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A B S T R A C T

The multiple inhibition of biological targets involved in pro-inflammatory eicosanoid biosynthesis represents an
innovative strategy for treating inflammatory disorders in light of higher efficacy and safety. Herein, following a
multidisciplinary protocol involving virtual combinatorial screening, chemical synthesis, and in vitro and in vivo
validation of the biological activities, we report the identification of 1,2,4-oxadiazole-based eicosanoid biosyn-
thesis multi-target inhibitors. The multidisciplinary scientific approach led to the identification of three 1,2,4-
oxadiazoles hits (compounds 1, 2 and 5), all endowed with IC50 values in the low micromolar range, acting as 5-
lipoxygenase-activating protein (FLAP) antagonists (compounds 1 and 2), and as a multi-target inhibitor (com-
pound 5) of arachidonic acid cascade enzymes, namely cyclooxygenase-1 (COX-1), 5-lipoxygenase (5-LO) and
microsomal prostaglandin E2 synthase-1 (mPGES-1). Moreover, our in vivo results demonstrate that compound 5
is able to attenuate leukocyte migration in a model of zymosan-induced peritonitis and to modulate the produc-
tion of IL-1β and TNF-α. These results are of interest for further expanding the chemical diversity around the
1,2,4-oxadiazole central core, enabling the identification of novel anti-inflammatory agents characterized by a
favorable pharmacological profile and considering that moderate interference with multiple targets might have
advantages in re-adjusting homeostasis.

© 2021

1. Introduction

In the last years, several studies have reported the importance of
prostaglandin E2 (PGE2) in the evolvement and progression of inflam-
matory and tumor diseases and the implication of the interference with
this lipid mediator as a therapeutic strategy [1,2]. Interestingly, this
paved the way for investigations concerning the effects of inhibition of
PGE2 biosynthesis on the aforementioned pathological conditions [2].
PGE2 is synthesized in stimulated cells starting from arachidonic acid
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(AA), released from cellular membranes by cytosolic phospholipase A2
(cPLA2) for triggering the inflammatory cascade. Specifically, AA can
be converted to pro-inflammatory mediators by at least three different
pathways (Fig. 1), namely a) cyclooxygenases pathway for the synthesis
of prostanoids, b) 5-lipoxygenase (5-LO) pathway for the synthesis of
leukotrienes, c) CYP450 pathway for the synthesis of dihydroxye-
icosatrienoic acids (DHETs). Microsomal prostaglandin E2 synthase-1
(mPGES-1) [3] is an enzyme belonging to the prostanoid biosynthetic
pathway (Fig. 1) involved in the conversion of the unstable PGH2 into
PGE2, and its activity is coupled to the inducible isoform of cyclooxyge-
nases (i.e. COX-2) [2,3]. In fact, mPGES-1 has been identified as a
promising target for the treatment of both inflammation [4] and tumor
diseases [5–7]. Several pharmacological investigations reported an up-
regulation of mPGES-1 induced by IL-1β, LPS, TNF-α, and other inflam-
matory stimuli [6,8,9] and a connection between the concentration of
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Fig. 1. Three different branches for the biosynthesis of inflammation mediators starting from arachidonic acid (AA).

PGE2 and cancer progression [10]. Contrariwise, the cytosolic cPGES
and the microsomal mPGES-2 are constitutively expressed isoforms
[11] involved in physiological functions and organ homeostasis.
mPGES-1 is a membrane protein consisting of 152 amino acids orga-
nized as a homotrimer, with each monomer formed by four transmem-
brane helices (namely TM1-TM4), and containing a catalytic binding
site between the N-terminal parts of TM2 and TM4 and the C-terminal
part of TM1 and the cytoplasmic domain of the adjacent monomer. It
belongs to the MAPEG (Membrane-Associated Proteins involved in
Eicosanoid and Glutathione metabolism) superfamily, together with the
5-LO-activating protein (FLAP), leukotriene C4 synthase (LTC4S), and
microsomal glutathione S-transferases [12]. Several mPGES-1 in-
hibitors derive from compounds that interfere with proteins belonging
to MAPEG, such as from FLAP antagonists like MK886 [13,14].

Considering that mPGES-1 is placed downstream in the prostanoid
biosynthetic pathway (Fig. 1), different classes of mPGES-1 inhibitors
have been identified up to now [15–19], with the primary purpose of
disclosing novel chemical entities for the treatment of inflammation
avoiding the well-known side effects of COX inhibitors. However, there
is a strong interconnection between the three branches of AA cascade,
where treatment with drugs selectively targeting one branch is fre-
quently coupled to several side effects deriving from the consequences
on the entire AA cascade due to shunting phenomena.

Interestingly, multi-target strategies have been recently adopted in
order to amplify the desired anti-inflammatory effects and provide a so-
lution to the side effects deriving from the single-target selectivity [20],
considering that the moderate interference with multiple targets might
have advantages compared to single-target drugs in re-adjusting home-
ostasis [21]. In light of these considerations, dual mPGES-1/FLAP
[13,14] or mPGES-1/5-LO [22,23] inhibitors have been developed in
the last years. In this context, here we report the application of a multi-
disciplinary approach towards the identification of 1,2,4-oxadiazoles as
anti-inflammatory agents. Compounds 1, 2 and 5 were discovered as
novel potent chemical items modulating the eicosanoid biosynthesis
pathways, with compound 5 presenting multi-target activity, interfer-
ing at different levels within the arachidonic acid cascade, both hori-
zontally and vertically in the COX and 5-LO pathways (specifically
COX-1, 5-LO and mPGES-1; Fig. 1). Finally, in vivo and ex-vivo analyses
support the pharmacological effects of 5, which displays bioactivity in
the acute phase of a mouse model of zymosan-induced peritonitis.

2. Results and discussion

2.1. Combinatorial approach

In this study, a multidisciplinary approach was applied with the
main purpose of identifying novel promising anti-inflammatory chemi-
cal entities, mainly focused on interfering mPGES-1 activity. Specifi-
cally, the applied methodologies were well-linked and connected to
each other, with each step being a consequence of the previous one. The
selection of 1,2,4-oxadiazole as a chemical feature to focus on was the
first step of the workflow in our study. Oxadiazoles, in fact, show high
incidence among pharmacologically active compounds, covering a
broad biological activity spectrum, such as antihypertensive, analgesic,
antiviral, anticancer, anticonvulsant, antidiabetic, anti-inflammatory
[24,25]. Especially, the 1,3,4-oxadiazole core is widespread among
pharmacological agents [24–29]. On the other hand, many 1,2,4-
oxadiazole-containing compounds showed anti-inflammatory activity
[30] acting as NF-κB inhibitors [31], or modulating eicosanoid enzy-
matic pathways (COX, 5-LO or FLAP inhibitors) [31–35], however their
inhibitory activity on mPGES-1 was yet not explored.

The two most common routes for the synthesis of 1,2,4-oxadiazoles
are the 1,3-dipolar cycloaddition of nitriles to nitrile N-oxides and the
cyclization of amidoxime derivatives. In this context, the O-acylation of
amidoximes by carboxylic acids, followed by cascade cyclization-
dehydration, appears the most versatile approach. This synthetic
scheme offers the advantage of the high modularity of the process due
to the commercial availability of a wide variety of nitriles and car-
boxylic acids, providing 1,2,4-oxadiazole products bearing different
substituents at positions 3 and 5. Thus, starting from these premises,
1,2,4-oxadiazole was decorated with side chains (R1 and R2) of 55 ni-
triles and 4888 carboxylic acids (Fig. 2) respectively, available at Merck
database, using CombiGlide software [36,37], to obtain a final library
of 273,728 novel compounds.

Then, after the generation of all tautomers and ionization states at
physiological pH (LigPrep software) [38], QikProp software [39] was
used to calculate the pharmaceutically relevant properties of the de-
signed molecules. Among them, the number of violations of Lipinski's
rule of five (namely, mol_MW < 500, QPlogPo/w < 5, donorHB ≤ 5,
accptHB ≤ 10, see experimental section and Table S1, Supporting Infor-
mation) was used for firstly filtering the combinatorial library discard-

Fig. 2. Generation of the novel library of 1,2,4-oxadiazoles using Combiglide software.
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ing, in this way “non-drug like” compounds. Then, a final library of
150,512 molecules was submitted to the successive virtual screening
workflow (VSW) on mPGES-1 (pdb code: 5TL9) [40] using Glide [41]
software. In more detail, the VSW was employed following three subse-
quent steps: a) High-Throughput Virtual Screening (HTVS) phase; saved
the top 60% of compounds ranked by docking score for the subsequent
step; b) Standard Precision phase (SP); saved the top 60% of com-
pounds ranked by docking score for the subsequent step; c) Extra Preci-
sion phase (XP), saved the top 70% of compounds ranked by docking
score. The binding mode of the filtered compounds was investigated by
analyzing the related docking poses and checking the establishment of
specific sets of interactions responsible for mPGES-1 inhibitory activity
in the binding sites, delimited by polar, charged, aliphatic and aromatic
residues (Val24ChainC, Tyr28ChainC, Phe44ChainC, Arg52ChainC, His53ChainC,
Pro124ChainA, Ser127ChainA, Val128ChainA, Tyr130ChainA, Thr131ChainA,
Leu132ChainA, Gln134ChainA). The application of several filters like the
selection of the most affine poses by docking score, the analysis of the
key ligand-protein interactions required for the inhibition reported by
us [15–18] and other groups [35,42–46], and the final visual inspec-
tion, led to the selection of a small library of eleven compounds (1–11,
Fig. 3) characterized by a common 4-(thiophen-3-yl)phenyl substitu-

Fig. 3. Selected compounds 1–11 for the synthesis.

tion at position 3 and variable 5-substitution on the 1,2,4-oxadiazole
ring.

Before proceeding with the successive synthetic stage, the selected
compounds were further analyzed by SwissADME [47], for filtering the
compound displaying the features of “Pan-Assay Interference Com-
pounds”, and by detailed analysis of the other specific pharmaceutically
relevant properties (QikProp software, see experimental section and
Table S1, Supporting Information) related to: i) absorption, distribu-
tion, metabolism, and excretion (ADME) (e.g., QPlogPo/w); ii) types of
reactive functional groups that may cause false positives in high-
throughput screening (HTS) assays, and/or decomposition, reactivity,
or toxicity problems in vivo (#rtvFG and #metab parameters in,Table
S1 Supporting Information). Thanks to these computational predic-
tions, the most promising compounds showing a good equilibrium be-
tween chemical diversity around the 1,2,4-oxadiazole ring central core,
docking score, qualitative target interactions, and pharmacokinetic
properties were selected for the successive experimental steps.

2.2. Synthesis of compounds 1–11

Compounds 1–11 were synthesized following the chemical route re-
ported in Scheme 1. In particular, the oxadiazole moiety was prepared
from nitrile 12 through the formation of N-hydroxyimidamide interme-
diate 13, followed by a one-pot cyclization with different carboxylic
acids, using HBTU as coupling reagent and Hu¨nig's base, to afford the
target compounds 1–7 (Scheme 1). For compounds 8–11, Boc-protected
acids (8a-11a) were used and then the corresponding oxadiazole deriv-
atives 8b–11b, subjected to the deprotection with TFA in DCM, af-
forded the final compounds 8–11.

The structure of the synthesized compounds was confirmed by
analysis of NMR data (1H, 13C and bidimensional NMR spectra) and ESI-
MS (see Experimental section and Supplementary data).

2.3. Biological evaluation

2.3.1. Enzyme inhibition
A cell-free bioactivity assay [48] was used to screen all the synthe-

sized compounds for mPGES-1 inhibition. All the compounds were
tested at 10 μM, and compound 5 was able to reduce the enzyme activ-
ity by approx. 75% versus vehicle control (Table 1). A concentration-
response analysis was then performed, testing compound 5 at different
concentrations (from 0.03 μM up to 10 μM, Fig. 4). Interestingly, com-
pound 5 displayed an IC50 value at the low micromolar range
(IC50 = 3.6 ± 0.7 μM) for mPGES-1. Thus, the 3-hydroxy-2,4,5-

Scheme 1. Synthesis of compounds 1–11.a.

https://elsevier.proofcentral.com/5TL9
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trifluorophenyl substituent was identified as the chemical key for inter-
ference with mPGES-1.

Considering the similarity in the structure of mPGES-1 and FLAP,
both belonging to the MAPEG superfamily [13,14], all the compounds
were screened at 10 μM for inhibition of FLAP-dependent 5-LO product
(LTB4 and its isomers, and 5-H(p)ETE) formation in human intact neu-
trophils isolated from human peripheral blood. FLAP is proposed to
provide arachidonic acid as a substrate to 5-LO but no enzymatic activ-
ity of FLAP is yet known and thus, a direct FLAP activity assay (cell-free
or cell based) is not available. To investigate antagonism of FLAP, the
compounds were tested in neutrophils where Ca2+-ionophore was used
to elicit 5-LO product formation, while exogenous addition of arachi-
donic acid largely circumvents the requirement of FLAP [49]. Interest-
ingly, after neutrophils were incubated with compounds 1, 2 and 5, a
reduction of 5-LO product formation by more than 50% in comparison
to the vehicle control (100%) was found for all these three compounds,
with 5 showing the most potent effects, especially in the absence of ex-
ogenous arachidonic acid (Table 1).

At this point, a cell-free 5-LO activity assay was performed with
compounds 1, 2 and 5 in order to study if the compounds possess direct
inhibitory effects on 5-LO. Compounds 1 and 2 showed only poor in-
hibitory activity against 5-LO (Table 2), thus suggesting that suppres-
sion of 5-LO product formation in neutrophils might be due to interfer-
ence with FLAP. However, compound 5 potently blocked 5-LO activity
in the cell-free assay with an IC50 value in the micromolar range
(IC50 = 2.0 ± 0.2 μM), indicating that inhibition of 5-LO and/or FLAP
may account for the suppression of 5-LO product formation by com-
pound 5 in intact cells.

Additionally, compounds 1, 2 and 5 were screened against soluble
epoxide hydrolase (sEH) with the main purpose of identifying addi-
tional targets in order to investigate and strengthen their anti-
inflammatory properties. Compounds 1, 2 and 5 showed no inhibitory
activity (Table 2) against sEH in a cell-free assay. Finally, a cell-free as-
say was performed also for analysis of COX-1 and COX-2. Interestingly,
compounds 1 and 5 were able to reduce the activity of COX-1 by >65%
compared to control (100%), and also compound 2 inhibited COX-1 by
>50%, but no activity of any of these three compounds was found on
the inducible isoform COX-2, which acts together with mPGES-1. Con-
sidering that only few COX-1-selective inhibitors have been developed,
the selectivity of compound 1, 2 and 5 for this isoform may be of inter-
est for future findings. Recent studies, in fact, reported an involvement
of COX-1 in neoplastic diseases, such as renal carcinoma, skin,
esophageal and colorectal, breast, endometrial, ovarian cancers [50].

Finally, compounds 1, 2 and 5 were tested in cytotoxicity assays.
The compounds showed no significant reduction of cell viability after
24 h incubation in human monocytes compared to triton (positive con-
trol), and, moreover, no reduction of cell viability after 48 h incubation
with the human adenocarcinoma A549 cell line was observed for 5
(Fig. 5).

Considering the biological evaluation reported above, the detailed
description of the ligand/target interactions between mPGES-1 and
compound 5 was chosen as a representative case to elucidate the struc-
tural basis responsible for enzyme inhibition at the molecular level (Fig.
6). In particular, the 1,2,4-oxadiazole moiety centers the binding site,
placing in proximity to the glutathione interacting space of the enzyme.
The phenyl moiety at position 3 establishes π-π interactions with
Tyr130chainC. The thiophene ring is involved in π-π interactions with
Tyr130chainC and Tyr28chainA orienting towards the key residue
Gln134chainC. On the other side, the hydroxytrifluorophenyl substituent
interacts with the cytoplasmic part of the ligand binding site, i.e., estab-

a Reagents and conditions: a) NH2OH HCl, K2CO3 in CH3OH, reflux, 70% yield;
b) Acids 1a-11a, DIPEA, HBTU in DMF dry, 80 °C, 40–75% yield; c) TFA:CH2Cl2
1:1, 2 h, quantitative yield.

Table 1
Inhibition of compounds 1–11 on mPGES-1 activity and 5-LO product forma-
tion.

Compd. R Residual activity of
mPGES-1
(%) ± SEMa

Residual 5-
LO product
(%)
Stimulus:
A23187b

Residual 5-
LO product
(%)
Stimulus:
A23187
plus AAb

1 62.9 ± 5.6 6.02 7.54

2 76.4 ± 2.7 19.9 14.9

3 93.1 ± 5.7 73.6 65.2

4 84.1 ± 7.8 n.i. (>
100%)

n.i. (>
100%)

5 25.4 ± 2.7 1.7 18.5

6 82.2 ± 7.5 92.6 89.5

7 63.2 ± 10.1 59.7 99.3

8 81.9 ± 8.1 84.3 29.6

9 67.6 ± 2.1 47.5 50.3

10 82.7 ± 8.7 95 74.4

11 84.7 ± 5.8 78 61.3

a mPGES-1 residual activity of compounds 1–11 deriving from the cell-free
assay. Data are expressed as percentage of control (100%) ± S.E.M., n = 3.

b 5-LO product formation in intact human neutrophils after incubation with
compounds 1–11. Stimulus: A23187 or A23187 plus arachidonic acid (AA). Data
are expressed as percentage of control (100%).

lishing π-π interactions with His53chainA and H-bonding to Ser127chainC
with the hydroxyl group.

From a structural point of view, the mPGES-1 inhibitory activity of 5
with respect to the other compounds of this series, e.g., to its linked
congener (4), is ascribable to the presence of the hydroxypolyfluori-
nated phenyl substituent, which also interacts with the Arg52chainA.

The electronic properties and relatively small size of the fluorine
atom in fact, endow it with considerable versatility as a bioisoster of
several functional groups [51] in drug design.

Among all the possible m-hydroxy-polyfluorinated phenyl ana-
logues (see Figures S12-S21, Supporting Information for their in silico
models), thanks to this type of experimental workflow, we have se-
lected only the items that could be representative of a specific ligand/
target interaction pattern: the influence of fluorine substitution in two
opposite cases (4 vs. 5) on mPGES-1 inhibitory potency, paving the way
to future optimization.

The obtained results are of interest for further expanding the chemi-
cal diversity around the 1,2,4-oxadiazole central core, facilitating the
identification of novel anti-inflammatory agents endowed with a
promising and safer pharmacological profile.
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Fig. 4. A) Concentration-response curve for inhibition of mPGES-1. The enzyme was incubated for 15 min with compound 5 at different concentrations (from
0.03 μM up to 10 μM) or vehicle (1% DMSO). Then, 20 μM PGH2 was added as substrate, and the reaction was stopped after 1 min by adding FeCl3.
IC50 = 3.6 ± 0.7 μM. B) Concentration-response curve of compound 5 for 5-LO inhibition in a cell-free assay. The purified 5-LO enzyme was pre-incubated
10 min on ice with compound 5 at different concentrations or vehicle (0.1% DMSO). Then, AA (20 μM) and CaCl2 (2 mM) were added, and the mixture was incu-
bated at 37 °C. After 10 min, the reaction was stopped by adding ice-cold methanol. IC50 = 2.0 ± 0.2 μM. Data are expressed as percentage of control (100%),
means ± S.E.M.; n = 3.

Table 2
Residual activity of compounds 1, 2 and 5 at 10 μM on isolated enzymes in-
volved in the formation of pro-inflammatory eicosanoids. Data are expressed
as a percentage of control (100%), n = 3.

Compd. 5-LO residual
activity (%)

sEH residual
activity (%)

COX-1 residual
activity (%)

COX-2 residual
activity (%)

1 n.i (61.8) n.i. (>50) 22.5 n.i. (>50)
2 n.i. (104.8) n.i. (>50) 47.7 n.i. (>50)
5 10.3 n.i. (>50) 34.7 n.i. (>50)

2.3.2. In vivo and ex vivo assays
Based on the results obtained from in vitro experiments, we next in-

vestigated the effects of compound 5 in an in vivo model of inflamma-
tion that allows the characterization of leukocytes egress into the peri-
toneal cavity. Zymosan, a polysaccharide cell wall component derived
from Saccharomyces cerevisiae, has been reported to elicit a multiple or-
gan failure and a massive recruitment of innate immunity cells in the

peritoneal cavity, mainly characterized by neutrophils and monocytes
recruitment [52]. We know from previous studies that a single adminis-
tration of zymosan into the peritoneal cavity causes a transient infiltra-
tion of leukocytes that becomes evident between 4 and 24 h, and then
declines at 48 h.53-56 Mice were subjected to i.p. injection of 500 mg/kg
zymosan, in the presence or absence of compound 5 (0.1–10 mg/kg dis-
solved in DMSO/saline 1:3 and given i.p. 30 min after zymosan). As an
internal control, i.p. injection of PBS alone without zymosan and i.p. in-
jection of dexamethasone (3 mg/kg) 30 min post zymosan administra-
tion were also assessed.

As shown in Fig. 7A, zymosan injection elicits at 4 h a strong leuko-
cyte recruitment that was significantly reduced by compound 5 admin-
istration at the dose of 10 mg/kg (P ≤ 0.01). Conversely, after 24 h
(Fig. 7B), the anti-inflammatory effect of compound 5 was less evident
(P ≤ 0.05) compared to zymosan + vehicle compound 5 group. Inter-
estingly, compound 5 displayed a significant effect even at the lower
dose of 1 mg/kg (P ≤ 0.05) at the 4 h time-point (Fig. 7A). The refer-

Fig. 5. Cell viability assays were performed with human monocytes and A549 cells. A) Monocytes were treated with the test compounds 1, 2 and 5 (10 μM), triton
(1%, positive control) or vehicle (0.5% DMSO) for 24 h, and a MTT assay was performed; B) A549 cells were treated with the test compounds 1, 2 and 5 (10 μM),
staurosporine (1 μM, positive control) or vehicle (0.1% DMSO) for 48 h, and a MTT assay was performed. Data are expressed as percentage of control (100%),
means, S.E.M., n = 3.
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Fig. 6. A) 3D representation of compound 5 (green sticks) in the binding site of mPGES-1 (pdb code: 5TL9); chain A is depicted in yellow, chain B in blue, and chain C
in red ribbons; all the interactions are represented as dotted lines, green in hydrogen bonds, light blue in π-π interactions. B) 2D interactions diagram of compound 5
with mPGES-1 as counterpart (pdb code: 5TL9); H-bond interactions are reported as pink arrows, while π-π interactions as green lines; hydrophobic residues are de-
picted in green, polar residues in light blue, and positive charged residues in blue.

Fig. 7. Effect of compound 5 in zymosan-induced peritonitis in mice. Mice were randomly divided into different experimental groups: control group (Ctrl), model
group (zymosan + vehicle compound 5), zymosan + compound 5 (0.1, 1, and 10 mg/kg), and zymosan + dexamethasone (3 mg/kg) group. Animals received
the selected compound or dexamethasone intraperitoneally (i.p.) 30 min after i.p. injection of zymosan (500 mg/kg). A) At 4 and B) 24 h after injection, peri-
toneal exudate from each mouse was recovered and total cell number (expressed as 106 and normalized to exudate levels) was evaluated. Results are expressed as
mean ± S.D. Statistical analysis was performed by using one-way ANOVA followed by Bonferroni's for multiple comparisons. ##P ≤ 0.01 and ###P ≤ 0.005 vs Ctrl
group, *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.005 vs zymosan + vehicle compound 5-treated mice (n = 6 per group).

ence drug dexamethasone was able to significantly reduce leukocyte
numbers in the peritoneal cavity at both 4 (P ≤ 0.005;Figs. 7A) and
24 h (P ≤ 0.01; Fig. 7B).

Consistently with our previous findings, 4 and 24 h after a single in-
jection of zymosan (500 mg/kg) i.p there was a significant increase in
the levels of IL-1β (Fig. 8A and B), TNF-α (Fig. 8C and D), and IL-6 (Fig.
8E and F) compared to the Ctrl group (without zymosan). Conversely,
IL-10 levels were significantly reduced at both time points (Fig. 8G and
H). Interestingly, compound 5 at 10 mg/kg significantly reduced the
levels of IL-1β (Fig. 8A and B; P ≤ 0.01 and P ≤ 0.05 at 4 and 24 h re-
spectively) and TNF-α (Fig. 8C and D; P ≤ 0.05 at both 4 and 24 h)
without altering the level of IL-6 and IL-10 (Fig. 8E–H). Injection of dex-
amethasone (3 mg/kg) decreased the values of IL-1β, TNF-α and IL-6
with a more prominent effect (Fig. 8A–F).

The role of pro-inflammatory cytokines, such as IL-1β, IL-6, TNF-α
and PGs with consequent cellular infiltration and exudate formation is
well established in the pathophysiology of zymosan-induced inflamma-

tion and shock [53–55]. TNF-α plays a pivotal role characterized by the
earliest and large releases in a short time followed by IL-1 and IL-6 that
orchestrate neutrophils, macrophages, and fibroblasts accumulation to
the site of inflammation [56,57]. On the other hand, IL-10 is an anti-
inflammatory cytokine that mainly suppresses inflammatory response
inhibiting the activation and function of T cells and monocytes
[58–60]. Our results demonstrate that the zymosan-induced leukocytes
migration was attenuated by treatment with compound 5, starting from
4 h post model induction. Furthermore, the screening of the main pro-
inflammatory cytokines showed a significant reduction in the levels of
IL-1β and TNF-α by compound 5 but not modulation in terms of IL-6
and IL-10 production. The difference in leukocytes accumulation and
cytokines level observed between 4 and 24 h (even compared to the ref-
erence drug dexamethasone) may be due to the route of administration
and compound's bioavailability. To assess this possibility, further ani-
mal studies will be carried out using other in vivo models as well other
structural compound 5 analogues/derivates.

https://elsevier.proofcentral.com/5TL9
https://elsevier.proofcentral.com/5TL9
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Fig. 8. Cytokines analysis of the collected peritoneal exudate. Analysis of the collected peritoneal exudate identified increased levels of the classical pro-
inflammatory mediators A,B) IL-1β, C,D) TNF-α, E,F) IL-6, and decreased of G,H) IL-10 in the peritoneal cavity of mice from different experimental groups. Signifi-
cant differences were found in relative levels after compound 5 administration. Results (normalized to exudate levels) are expressed as mean ± S.D. Statistical analy-
sis was performed by using one-way ANOVA followed by Bonferroni's for multiple comparisons. #P ≤ 0.05 and ##P ≤ 0.01 vs Ctrl group, *P ≤ 0.05 and **P ≤ 0.01 vs
zymosan + vehicle compound 5 treated mice (n = 6 per group).

3. Conclusions

In this study, the application of a multidisciplinary approach con-
sisting of well-linked experimental steps is reported as a powerful tool
towards the identification of novel pharmacologically active com-
pounds. In this context, a multistep computational protocol coupled to
a versatile synthetic approach and a fast biological screening on several
lipid mediator biosynthetic enzymes involved in the progression of in-
flammation led to the disclosure of 1,2,4-oxadiazole derivatives, com-
pounds 1, 2 and 5, as new potent anti-inflammatory chemical items. In
particular, compound 5 is able to interfere with the biosynthesis of
prostanoids and leukotrienes, exhibiting a horizontally and vertically
multi-target inhibitory activity on both COX and 5-LO pathways (COX-
1, mPGES-1, and 5-LO) with IC50 values at the low micromolar range.
Compounds 1 and 2 inhibited 5-LO product formation in human neu-
trophils seemingly acting on FLAP. Interestingly, besides inhibiting
mPGES-1, compound 5was able to inhibit the activity of COX-1, paving
the way to future deeper pharmacological investigations. Thus, oppor-
tunely decorated 1,2,4-oxadiazole proved to be a promising scaffold for
the identification of pharmacologically active compounds, especially
for the treatment of inflammatory pathologies related to eicosanoids.
Moreover, our in vivo results demonstrate that compound 5 is able to at-
tenuate leukocytes migration in a model of zymosan-induced murine
peritonitis and to modulate the production of IL-1β and TNF-α. How-
ever, further studies will be necessary to better characterize the com-
plete anti-inflammatory profile of compound 5 and/or its analogues/
derivatives. In light of the encouraging preliminary outcomes, the ap-
plication of our multidisciplinary approach may lead us to an optimiza-
tion campaign with the aim of identifying novel 1,2,4-oxadiazoles de-
rivatives with strong anti-inflammatory properties.

4. Experimental

4.1. Computational details

4.1.1. Preparation of the library
The structures of 55 nitriles and 4888 carboxylic acids, commer-

cially available at Merck database, were used for building the novel li-
brary of 1,2,4-oxadiazoles. The reagents were converted from 2D to 3D
structures using LigPrep and prepared using Reagent Preparation: the
cyano group and the acidic moiety were removed in order to retain only
the useful building blocks. The final.bld files were combined with 1,2,4-
oxadiazole scaffold obtaining a novel library of 273,728 compounds
[36,37]. LigPrep [38] performed calculation increased the number to
303,618 molecules. QikProp [39] and LigFilter were applied and a final
library of 150,512 was obtained and submitted to docking studies.

4.1.2. Docking studies
The human crystal structure released in 2017 (PDB code: 5TL9) [40]

of mPGES-1 was used to perform structure-based molecular docking ex-
periments. The three-dimensional model of the protein was prepared
using the Schrödinger Protein Preparation Wizard [40]: hydrogens and
cap termini were added, bond orders were assigned, water molecules
were removed. Then, the combinatorial library was submitted to the
virtual screening workflow (VSW) using Glide [41] software. The recep-
tor grid adopted for molecular docking calculation was focused onto
the co-crystallized ligand binding site [40] characterized from inner-
and outer-box dimensions of 10 × 10 × 10 and 27.6 × 27.6 × 27.6,
respectively. VSW consisted of three rounds of experiments: 1) High-
Throughput Virtual Screening (HTVS) precision mode of Glide for a
first enrichment from the starting library of compounds with a high
fastness; 2) Standard Precision (SP) for the analysis of the 60% top-
ranked poses of HTVS filtered according to docking score values, which
overcomes the first step in both sampling and scoring performances; 3)
Extra-Precision (XP) for the analysis of the 70% top-ranked poses of SP
using the Glide mode experiment, the final and most accurate docking
step. Finally, specific filters on 4064 selected docking poses were ap-
plied using the pose filter tool of Maestro [40], setting the key interac-

https://elsevier.proofcentral.com/5TL9
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tions as a qualitative filter. Furthermore, the final selection of the most
promising molecules was also optimizing considering computational
tools: a) SwissADME [47], for filtering the compound displaying the
features of “Pan-Assay Interference Compounds”; b) detailed analysis of
the other specific pharmaceutically relevant properties obtained by
QikProp software [39] (Table S1, Supporting Information).

4.2. Chemistry

1D and 2D NMR spectra were recorded on Bruker Avance NEO 400
spectrometer with an RT-DR-BF/1H-5 mm-OZ SmartProbe (1H at
400 MHz, 19F at 376 MHz and 13C at 100 MHz).

Coupling constants (J values) are given in Hertz (Hz), chemical
shifts are reported in δ (ppm) and referred to the residual CHD2OD as
internal standards (δH = 3.31 e δC = 49.0 ppm). All of the recorded
signals are in accordance with the proposed structures. Spin multiplici-
ties are given as s (singlet), br s (broad singlet), d (doublet), dd (doublet of
doublets), t (triplet), br t (broad triplet) or m (multiplet). ESI-MS spectra
analysis was carried out on a mass spectrometer LTQ-XL. Specific rota-
tions were measured on a PerkineElmer 243 B polarimeter.

HPLC was performed with a Waters Model 510 pump equipped with
Waters Rheodine injector and a differential refractometer, model 401.
Reaction progress was monitored via thin layer chromatography (TLC)
on Alugram silica gel G/UV254 plates.

The silica gel MN Kiesel gel 60 (70–230 mesh) of Macherey-Nagel
was used for flash chromatography. HPLC final purification was per-
formed as detailed in Section 4.2. The purity of compounds was deter-
mined to be always greater than 95% by HPLC analysis.

Solvents and reagents were used as supplied from commercial
sources with the exception of methanol that was dried as previously re-
ported [29].

All reactions were carried out under argon atmosphere using flame-
dried glassware.

Acids 1a (2-(4-hydroxyphenyl)propionic acid), 2a (3-(3-
hydroxyphenyl)propionic acid), 3a (4-hydroxymethylphenylacetic
acid), 4a (3-hydroxybenzoic acid), 5a (3-hydroxy-2,4,5-
trifluorobenzoic acid) 6a [(2S, 4R)-1-acetyl-4-hydroxypyrrolidine-2-
carboxylic acid)], 7a (indole-4-carboxylic acid) and 10a (Boc-L-Tyr-
OH) are commercially available and are purchased from Sigma
Aldrich®. Boc-protected acids 8a (5-(tert-butoxycarbonyl)amino-2-
hydroxybenzoic acid), 9a [(2R)-2-(tert-butoxycarbonyl)amino-2-(4-
hydroxyphenyl)acetic acid] and 11a (α-methyl-(DL)-Boc-Tyrosine)
were synthesized according to the reported methods.

4.2.1. Synthetic procedures for N′-hydroxy-4-(thiophen-3-yl)
benzimidamide (13)

Potassium carbonate (1.5 mol eq.) and hydroxylamine chloridrate
(2.5 mol eq.) were added to a solution of 4-(3-thiophenyl)benzonitrile
12 (1 mol eq.) in dry methanol. The mixture was refluxed for 8 h in in-
ert atmosphere. The reaction was concentrated under vacuum, diluted
with water, and extracted three times with CH2Cl2. The organic phases
were dried with anhydrous Na2SO4, filtrated and concentrated under
vacuum to obtain the correspondent amidoxime 13 (70% yield). The
product was subjected to the next steps without any purification. 1H
NMR (400 MHz, CD3OD): δH 7.91 (2H, d, J = 8.5 Hz), 7.77 (2H, d,
J = 8.5 Hz), 7.69 (2H, m), 7.52 (1H, d, J = 1.9 Hz); 13C NMR
(100 MHz, CD3OD): δC 161.5, 141.9, 141.8, 133.7129.2 (2C), 128.2,
128.0 (2C), 127.0, 123.7. ESI-MS m/z 219.1 [M + H]+.

4.2.2. Synthetic procedures for compounds 1–7
DIPEA (1.8 mol eq.) was added to a solution of carboxylic acids 1a-

7a (1.2 mol eq.) dissolved in DMF dry. HBTU (1.5 mol eq.), was added
to the mixture at room temperature as coupling reagent. Amidoxime 13
(1 mol eq.) was added 10 min later. The mixture was stirred at 140 °C
for 12 h, then fractionated in water and ethyl acetate for three times.

The organic layer was cooled and washed three times with a saturated
solution of LiBr, then with a saturated solution of NaHCO3 and distilled
water. The organic layer was dried over anhydrous Na2SO4, filtered and
concentrated under reduced pressure (40–75% yield).

4.2.3. Procedures for Boc protection of acids 8a and 11a
5-amino-2-hydroxybenzoic acid (0.653 mmol, 1 eq) and α-methyl-

dl-tyrosine (0.512 mmol, 1 eq) were respectively treated with Boc2O
(2eq) in 10% TEA in MeOH (5 ml) and stirred at rt overnight. Then the
reaction solution was concentrated under reduced pressure, and the
residue was extracted with H2O/DCM for three times. Purification on
silica gel (DCM:MeOH) afforded Boc-protected acids 8a and 11a.

4.2.4. Procedure for Boc protection of acid 9a
D-4-hydroxyphenylglycine (0.597 mmol, 1 eq) was dissolved in a

solution of NaHCO3 (1 M) and Boc2O (2.5 eq) in 1,4-dioxane at 0 °C.
The solution was stirred overnight, and after the pH was adjusted until
2–3 using HCl 2 N, it was extracted with H2O/EtOAc for three times to
give Boc-protected acid 9a.

4.2.5. Synthetic procedures for compounds 8–11
The compounds 8b-11b were prepared treating the Boc-protected

acids 8a, 9a and 11a and the Boc-l-tyrosine 10awith amidoxime 13 us-
ing the same synthetic procedure followed for compounds 1–7.

Boc deprotection using a solution of DCM:TFA (1:1) at rt for 2h af-
forded the final compounds 8–11.

5-(1-(4-hydroxyphenyl)ethyl)-3-(4-(thiophen-3-yl)phenyl)-1,2,4-
oxadiazole (1). An analytic sample of crude reaction was purified by
HPLC using a Luna Column C-18 (10 μm, 250 mm × 10 mm) with
MeOH/H2O (80:20) as eluent (flow rate 3.00 mL/min) affording
compound 1 (tR = 13.5 min). 1H NMR (400 MHz, CD3OD): δH 8.10
(2H, d, J = 8.5 Hz), 7.83 (2H, d, J = 8.5 Hz), 7.78 (1H, dd,
J = 2.7, 1.6 Hz) 7.52 (2H, ovl), 7.22 (2H, d, J = 8.6 Hz), 6.79
(2H, d, J = 8.6 Hz) 4.46 (1H, q, J = 7.2 Hz), 1.76 (3H, d,
J = 7.2 Hz); 13C NMR (100 MHz, CD3OD): δC 184.0, 169.2, 158.1,
142.5, 139.7, 132.5, 129.7 (2C), 128.8 (2C), 128.0 (3C), 127.4,
126.9, 123.0, 117.0 (2C), 38.8, 20.2; ESI-MS m/z 349.1 [M + H]+.

5-(2-(3-hydroxyphenyl)ethyl)-3-(4-(thiophen-3-yl)phenyl)-1,2,4-
oxadiazole (2). An analytic sample of crude reaction was purified by
HPLC using Luna Column C-18 (10 μm, 250 mm × 10 mm) with
MeOH/H2O (80:20) as eluent (flow rate 3.00 mL/min) to give com-
pound 2 (tR = 23.5 min). 1H NMR (400 MHz, CD3OD): δH 8.07
(2H, d, J = 8.5 Hz), 7.83 (2H, d, J = 8.5 Hz), 7.78 (1H, m), 7.54
(2H, ovl) 7.11 (1H, t, J = 7.9 Hz), 6.71 (1H, d, J = 7.9 Hz), 6.70
(1H, s), 6.63 (1H, d, J = 7.9 Hz), 3.27 (2H, t, J = 7.7 Hz), 3.13
(2H, t, J = 7.7 Hz); 13C NMR (100 MHz, CD3OD): δC 181.4, 169.2,
159.0, 142.6 (2C), 140.1, 130.5, 129.1 (2C), 127.9 (3C), 127.2,
126.9, 122.8, 120.5, 116.4, 114.7, 33.5, 28.9; ESI-MS m/z 349.1 [M
+ H]+.

5-(4-(hydroxymethyl)benzyl)-3-(4-(thiophen-3-yl)phenyl)-1,2,4-
oxadiazole (3). An analytic sample of crude reaction was purified by
HPLC using Luna Column C-18 (10 μm, 250 mm × 10 mm) with
MeOH/H2O (80:20) as eluent (flow rate 3.00 mL/min) to give com-
pound 3 (tR = 15.5 min). 1H NMR (400 MHz, CD3OD): δH 8.08
(2H, d, J = 8.4 Hz), 7.83 (2H, d, J = 8.4 Hz), 7.78 (1H, dd,
J = 2.5, 1.6 Hz), 7.54 (2H, ovl), 7.38 (4H, s), 4.61 (2H, s), 4.36
(2H, s); 13C NMR (100 MHz, CD3OD): δC 180.0, 169.3, 142.5,
142.2, 140.0, 134.3, 130.0 (2C), 128.7 (2C), 128.5 (2C), 127.7 (3C),
126.9, 126.4, 122.6, 64.4, 33.4. ESI MS m/z 349.1 [M + H]+.

5-(3-hydroxyphenyl)-3-(4-(thiophen-3-yl)phenyl)-1,2,4-oxadiazole
(4). An analytic sample of crude reaction was purified by HPLC using
Luna Column C-18 (10 μm, 250 mm × 10 mm) with MeOH/H2O
(90:10) as eluent (flow rate 3.00 mL/min) to give compound 4
(tR = 8.0 min). 1H NMR (400 MHz, CD3OD): δH 8.17 (2H, d,
J = 8.4 Hz), 7.86 (2H, d, J = 8.4 Hz), 7.80 (1H, dd, J = 2.7,
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1.3 Hz), 7.69 (1H, d, J = 7.7 Hz), 7.62 (1H, br t, J = 2.0 Hz), 7.56
(1H, dd, J = 5.0, 1.3 Hz), 7.53 (1H, dd, J = 5.0, 2.7 Hz), 7.43 (1H,
t, J = 7.7 Hz), 7.09 (1H, dd, J = 7.7, 2.0 Hz); 13C NMR (100 MHz,
CD3OD): δC 177.4, 169.9, 159.6, 142.5, 140.1, 131.6, 129.0 (2C),
127.7 (3C), 127.0, 126.6, 126.4, 122.7, 121.3, 120.1, 115.5. ESI-MS
m/z 321.1 [M + H]+.

5-(2,4,5-trifluoro-3-hydroxyphenyl)-3-(4-(thiophen-3-yl)phenyl)-
1,2,4-oxadiazole (5). An analytic sample of crude reaction was puri-
fied by HPLC using Luna Column C-18 (10 μm, 250 mm × 10 mm)
with MeOH/H2O (92:8) as eluent (flow rate 3.00 mL/min) to give
compound 5 (tR = 10.5 min). 1H NMR (400 MHz, CD3OD): δH 8.14
(2H, d, J = 8.4 Hz), 7.84 (2H, d, J = 8.4 Hz), 7.77 (1H, dd,
J = 2.8, 1.3 Hz), 7.54 (1H, dd, J = 5.0, 1.3 Hz), 7.53 (1H, dd,
J = 5.0, 2.8 Hz), 7.49 (1H, m); 13C NMR (100 MHz, CD3OD): δC
173.2, 169.4, 150.1, 147.6, 144.1, 142.4, 140.2, 138.8, 128.7 (2C),
127.9 (2C), 127.5, 127.0, 126.4, 122.4, 109.0, 106.3.19F (376 MHz):
δF −134.4 (m); −142.5 (m); −150.7 (m). ESI-MS m/z 375.0 [M +
H]+.

5-((2S-4R)-1-acetyl-4-hydroxypyrrolidin-2-yl)-3-(4-(thiophen-3-yl)
phenyl)-1,2,4-oxadiazole (6). An analytic sample of crude reaction was
purified by HPLC using Luna Column C-18 (10 μm, 250 mm × 10 mm)
with MeOH/H2O (68:32) as eluent (flow rate 3.00 mL/min) to give
compound 6 (tR = 11.5 min). 1H NMR (400 MHz, CD3OD): δH 8.05
(2H, d, J = 8.4 Hz), 7.81 (2H, d, J = 8.4 Hz), 7.77 (1H, dd, J = 2.5,
1.5 Hz), 7.54 (2H, ovl), 5.34 (1H, t, J = 8.1 Hz), 4.63 (1H, m), 4.00
(1H, dd, J = 11.0, 4.4 Hz) 3.69 (1H, br d, J = 11.0 Hz), 2.46 (1H, m),
2.28 (1H, m), 2.15 (3H, s); 13C NMR (100 MHz, CD3OD): δC 181.5,
172.7, 169.3, 142.4, 141.1, 128.9 (2C), 127.7 (3C), 127.0, 126.3,
122.7, 70.7, 57.0, 53.6, 40.6, 22.3. [α]D25 − 30.7 (c = 0.22 in MeOH).
ESI-MS m/z 356.1 [M + H]+.

5-(1H-indol-4-yl)-3-(4-(thiophen-3-yl)phenyl)-1,2,4-oxadiazole (7).
An analytic sample of crude reaction was purified by HPLC using Luna
Column C-18 (10 μm, 250 mm × 10 mm) with MeOH/H2O (95:05) as
eluent (flow rate 3.00 mL/min) to give compound 7 (tR = 9.0 min).
1H NMR (400 MHz, CD3OD): δH 8.24 (2H, d, J = 8.5 Hz), 8.04 (1H,
dd, J = 7.8, 0.7 Hz), 7.88 (2H, d, J = 8.5 Hz), 7.80 (1H, dd, J = 2.8,
1.3 Hz), 7.73 (1H, br dd, J = 7.8, 1.3 Hz), 7.57 (1H, dd, J = 5.0,
1.3 Hz), 7.55 (1H, d, J = 3.0 Hz), 7.53 (1H, d, J = 3.0 Hz), 7.33 (1H,
d, J = 7.8 Hz) 7.30 (1H, d, J = 5.0, 0.7 Hz); 13C NMR (100 MHz,
CD3OD): δC 182.2, 169.7, 142.6, 139.9, 138.6, 129.0 (2C), 128.7,
127.8 (2C), 127.7, 127.4, 127.1, 127.0, 122.7, 122.6, 122.0, 117.5,
115.9, 103.3. ESI-MS m/z 344.1 [M + H]+.

5-(5-amino-2-hydroxyphenyl)-3-(4-(thiophen-3-yl)phenyl)-1,2,4-
oxadiazole (8). An analytic sample of crude reaction was purified by
HPLC using Luna Column C-18 (10 μm, 250 mm × 10 mm) with
MeOH/H2O (68:32) + 0.1% TFA as eluent (flow rate 3.00 mL/min)
to give compound 8 (tR = 17.0 min). 1H NMR (400 MHz, CD3OD):
δH 8.20 (2H, d, J = 8.6 Hz), 8.00 (1H, dd, J = 2.7 Hz), 7.91 (2H,
d, J = 8.6 Hz), 7.84 (1H, dd, J = 2.7 and 1.5 Hz) 7.58 (1H, dd,
J = 5.1 amd 1.5 Hz)), 7.57 (1H, dd, J = 5.1 and 2.7 Hz), 7.52
(1H, dd, J = 8.9, 2.7 Hz), 7.28 (1H, d, J = 8.9 Hz) 13C NMR
(100 MHz, CD3OD): δC 175.2, 169.1, 158.5, 142.6, 140.8, 139.3,
129.8, 129.0 (2C), 127.9 (2C), 127.7, 126.9, 126.0, 122.9, 122.8,
122.4, 120.3. ESI-MS m/z 336.1 [M + H]+.

(R)-5-(amino(4-hydroxyphenyl)methyl)-3-(4-(thiophen-3-yl)phenyl)-
1,2,4-oxadiazole (9). An analytic sample of crude reaction was purified
by HPLC using Luna Column C-18 (10 μm, 250 mm × 10 mm),with
MeOH/H2O (70:30) + 0.1% TFA as eluent (flow rate 3.00 mL/min) to
give compound 9 (tR = 5.0 min). 1H NMR (400 MHz, CD3OD): δH 8.16
(2H, d, J = 8.3 Hz), 7.86 (2H, d, J = 8.3 Hz), 7.80 (1H, dd, J = 2.5,
1.5 Hz), 7.55 (2H, ovl), 7.37 (2H, d, J = 8.5 Hz), 6.91 (2H, d,
J = 8.5 Hz), 6.01 (1H, s); 13C NMR (100 MHz, CD3OD): δC 176.8,
169.4, 160.9, 142.3, 140.6, 130.9 (2C), 129.1 (2C), 127.8 (3C), 127.0,
125.5, 122.9, 122.7, 117.4 (2C), 52.2. [α]D25 +17 (c = 0.76 in
MeOH). ESI-MS m/z 350.1 [M + H]+.

(S)-5-(1-amino-2-(4-hydroxyphenyl)ethyl)-3-(4-(thiophen-3-yl)
phenyl)-1,2,4-oxadiazole (10). An analytic sample of crude reaction
was purified by HPLC using Luna Column C-18 (10 μm,
250 mm × 10 mm, flow rate 3.00 mL/min) using as mobile phase
Buffer A (0.1% TFA in water) and Buffer B (0.1% TFA in acetonitrile),
with the following gradient: the initial solvent condition was 20% sol-
vent B for 3 min; the gradient was then gradually increased from 20%
to 95% solvent B over 18 min; solvent B was increased to 100% and
was kept at 100% of B for 10 min. The purification afforded com-
pound 10 (tR = 14.0 min). 1H NMR (400 MHz, CD3OD): δH 8.11 (2H,
d, J = 8.4 Hz), 7.86 (2H, d, J = 8.4 Hz), 7.78 (1H, dd, J = 2.5,
1.7 Hz), 7.55 (2H, ovl), 7.04 (2H, d, J = 8.5 Hz), 6.78 (2H, d,
J = 8.5 Hz), 5.05 (1H, t, J = 7.3 Hz), 3.35 (2H, d, J = 7.3); 13C
NMR (100 MHz, CD3OD): δC 177.4, 170.6, 159.5, 142.9, 141.2, 131.0
(2C), 129.6 (2C), 128.3, 128.0 (2C), 127.2, 126.0, 125.5, 122.8, 117.4
(2C), 50.8, 38.4. [α]D25 + 38 (c = 0.15 in MeOH). ESI-MS m/z 364.1
[M + H]+.

5-(1-amino-1-methyl-2-(4-hydroxyphenyl)ethyl)-3-(4-(thiophen-3-yl)
phenyl)-1,2,4-oxadiazole (11). An analytic sample of crude reac-
tion was purified by HPLC using Luna Column C-18 (10 μm,
250 mm × 10 mm) with MeOH/H2O (50:50) + 0.1% TFA as
eluent (flow rate 3.00 mL/min) to give compound 11
(tR = 6.0 min). 1H NMR (400 MHz, CD3OD): δH 7.92 (2H, d,
J = 8.4 Hz), 7.91 (1H, ovl), 7.84 (2H, d, J = 8.4 Hz), 7.57
(2H, ovl), 7.00 (2H, d, J = 8.5 Hz), 6.61 (2H, d,
J = 8.5 Hz), 3.13 (1H, d, J = 13.9 Hz), 3.07 (1H, d,
J = 13.9 Hz), 1.63 (3H, s); 13C NMR (100 MHz, CD3OD): δC
185.1, 169.2, 159.4, 142.9, 142.7, 131.9 (2C), 129.9 (2C),
128.2, 128.0 (2C), 126.9, 126.8, 125.5, 124.5, 115.8 (2C), 70.7,
44.0, 22.6. ESI-MS m/z 378.1 [M + H]+.

4.3. Pharmacology

4.3.1. Human leukocytes and A549 cells
Human neutrophils and monocytes were freshly isolated from

leukocyte concentrates obtained from the Institute of Transfusion Medi-
cine, University Hospital Jena. Donors were healthy adult volunteers
and gave written consent, after they were informed about the aim of the
study. Also, the ethical commission of the University Hospital in Jena
approved the protocol for experiments, and all methods were per-
formed in accordance with the relevant guidelines and regulations.
Briefly, neutrophils were isolated [61] by dextran sedimentation, cen-
trifugation on lymphocyte separation medium (LSM 1077, PAA,
Coelbe, Germany) and hypotonic lysis of erythrocytes. Neutrophils
were resuspended in PBS containing glucose (0.1%) to a final cell den-
sity of 5 × 106 cells/ml. Monocytes were separated from peripheral
blood mononuclear cells (PBMC) by adherence to cell culture flasks
(Greiner Bio-one, Nuertingen, Germany) for 1.5 h (37 °C, 5% CO2) in
RPMI 1640 containing l-glutamine (1 mM), heat-inactivated FCS
(10%), penicillin (100 U/mL) and streptomycin (100 μg/mL), followed
by cell-scraping and resuspension in PBS.

Human lung carcinoma A549 cells were purchased from Cell Appli-
cation Inc., Sigma-Aldrich, Merck (Darmstadt, Germany) and main-
tained in DMEM supplemented with 10% heat-inactivated fetal bovine
serum (Invitrogen, Carslbad, CA, USA), in a 5% CO2 humid atmosphere.
To ensure logarithmic growth, the cells were subcultured every 2 days.
The cell line was tested for mycoplasma using PCR analysis.

4.3.2. Cell viability assay on A549 cell line
The viability of A549 cells after incubation with test compounds

was determined by MTT conversion assay. Briefly, the cells (2 × 104)
were seeded in triplicate in 96 well/plates and incubated with com-
pound 5 (10 μM) and or DMSO 0.1% (v/v) for 48 h in DMEM (37 °C,
5% CO2). MTT (5 mg/mL) was added and after 1 h (37 °C, 5% CO2) the
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medium was replaced with DMSO (100 μL per well). Finally, formazan
formation was detected by measurement of absorbance at 570 nm.

4.3.3. Cell viability assay on monocytes
Acute cytotoxicity of compound 5 was analyzed in isolated human

monocytes. Cells (0.2 × 106 per well) were seeded in 100 μL buffer on
96-well plates and treated with the test compounds (10 μM), triton
(0.1%, positive control) or vehicle (0.5% DMSO) over 24 h (37 °C, 5%
CO2). MTT (5 mg/mL) was added and after 2 h (37 °C, 5% CO2) cells
were lysed by SDS treatment (10%, pH 4.5). After 17 h, formazan for-
mation was detected by measurement of absorbance at 570 nm.

4.3.4. Determination of 5-LO products in intact cells
Freshly isolated neutrophils were resuspended in 1 mL PBS buffer

containing 0.1% glucose and 1 mM CaCl2 to a final cell density of
5 × 106/mL. Cells were pre-incubated with test compounds or DMSO
vehicle (0.1%) at 37 °C for 10 min. Then, 2.5 μM Ca2+-ionophore
A23187 with or without supplementation of 20 μM AA was added as
stimulus, and cells were left at 37 °C for 10 min. 5-LO product forma-
tion was stopped on ice, after the addition of 1 mL ice-cold methanol,
and 530 μl acidified PBS and PGB1 as internal standard were added. Af-
terwards, cells were centrifuged (2000×g, 10 min, rt) and supernatants
were submitted to solid phase extraction. 5-LO product formation (LTB4
and its trans isomers and 5HETE) was quantified by RP-HPLC as de-
scribed elsewhere [62].

4.3.5. Cell-free mPGES-1 activity assay
The mPGES-1 was obtained from microsomes of A549 cells stimu-

lated with IL-1β (1 ng/ml) for 48 h. Cells were sonicated and the ho-
mogenate was submitted to differential centrifugation at 10,000×g for
10 min and 174,000×g for 1 h at a temperature of 4 °C. The pellet (mi-
crosomal fraction) was resuspended in 1 ml homogenization buffer
(0.1 M potassium phosphate buffer, pH 7.4, 1 mM phenylmethane-
sulphonyl fluoride, 60 μg/mL soybean trypsin inhibitor, 1 μg/mL leu-
peptin, 2.5 mM glutathione, and 250 mM sucrose), the total protein
concentration was determined, and microsomes were diluted in potas-
sium phosphate buffer (0.1 M, pH 7.4) containing glutathione
(2.5 mM) and seeded in a 96-well plate. Test compounds or DMSO (1%)
were added, and preincubated for 15 min on ice, and the reactions was
started by adding 20 μM of PGH2. After 1 min, 100 μl of a stop solution
(40 mM FeCl3, 80 mM citric acid, and 10 μM 11β-PGE2) were added.
PGE2 and 11β-PGE2 were extracted by solid-phase extraction, and RP-
HPLC was used to quantify the product formation, as previously de-
scribed [63].

4.3.6. Cell-free 5-LO activity assay
Human recombinant 5-LO was expressed in E.coli BL21 transformed

with pT3-5-LO plasmid at 30 °C overnight as described before [64]. The
cells were lysed in a buffer containing triethanolamine (50 mM, pH
8.0), EDTA (5 mM), phenylmethanesulphonyl fluoride (1 mM), soy-
bean trypsin inhibitor (60 μg/mL), dithiothreitol (2 mM) and lysozyme
(1 mg/mL) by sonification (3 × 15 s). Then, a centrifugation step was
performed (40,000×g, 20 min, 4 °C) and the supernatant was col-
lected. The 5-LO enzyme was purified by affinity chromatography using
an ATP-agarose column and diluted with PBS buffer containing 1 mM
EDTA. Afterwards, 0.5 μg purified 5-LO in 1 mL PBS plus 1 mM EDTA
was pre-incubated with the test compounds or vehicle (0.1% DMSO) on
ice for 10 min and then stimulated with 20 μM AA and 2 mM CaCl2 for
10 min at 37 °C. Ice-cold methanol (1 mL) was added to stop the reac-
tions, and 530 μl acidified PBS and PGB1 as internal standard were
added, and solid phase extraction of 5-LO products (trans isomers of
LTB4 and 5HETE) was performed using C18 RP-columns (100 mg, UCT,
Bristol, PA, USA). 5-LO products were analyzed by RP-HPLC as previ-
ously described [62].

4.3.7. Cell-free COXs activity assay
Isolated ovine COX-1 and recombinant human COX-2, respectively,

were used for the evaluation of the activity of compound 5 on cyclooxy-
genases. COXs were diluted in Tris buffer (100 mM, pH 8) supple-
mented with glutathione (5 mM), EDTA (100 μM) and hemoglobin
(5 μM) to a final concentration of 50 U/mL for COX-1 and 20 U/mL for
COX-2, and pre-incubated with test compounds or vehicle (0.1%
DMSO) for 5 min at room temperature. After 1 min at 37 °C, reactions
were started adding arachidonic acid to a final concentration of 5 μM
for COX-1 and 2 μM for COX-2. After 5 min at 37 °C, 1 mL of ice-cold
methanol was added and the reactions were stopped on ice. Internal
PGB1 standard and 530 μl acidified PBS were added, solid phase extrac-
tion was performed, and COX product formation was determined using
RP-HPLC by analysis of 12-HHT formation [65–67].

4.3.8. Expression, purification and activity assay of human recombinant
sEH

Human recombinant sEH was expressed and purified as reported be-
fore [36]. In brief, Sf9 cells were infected with a recombinant bac-
ulovirus, provided by Dr. B. Hammock, University of California, Davis,
CA. After 72 h, cells were pelleted and sonicated (3 × 10 s at 4 °C) in
lysis buffer containing NaHPO4 (50 mM, pH 8), NaCl (300 mM), glyc-
erol (10%), EDTA (1 mM), phenylmethanesulphonyl fluoride (1 mM),
leupeptin (10 μg/mL), and soybean trypsin inhibitor (60 μg/mL). A
centrifugation (100,000×g, 60 min, 4 °C) was applied, and super-
natants were collected and applied to benzylthio-sepharose-affinity
chromatography in order to purify sEH by elution with 4-
fluorochalcone oxide in PBS containing DTT (1 mM) and EDTA (1 mM).
Dialyzed and concentrated (Millipore Amicon-Ultra-15 centrifugal fil-
ter) enzyme solution was assayed for total protein with Bio-Rad protein
detection kit (Bio-Rad Laboratories, Munich, Germany) and the activity
of sEH was determined by using a fluorescence-based assay as described
before [66,67]. Thus, sEH was diluted in Tris buffer (25 mM, pH 7) sup-
plemented with BSA (0.1 mg/mL) to an appropriate enzyme concentra-
tion and pre-incubated with compound 5 (10 μM) or vehicle (0.1%
DMSO) for 15 min at room temperature. The reaction was started by
addition of 50 μM 3-phenyl-cyano(6-methoxy-2-naphthalenyl)methyl
ester-2-oxiraneacetic acid (PHOME), a non-fluorescent compound that
is enzymatically converted into fluorescent 6-methoxy-naphtaldehyde
at rt. After 60 min, the reaction was stopped by ZnSO4 (200 mM) and
fluorescence was detected (λem 465 nm, λex 330 nm).

4.3.9. Animals
Male CD-1 mice (10–14 weeks of age, 25–30 g of weight) were ob-

tained from Charles River (Milan, Italy) and kept in an animal care fa-
cility under controlled temperature, humidity, and on a 12 h:12 h light:
dark cycle, with ad libitum access to water and standard laboratory
chow diet. All experimental procedures were carried out according to
the international and national law and policies (EU Directive 2010/63/
EU for animal experiments, ARRIVE guidelines, and the Basel declara-
tion including the 3R concept) [68,69]. All procedures were carried out
to minimize the number of animals (n = 6 per group) and their suffer-
ing.

4.3.10. Induction of peritonitis in mice
To examine the anti-inflammatory action of compound 5, mice were

randomly divided into different experimental groups: control group
(Ctrl), model group (zymosan + vehicle compound 5), zy-
mosan + compound 5 (0.1, 1, and 10 mg/kg), and zymosan + dexam-
ethasone (3 mg/kg) group. Animals received the selected compound or
dexamethasone intraperitoneally (i.p.) 30 min after i.p. injection of zy-
mosan (500 mg/kg) [53–55]. Ctrl and model group received an equal
volume of vehicle (PBS or DMSO/saline 1:3, respectively) according to
the same schedule. Peritonitis was induced in mice as previously de-
scribed [53,55]. In brief, 500 mg/kg of zymosan A were dissolved in
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PBS and then boiled before the i.p. injection (0.5 mL). Peritoneal exu-
dates were collected at selected time points (4 and 24 h) by washing the
cavity with 2 mL of PBS. Then cell number of lavage fluids was deter-
mined by TC10 automated cell counter (Bio-Rad, Milan, Italy) using
disposable slides, TC10 trypan blue dye (0.4% trypan blue dye w/v in
0.81% sodium chloride and 0.06% potassium phosphate dibasic solu-
tion), and a CCD camera to count cells based on the analyses of cap-
tured images. The remaining lavage fluids were centrifuged at
3000 rpm for 20 min at 4 °C, and supernatants were frozen at −80 °C
for further ELISA analysis [55]. Dexamethasone and zymosan A were
purchased from Sigma-Aldrich (Milan, Italy). DMSO was purchased
from Merck (Italy). Unless otherwise stated, all the other reagents were
purchased from Carlo Erba (Milan, Italy).

4.3.11. Enzyme-linked immunosorbent assay (ELISA)
The levels of IL-1β, IL-6, IL-10 and TNF-α in the peritoneal exudates

at 4 and 24 h were measured using commercially available ELISA kits
(eBioscience Co., San Diego, CA, USA) according to the manufacturer
instructions. Briefly, 100 μL of peritoneal exudates, diluted standards,
quality controls, and dilution buffer (blank) were applied on a pre-
coated plate with the monoclonal antibody for 2 h. After washing,
100 μL of biotin-labeled antibody was added and incubation continued
for 1 h. The plate was washed and 100 μL of the streptavidin–HRP con-
jugate was added, and the plate was incubated for a further 30 min pe-
riod in the dark. The addition of 100 μL of the substrate and stop solu-
tion represented the last steps before the reading of absorbance (mea-
sured at 450 nm) on a microplate reader [70,71].

4.4. Statistical analysis

The data and statistical analysis in this study comply with the inter-
national recommendations on experimental design and analysis in
pharmacology [69] and data sharing and presentation in preclinical
pharmacology [72,73]. The results obtained were expressed as the
mean ± S.D. or as mean ± S.E.M., as reported in the figure legends.
IC50 values were calculated by nonlinear regression using GraphPad
Prism Version 6 software (San Diego, CA) one site binding competition.
Statistical evaluation of the data was performed by one-way ANOVA
followed by a Bonferroni post hoc test for multiple comparison. Graph-
Pad Prism 8.0 software (San Diego, CA, USA) was used for analysis. Dif-
ferences between means were considered statistically significant when
P ≤ 0.05 was achieved. Sample size was chosen to ensure alpha 0.05
and power 0.8. Animal weight was used for randomization and group
allocation to reduce unwanted sources of variations by data normaliza-
tion. No animals and related ex vivo samples were excluded from the
analysis. In vivo studies were carried out to generate groups of equal
size (n = 6 of independent values), using randomization and blinded
analysis.
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