) legislation on the protec
tion of animals used for scientific purposes and were approved by the 
Italian Ministry of Health. Mice were pre-treated intraperitoneally with 
compound 6 (10 mg/kg) or vehicle (0.5 mL, DMSO 2 % in PBS Tween 20 
3 % and PEG 400 3 %; ZYM group) 30 min prior to intraperitoneal in
jection of zymosan (2 mg/mL in saline, 0.5 mL; Sigma-Aldrich). Mice 
were sacrificed by CO2 inhalation 4 h after zymosan administration for 
subsequent analysis of LM by LC-MS/MS.

4.50. LM analysis in vivo samples

4.50.1. Extraction of LMs from exudate samples
The extraction of LMs from exudates was performed as follows: 500 

μL of exudate from each sample were spiked with a mix of deuterated 
standards and subsequently diluted with 500 μL of phosphate-buffered 
saline (PBS), details for both authentic and deuterium labeled stan
dards are reported in Table S4. Samples were then loaded on solid-phase 
extraction cartridges, Strata-X Polymeric reversed-phase SPE columns 
(100 mg/3 mL) (Phenomenex, Bologna, Italy). Cartridges were condi
tioned with 3 mL of MeOH and equilibrated with 3 mL of ddH2O. 
Following loading, columns were washed with 1 mL of 10 % MeOH v/v, 
and LMs were finally eluted with 1.5 mL of MeOH. Eluted samples were 
dried with a SpeedVac (Savant, Thermo Scientific, Milan, Italy) and 
dissolved prior to UHPLC-MS/MS analyses in 50 μL of methanol LC-MS 
Grade.

4.50.2. UPLC-MS/MS analysis of LMs profile in vivo
UPLC-MS/MS analyses were acquired using an ACQUITY UPLC I- 

Class PLUS (Waters, Milford, MA, USA), coupled online to a triple 
quadrupole MS Xevo TQ-XS (Waters, Milford, MA, USA) equipped with 
an electrospray ionization (ESI) source operating in ESI negative mode. 
The separation was performed on a Kinetex® EVO C18 150 mm × 2.1 
mm, 2.6 μm (100 Å) (Phenomenex, Bologna, Italy). The flow rate was set 
to 0.4 mL/min, and the column oven was set at 40 ◦C. The mobile phases 
were (A) H2O/ACN (70:30) acidified with 0.02 % CH3COOH v/v and (B) 
ACN/IPA (50:50). The following gradient was used: 0 min, 0 % B, 0–12 
min 60 % B, 12.10 min, 60–99 % B, 12.10–13.05 isocratic to 99 % B; 
returning to 0 % B in 0.1. The injection volume was 5 μL. MS source 
parameters: capillary voltage 3.5 kV, desolvation gas flow and temper
ature were set to 1200 (L h− 1) and 500 ◦C respectively, source tem
perature 150 ◦C, sample cone gas flow 150 L/h and collision gas (argon) 
to 0.18 mL/min. Each analyte was optimized by direct infusion, using 
standard solution at 0.2 μg/mL. MRM details, such as cone voltages, 
dwell time, collision energies, parents and daughter ions are reported in 
Table S4. For the quantitative analysis LMs were used as external stan
dards. Stock solutions (1 mg mL − 1) were prepared in MeOH, and the 
calibration curves were obtained in a concentration range of 0.1–200 ng 
mL − 1 using five concentration levels with triplicate injections for each 
level. Linear regression was used to generate the calibration curves with 
R2 values ≥ 0.999. Extracted ion chromatograms (XIC) area of the 
standard were plotted against corresponding concentrations (ng mL− 1). 
The samples analyses were performed randomly on three technical 
replicates and the quantification of analytes was evaluated in terms of an 
average, showed as pM ± Standard Error of the Mean (S.E.M). Limits of 
detection (LOD) and quantification (LOQ) were calculated by using the 
standard deviation (SD) and the slope of the calibration curve, multi
plied by 3.3 and 10, repeatability was assessed by evaluation of peak 
area and rt of QC samples and reported as CV% values, all results are 
reported in Table S5.

4.51. In vivo determination of plasma concentration of compound 6 in 
mice

4.51.1. Sample preparation
For the extraction of compound 6 from mouse plasma, a protein 

precipitation method was employed. Briefly, frozen plasma samples 
were thawed at room temperature. Then, 200 μL of ice-cold acetonitrile 
containing IS were added to 100 μL of plasma. The mixture was vortexed 
for 5 min and subsequently centrifuged at 14,000 rpm for 10 min at 4 ◦C. 
The resulting supernatants were collected and analyzed by LC-MS/MS.

4.51.2. UHPLC-MS/MS conditions for compound 6 quantitation
Analyses were performed using a Nexera X3 UHPLC system (Shi

madzu, Kyoto, Japan) consisting of a SCL-40 system controller, two LC- 
40D X3 pumps, a CTO-40C column oven and, a SIL-40C X3 autosampler. 
The chromatographic platform was coupled online to a SCIEX Triple 
Quad™ 7500 LC-MS/MS system equipped with an OptiFlow™ ioniza
tion source (SCIEX, Framingham, Massachusetts, USA).

The chromatographic separation was performed on a Kinetex® 2.6 
μm EVO C18 100 Å, LC Column 50 × 2.1 mm (Phenomenex, Bologna, 
Italy). The column temperature and the flow rate were set at 40 ◦C and 
0.4 mL/min, respectively. The mobile phases were: H2O (A) and ACN (B) 
both acidified with 0.1 % HCOOH (v/v) with the following gradient: 
0.00–5.00 min, 5–95 % B; 5.01–6.00 min, isocratic to 95 % B; 6.01–6.50 
min, 95-5 % B; then 1 min and half for column re-equilibration.

MS data were acquired in positive ionization mode with a curtain gas 
flow rate of 40 psi, gas 1 flow rate of 60 psi, gas 2 flow rate of 55 psi, an 
interface voltage of 4800 V, and an interface temperature of 400 ◦C. 
Multiple Reaction Monitoring (MRM) parameters are reported in 
Table S3.

4.51.3. Preparation of stock, working, calibration and quality control 
standard solutions

Stock solutions of compound 6 and the internal standard (IS) were 
prepared in DMSO at a concentration of 1 μg/mL. Working standard 
solutions were prepared by diluting the compound 6 stock solution with 
acetonitrile.

Calibration standards were prepared by diluting the corresponding 
standard working solutions with blank mouse plasma to obtain final 
concentrations of 1.00, 2.50, 5.00, 10.0, 25.0, 50.0 and, 100.0 ng mL− 1. 
An equal amount of IS was added for each level to achieve a final con
centration of 4 ng mL− 1.

Quality control (QC) samples with concentrations of 1.00 ng mL− 1 

(lower limit of quantification, LLOQ), 5.00 ng mL− 1 (LQC, low-quality 
control), 50.0 ng mL− 1 (MQC, medium-quality control) and 100.0 ng 
mL− 1 (HQC, high-quality control) were prepared in a similar manner. 
The LLOQ was determined based on a signal-to-noise (S/N) ratio of at 
least 10.

The calibration curve was constructed by plotting the ratio of the 
peak areas of 6/IS (y) against the nominal concentration of 6 (x) in the 
form of y = ax + b, and the least squares method was used for the linear 
regression analysis with R2 values ≥ 0.999.

4.51.4. Precision and accuracy
Method precision was expressed as the relative standard deviation 

(RSD) of replicate measurements, while accuracy was evaluated as the 
ratio between the calculated and theoretical concentrations. Intra-day 
accuracy and precision of the UHPLC-MS/MS method were assessed 
by analyzing QC samples (5.00 ng mL− 1, 50.0 ng mL− 1, and 100.0 ng 
mL− 1) and LLOQ samples (1.00 ng mL− 1), using three replicates per 
concentration on the same day. Inter-day accuracy and precision were 
evaluated by analyzing QC samples over three consecutive days.

According to the FDA guidelines [U.S. Food and Drug Administra
tion, Bioanalytical Method Validation. Guidance for Industry, 2018], the 
criterion for precision and accuracy was that the RSD should be ≤ 15 % 
for each concentration except the LLOQ (≤20 %).
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The intraday accuracy for 6 ranged from 99.17 to 105.23 %, and the 
inter-day accuracy ranged from 99.65 to 106.33 %. The intra- and inter- 
day precisions were 1.39–3.76 % and 0.87–2.59 %, respectively. The 
results showed that this method was accurate, reliable and reproducible 
(Table S4).

4.51.5. Statistical analysis
The results are expressed as mean ± S.E.M of the mean of n obser

vations, where n represents the number of animals or number of ex
periments performed at different days. Statistical evaluation was 
performed by one–way ANOVA using GraphPad Prism 10 (Graphpad 
Software Inc., San Diego, CA) followed by Tukey’s or Dunnett’s post hoc 
tests for multiple comparisons, respectively. Post hoc tests were run only 
when F achieved P < 0.05 and there was no significant variance in the 
homogeneity. A P value < 0.05 was used to define statistically signifi
cant differences between mean values.
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the European Union/Europäischer Fonds für regionale Entwicklung 
(2023 FGI 0012) for financial support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ejmech.2025.118338.

Data availability

Data will be made available on request.

References

[1] C.N. Serhan, N.A. Petasis, Resolvins and protectins in inflammation resolution, 
Chem Rev 111 (10) (2011) 5922–5943, https://doi.org/10.1021/cr100396c.

[2] B. Wang, L. Wu, J. Chen, L. Dong, C. Chen, Z. Wen, J. Hu, I. Fleming, D.W. Wang, 
Metabolism pathways of arachidonic acids: mechanisms and potential therapeutic 
targets, Signal Transduct Target Ther 6 (1) (2021), https://doi.org/10.1038/ 
s41392-020-00443-w.
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