Journal of

Medicinal
Chem IStry This article is licensed under CC-BY 4.0 @ @
pubs.acs.org/jmc

Identification of a New, Potent, and Stable Tetrahydroquinoline-
Based 5-LOX/sEH Dual Inhibitor with Polymodal Anti-Inflammatory
Activity in Acute Pancreatitis

Danilo D’Avino,”™ Tania Ciaglia,[xl Paul M. ]ordan,[xl Simone Di Micco, Simona Musella,
Veronica Di Sarno, Fabrizio Merciai, Sara Perna, Gerardina Smaldone, Francesca Di Matteo,
Valeria Napolitano, Rosario Stimoli, Ignazio Sardo, Ornella Ricci, Giuseppe Bifulco,

Eduardo Maria Sommella, Manuela Giovanna Basilicata, Giovanni Ferrara, Fiorentina Roviezzo,
Anna Di Dio, Giovanna Aquino, Sofia Pellecchia, Giacomo Pepe, Isabel M. Gomez-Monterrey,
Pietro Campiglia, Carmine Ostacolo, Michele Manfra, Oliver Werz, Antonietta Rossi,*

and Alessia Bertamino™

Cite This: J. Med. Chem. 2026, 69, 19162-19186 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: Acute pancreatitis (AP) is a common, serious, pancreatic | Pevsicmentotsnew miat SIS T
inflammation representing an unmet therapeutical need. Here, we report the e e
1 i 1 3 Sl @ N acute pancreatitis
design and synthesis of a series of compounds as dual S-lipoxygenase (LOX)/ /" e : L condein oS
soluble epoxide hydrolase (sEH) inhibitors aimed at favorably modulating e Sl
inflammatory lipid mediator pathways. The tetrahydroquinoline-based — weisiot futombion + s 9
compound 11 emerged as the most promising candidate, showing potent in = @
vitro inhibition of both enzymes and satisfactory metabolic stability. Compound ‘ _ § e |
11 was evaluated in a cerulein-induced murine model of AP, where it Lo 5 4 ¥
significantly reduced pancreatic damage, cellular infiltration, and edema e om0 1Cy= 25 I
. ) . : oy #
formation. These effects led to beneficial modulation of LMs and attenuation &) o & o @
of ferroptosis, concomitant with activation of the Nrf2 antioxidant pathway and e A >
Compound
upregulation of cytoprotective markers. Compound 11 ameliorated lung, liver, e W

and kidney secondary damage, displaying an improved in vivo pharmacokinetic
profile. Overall, these findings reveal compound 11 as a promising anti-inflammatory agent supporting dual 5-LOX/sEH inhibition,
coupled with Nrf2 activation, as a viable strategy for AP.

B INTRODUCTION inhibitors, however they are plagued by serious unwanted side
effects at the cardiovascular level.” AP is characterized by the
premature release of digestive enzymes into the pancreatic
interstitium and the systemic circulation, which triggers a
cascade of local and systemic inflammatory responses, resulting
in extensive tissue damage and systemic complications.’
Symptoms start with epigastric pain, nausea, vomiting, and
increased levels of serum amylase or lipase that are considered
useful diagnostic biomarkers in early or late stage of AP.”” At the
molecular level, AP is associated with severe oxidative stress
driven by excessive reactive oxygen species (ROS) production
and weakened antioxidant defenses, which not only exacerbate

Acute pancreatitis (AP), a severe pancreas inflammation, is
among the most common inflammatory diseases involving the
gastrointestinal tract with an incidence of 5 to 80 per 100,000
population worldwide and a growing forecast.”> Although most
cases are mild and self-limiting, severe AP is characterized by
sudden onset, rapid progression to pancreatic necrosis, and the
development of multiorgan dysfunction, with mortality rates
reaching 20—30% and a significant socio-economic burden. The
first report about this disorder dates back to 1579 and since then
symptoms and causes behind AP have been deeply charac-
terized, but its diagnosis, staging and treatment are still limited.’
Indeed, AP treatment is based on supportive care and consists of

the combination of several interventions including fluid Received: May 6, 2026
resuscitation, nutritional support, pain management, antibiotic Revised:  July 16, 2026
treatment to fight infections at necrotic tissues, and anti- Accepted: July 22, 2026

inflammatory therapy.* Specifically, the use of nonsteroidal anti- Published: July 27, 2026

inflammatory drugs has been proven to ameliorate the clinical
outcome of AP, especially cyclooxygenase (COX)-2 selective
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11(5-LOX/sEH new dual, stable inhibitor)

Figure 1. Chemical structures of our previously synthesized S-LOX/sEH dual inhibitor, sSEH selective inhibitor and FLAP/sEH dual inhibitor (green)

and the new 5-LOX/sEH dual inhibitor (red).
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Figure 2. Chemical modifications on compound I leading to the new series of S-LOX/sEH dual inhibitors.

pancreatic acinar cell injury and inflammatory signaling, but also
promote ferroptosis, a regulated form of cell death characterized
by iron-dependent lipid peroxidation.® The local recruitment
and activation of inflammatory cells (e.g, neutrophils and
macrophages) further exacerbate tissue damage through the
release of pro-inflammatory mediators, such as arachidonic acid
(AA) metabolites. AA can be metabolized by three pathways,
catalyzed by different enzymes, namely COXs, S-lipoxygenases
(5-LOX) and cytochrome P450 (CYP450). COXs are
responsible for prostaglandin (PG) and thromboxane A,
production, 5-LOX catalyzes the formation of leukotrienes
(LTs), while CYP4S0 is implicated in epoxyeicosatrienoic acid

(EET) biosynthesis.” These lipid mediators (LMs) play
important roles in homeostasis, but also in promoting
inflammation.' In particular, the pivotal involvement of 5-
LOX in the pathogenesis of AP has been widely reported, and
inhibition of this enzyme has been shown to alleviate pancreatic
tissue damage.'' Notably, 5-LOX inhibition promotes apoptosis
and suppresses neutrophil activation in pancreatic tissue during
AP, indicating that 5-LOX inhibitors may represent promising
therapeutic agents for the treatment of AP."""> Similarly, the
EET pathway that supports the natural resolution of
inflammatory conditions, is considered a valuable target to
treat phlogistic pathologies. Indeed, EETs function as key

19163 https://doi.org/10.1021/acs.jmedchem.6c01458
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Scheme 1. Synthesis of the Derivatives 5—9, 11, and 12
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signaling molecules in biological systems, contributing to
vasodilation, attenuation of inflammation, and reduction of
pain."”’ However, they are rapidly metabolized by soluble
epoxide hydrolase (sEH) into dihydroxyeicosatrienoic acids
(DHETs), which are known to exert pro-inflammatory effects.*
Previous research has demonstrated that pharmacological
inhibition of sSEH markedly limits the conversion of EET's into
DHETs, leading to a reduction in inflammatory responses and
pain.”> Considering the crucial involvement of LMs in AP,
together with the necessity to expand the therapeutic options in
this serious pathology, here we describe the development of a
series of dual S-LOX/sEH inhibitors and the identification of a
lead compound that was characterized for its activity in a murine
model of cerulein (CER)-induced AP.

We have been engaged in the discovery of new anti-
inflammatory agents for many years and we have developed
substantial expertise in identifying and discriminating the
molecular determinants that selectively direct compounds
toward key enzymes involved in the AA cascades. In particular,
we studied the importance of the indoline nucleus and its
specific decorations to simultaneously inhibit 5-LOX and sEH,
identifying compound I (Figure 1) as potent anti-inflammatory
agent, validated in zymosan-induced peritonitis and exper-
imental asthma models, but in the meanwhile plagued by a poor
pharmacokinetic profile.'® Afterward, we showed that the shift
from an indoline to an indole core allowed to selectively direct
the inhibitory activity against sEH, with compound II (Figure
1), the most promising among the series, characterized in CER-
induced AP mouse model."” Finally, in our recent work we were
able to highlight the structural elements required to inhibit S-
LOX-activating protein (FLAP), describing one of the few
identified FLAP/sEH dual inhibitors (compound III, Figure 1),
profiled by in vivo lipidomic analysis.'® Here, we present the

19164

discovery of compound 11, an adamantyl-tetrahydroquinoline
derivative (Figure 1) as a dual 5-LOX/sEH inhibitor along with
in vitro and in vivo biological and pharmacokinetic character-
ization.

We pursued three main objectives: (i) to highlight the
enhanced potential of a dual 5-LOX/sEH inhibition in the CER-
induced AP model; (ii) to evaluate pharmacokinetic suitability,
improving the stability of the new lead compound with respect
to our previous hit, derivative I; (iii) to explore both S-LOX and
sEH enzymatic pockets to improve knowledge helpful to trace
specific pharmacophoric models. With respect to the latter
aspect, we investigated different scaffolds, as well as various side
chains, retaining the unmodified adamantyl-ureido function,
which had already been proven to maximize compound/sEH
inhibitory interactions (Figure 2).

From this investigation, compound 11 emerged as the most
potent dual 5-LOX/sEH inhibitor, deserving deeper pharmaco-
logical characterization which was carried out by means of the
CER-induced AP murine model. Histological analysis, LM
quantification, and biomarker analysis highlight the remarkable
potency of compound 11. Moreover, the protective effect
against ferroptosis injury and an improved pharmacokinetic
profile demonstrate the success of the present medicinal
chemistry campaign.

B RESULTS AND DISCUSSION

Chemistry

Tetrahydroquinoline derivatives 5—9, 11, and 12 were
synthesized according to Scheme 1. 6-Nitro-1,2,3,4-tetrahy-
droquinoline was first protected at the amino group under
microwave irradiation using di-tert-butyl dicarbonate in basic
medium, furnishing the corresponding carbamate 1 (75% yield).

https://doi.org/10.1021/acs.jmedchem.6c01458
J. Med. Chem. 2026, 69, 19162—19186
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Scheme 2. Synthesis of the Derivatives 20—22
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The following reduction of the nitro group in the presence of
ammonjum formate and Pd/C as catalyst gave the aminic
intermediate 2 in almost quantitative yield. The subsequent
reaction with 1-adamantanemethylamine using triethylamine as
base and triphosgene as carbonyl group donor led to the ureidic
intermediate 3 (55% yield), which was deprotected at N-1 using
trifluoroacetic acid in dichloromethane, giving 4 in almost
quantitative yield. The latter was subjected to microwave-
assisted alkylation reaction using benzyl bromide, methyl 4-
(bromomethyl)benzoate, 4-chlorobenzyl bromide, 4-methox-
ybenzyl bromide, and 4-isopropylbenzyl bromide under basic
conditions, furnishing, respectively, the final derivatives 5—9
(40—48% yield). Furthermore, 4 was reacted with methyl 4-
(chlorocarbonyl)benzoate in alkaline medium, yielding inter-

mediate 10 with 50% of yield. Basic hydrolysis of 6 and 10
furnished, quantitatively, the corresponding carboxylic acid 11
and 12.

The synthesis of final compounds 20—22 was performed as
depicted in Scheme 2. Commercially available 3-nitropyrrole
was derivatized at position N-1 by a microwave-assisted reaction
with methyl 4-(bromomethyl)benzoate and 4-(Boc-amino)-
butyl bromide, leading to intermediates 13 and 14 (45 and 38%
yield), respectively. The following reduction reaction in the
previously mentioned Pd-catalyzed conditions gave the
corresponding amino intermediates 15 and 16, which were
converted into ureas 17—19, by reaction with cyclohexaneme-
thylamine and 1-adamantanemethylamine (32—38% yield).
Then, 17 and 18 were subjected to alkaline hydrolysis,

19165 https://doi.org/10.1021/acs.jmedchem.6c01458
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Scheme 4. Synthesis of the Derivatives 32, 33, 37, and 38
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Table 1. Inhibition of Human Isolated sEH and Human Isolated 5-LOX“
H H H H H
N N N N _N
N
TCO) & @ T 10
N \R N‘
! R
59,11, 12 20-22 28, 29 32,33 37,38
Compound R R, ICy, for sSEH (nM) ICq, for S-LOX (nM)
R Ph—CH,— - 28.3 +23.9 94.1 + 283
6 4-COOMe-PhCH,— - 328 +174 93.7 £25.0
7 4-Cl-PhCH,— - 32.0 +22.6 S1.7 £27.0
8 4-OMe-PhCH,— - 172 + 15.0 105.1 +29.9
9 4—CH(CH,),-Ph- ; 21.3 + 20.0 209.4 + 62.9
11 4-COOH-PhCH,— - 3.6 + 0.7 300 + 0.14
12 4-COOH-PhCO- - >100 >10,000
20 4-COOH-PhCH,— Cyclohexil-CH,— 102.8 + 76.2 >10,000
21 4-COOH-PhCH,— AdamantylCH,— 289.2 + 78.9 >10,000
22 NHZ(CH2)4- AdamantylCH,— 379.3 £229.3 >10,000
28 4-Cl-PhCH,— - 65+ 14 >10,000
29 4-COOH-PhCH,— - >100 >10,000
32 4-COOMe-PhCH,— - 68.1 + 4.6 >10,000
33 4-COOH-PhCH,— - >100 >10,000
37 4-CI-PhCH,— - 342 +25.1 >10,000
38 4-COOH-PhCH,— - >100 >10,000

“All values are given as mean + S.E.M. of single determinations obtained in 3—4 independent experiments.

generating, respectively, the final derivatives 20 and 21, while 19
underwent Boc removal in an acidic medium leading, almost
quantitatively, to the amino-free compound 22.

Derivatives 28 and 29 were synthesized as reported in Scheme
3. 6-Nitro-1,2,3,4-tetrahydroisoquinoline reacted with di-tert-
butyl dicarbonate under the conditions described above leading
to the protected intermediate 23 (83% yield), which was
reduced at the nitro group and coupled with 1-adamantaneme-
thylamine, furnishing the urea 25 (48% yield). Then, it was

subjected to deprotection at N-1 under acidic conditions and
further alkylation reaction using, respectively, methyl 4-
(bromomethyl)benzoate and 4-chlorobenzyl bromide, yielding
intermediate 27 in 47% yield and final compound 28 in 50%
yield. The following basic hydrolysis of 27 led to 4-((6-(3-
(adamantan-1-ylmethyl)ureido)-3,4-dihydroisoquinolin-
2(1H)-yl)methyl)benzoic acid (29) almost quantitatively.
Derivatives 32, 33, 37, and 38 were synthesized according to
Scheme 4. For the synthesis of 33, 1-Boc-3-aminopyrrolidine
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Figure 3. Three-dimensional model of the interactions given by 11 (A), 8 (B), 9 (C), and 28 (D) with sEH. The protein is represented by green tube
with the atom color code: C, green; polar H, white; N, dark blue; O, red; S, yellow. The ligands are depicted by sticks (orange for 11, faded salmon for 8,
dark gray for 9, kiwi for 28) and balls (with the atom color code used for the protein except for C, as for the sticks). The dashed black, cyan and faded
red lines indicate respectively the hydrogen-, aromatic H- and halogen bonds between the ligand and protein.

was employed as starting material. It was first converted into the
urea 30 (yield 78%), using triphosgene and 1-adamantaneme-
thylamine in basic medium, and then deprotected at position 1
in a mixture of trifluoroacetic acid and dichloromethane, as
previously reported, giving 31 in quantitative yield. The
following treatment with methyl 4-(bromomethyl)benzoate
under microwave irradiation furnished 32 in 66% yield. The
tertiary amine obtained was then subjected to alkaline
hydrolysis, leading quantitatively to 33.

Intermediate 36 and final compound 37 were obtained from
4-amino-1-Boc-piperidine, applying the same synthetic proce-
dure reported for the pyrrolidine derivatives. The final
compound 38 was obtained by basic hydrolysis of 36 (38%
overall yield) as previously described.

Molecular Docking and Evaluation of 5-LOX and sEH
Inhibition

Recently, we reported an indoline-based derivative as new lead
compound for rational design of dual 5-LOX/sEH inhibitors.'®
Despite its valuable efficacy, pharmacokinetics concerns raised
from our experimental investigation. This prompted us to
further explore new chemical modifications to improve the
pharmacokinetic profile while preserving biological effective-
ness. Thus, a new collection of 16 compounds was designed by
chemically replacing the indoline moiety by other cyclic

scaffolds, namely: tetrahydroquinoline, tetrahydroisoquinoline,
piperidine, pyrrole and pyrrolidine. Upon the chemical syn-
thesis, this new library was evaluated in vitro for its putative
inhibitory activity against human isolated sEH and 5-LOX in
cell-free assays (Table 1). The inhibitory activity of most of the
compounds spans in the nanomolar range against sEH, with the
bicyclic-based compounds standing out the monocyclic ones.
Specifically, the tetrahydroquinoline-based compound 11
showed the best inhibition (ICsy = 3.6 + 0.7 nM, Table 1) of
sEH activity. Indeed, molecular docking pose showed that the
tetrahydroquinoline core gives 7-7 interaction with Y383 and
HS524, along with an aromatic H-bond with backbone CO of
L408 (Figure 3A, Tables S1, S3). The urea moiety accepts two
H-bonds and two aromatic H-bonds from side chains of Y383
and Y466 and donates two H-bonds to D33S. The adamantyl
side provides van der Waals contacts with Y336, M339, T360,
1375, F381, Q384, Y466, L499, MS03. Intriguingly, all these
found intermolecular contacts are recognizable in reported
cocrystallized ligands with sEH.'””° The benzyl group also
contributes with a 7-stacking with W525, while the carboxylate
is hydrogen bonded to backbone NH of F497 and HS24.
Interestingly, 11 shares, with known sEH inhibitor t-AUCB,*°
the carboxyphenyl group but diverges for the interaction given
by the carboxylate. Indeed, in t-AUCB, the carboxylate is
hydrogen bonded to S41S. This different orientation of the
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Figure 4. Three-dimensional model of the interactions given by 7 (A), 6 (B), 5 (C), 8 (D), 9 (E), and 11 (F) with S-LOX. The protein is depicted by
tube (colored: C, light gray; polar H, white; N, dark blue; O, red). The ligands are represented by sticks (violet for 7, azure for 6, magenta for 5, faded
salmon for 8, dark gray for 9, orange for 11) and balls (with the atom color code used for the protein except for C, as for the sticks). The dashed black
and cyan lines indicate the respectively the hydrogen- and aromatic H-bonds between the ligand and protein.

carboxyphenyl group in 11 is mainly ascribable to the
tetrahydroquinoline scaffold respect to the cyclohexyl of t-
AUCB. In respect to 11, the congeners 5—9 give the same

network of ligand-protein interactions by their common

structural moieties. The compounds 5—9 structurally diverge
from 11 for the substituent in para position of the benzyl group,
showing less potency to inhibit SEH (Table 1). Indeed, 8
preserves only the H-bond with the main chain NH of F497

19168 https://doi.org/10.1021/acs.jmedchem.6c01458
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Figure S. Contact histograms from MD simulations of 11 with sEH (top) and 5S-LOX (bottom).

through the methoxy substituent (Figure 3B) while the
unsubstituted analogue S and the ester derivative 6 do not
give hydrogen bonds. The chlorine in 7 does not allow the
formation of a proper polar interaction. On the contrary, the
isopropyl group in 9 compensates in terms of affinity
contribution through van der Waals contacts with surrounding
amino acids (Figure 3C), leading to a slightly better inhibitory
activity than 5—7 (Table 1). Unlike 5—9 and 11, compound 12
is endowed with a carbonyl linker between tetrahydroquinoline
and phenyl rings instead of a methylene. This structural
modification widens the planar geometry of the N-substituent,
and the consequent conformational rigidity does not favor the
right adaptation into the binding site of sEH. Notably, the
tetrahydroisoquinoline 28 also displays potent inhibition of sSEH
(6.5 + 1.4 nM, Table 1). Indeed, 28 keeps the same
intermolecular contacts formed by the 1-(adamantan-1-
ylmethyl)-3-phenylurea moiety as observed for 11 (Figure
3D). Moreover, 28 establishes two potential polar interactions
with side chain of S415 and the backbone CO of A411. The
benzyl group gives two aromatic H-bonds with main chain
carbonyl of L408 and R410. However, compared to 11, the
tetrahydroisoquinoline isomer increases the ligand length. For
29, the larger carboxylic substituent than chlorine hampers the
proper accommodation into the catalytic pocket, leading to loss
of activity. The structural switch from bicyclic to monocyclic
hydrogenated scaffolds (32, 33, 37, and 38) shortens the span of
the small molecule and accordingly a more extended
conformation is only permitted to reduce the intermolecular

steric hindrances. This conformational adaptation is respected
by using ester and chlorine substituents in 32 and 37.
Differently, the negatively charged carboxylate in 33 and 38,
attempting to find a macromolecular partner into the desolvated
binding site, induces inter and intramolecular steric clashes,
which are detrimental for the binding. Unlike the saturated five
and six-membered rings, the rigidity and planarity of pyrrole
confer more relaxed conformations, even in the presence of a
carboxylate, assuring an inhibitory activity of 20—22 in high
nanomolar range (Table 1).

Only the tetrahydroquinoline-based compounds inhibit
isolated S-LOX effectively (Table 1). The theoretical inves-
tigation highlighted that chlorine of 7 interacts with Fe**. The
tetrahydroquinoline moiety gives van der Waals with F177,
1406, K409, L607, 1673 (Figure 4A). The urea group accepts a
hydrogen bond from side chain of N180 and donates two H-
bonds to the CO of A606. The adamantyl group establishes van
der Waals bonds with K183, W605, A606, Q609, and Q611. The
phenyl group gives an aromatic H-bond with side chain of Q363
and van der Waals interactions with H367, H372, and L414. The
larger ester substituent in 6 is H-bonded and induces also the
loss of a hydrogen bond from the urea group and some van der
Waals interactions mediated by the adamantyl moiety (Figure
4B). Similarly, 5 and 8 show reduced numbers of contacts with
protein (Figure 4C,D). Compared to 7, the bulkier isopropyl
group of 9 further moved the whole conformation toward the
protein surface, reducing the van der Waals contacts with
macromolecular counterparts with complete loss of H-bond
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Figure 6. Assessment of the metabolic stability of compound 11 following incubation with HLMs and LC-HRMS/MS characterization of metabolites.
(A, E) The plot reports the natural logarithm of the percentage of parent compound remaining versus incubation time. Metabolic stability of
compound 11 was evaluated after incubation with HLMs at 37 °C in the presence of NADPH or UDP-GIcUA as cofactors. Compound 11 (10 yM)
was prepared with a final organic solvent concentration of <1% (v/v) to prevent CYP inhibition. Low microsomal protein concentrations were
employed to minimize nonspecific binding. Using a protein precipitation (crash-in) protocol, incubations were quenched at predefined time points
with ice-cold methanol containing IS and analyzed by LC-MS/MS. A 0 min control was prepared by immediately quenching the reaction with solvent.
Cofactor-free incubations served as negative controls (NC; B, F), while 1-aminobenzotriazole (ABT)-supplemented incubations were used to assess
the contribution of CYP-mediated metabolism; (C, G) List of metabolites formed after microsomal incubation of compound 11. Metabolites were
identified by LC-HRMS/MS; fragmentation spectra were processed using Compound Discoverer 3.3 software with a customized workflow for the
detection and structural elucidation of both predicted and unexpected metabolites; (D, H) Semiquantitative analysis of metabolites over incubation
time based on LC-HRMS/MS data. Metabolite levels (M1 and M2, panel A; M3, panel B) are reported as normalized peak areas relative to IS.

network of the urea (Figure 4E). In respect to 7, the carboxylate
group in para position of phenyl in 11 does not interact with
Fe?* but it is hydrogen bonded to side chain of H367, moving
apart also the phenyl ring from the jon (Figure 4F). These
differences could explain the higher ICs, of 11 than 7 (Table 1).
The reduced flexibility of 12, due to the conversion of methylene
into a carbonyl linker, causes a distorted docked pose,
advocating an unfavorable inhibition as corroborated by the
enzyme inhibition experiments (Table 1). The theoretical
outcomes of 20—22, 28, 29, 32, 33, 37, 38 revealed distorted
predicted poses or no docked conformations. In comparison
with the tetrahydroquinoline-based congeners, the introduction
of tetrahydroisoquinoline and monocycle scaffolds alters the
global linker length and the conformational plasticity of the
small molecule to adapt into the catalytic channel of 5-LOX.
Thus, the occupancy of the open position of Fe** coordination
sphere could not be properly reached, resulting in disappearance
of inhibitory activity. To evaluate the stability over the time of
the key interactions found by molecular docking investigation of
11 against sEH and 5-LOX, we carried out molecular dynamics
(MD) simulations (100 ns, 310 K), illustrated in Figure 5.*'~**
For each trajectory investigated, most of the contacts with
macromolecular residues, observed from the docked poses of 11
with both biological targets, were maintained during the whole
simulation (>30%), confirming their crucial contribution to
ligand-protein complex stability.”*~>°

Overall, the present work shows the crucial role of the central
scaffold in leading the dual inhibitory profile. Indeed, the

tetrahydroquinoline-based compounds are uniquely able to
inhibit both aimed biological targets. The conversion of
methylene linker to carbonyl one between the tetrahydroquino-
line and phenyl group is detrimental for inhibition of both
targeted enzymes. The structural switch to tetrahydroisoquino-
line and/or to saturated and unsaturated five- and six-membered
monocycles drives to a binding preference toward sEH.
However, these cycles should be coupled with the right choice
of the para substituent of benzyl group to preserve the sEH
inhibition.

Together, the compound characterization highlights nano-
molar inhibitory potencies against sEH for the most synthesized
derivatives, with compound 11 at the top ranking of the series
(ICso = 3.6 £ 0.7 nM), while derivatives S—11 emerged as the
most powerful inhibitors of S-LOX (IC50 <51.7+27.0<300+
0.14 nM). So, balancing 5-LOX and sEH activities, and at the
same time knowing that sEH blocking potentiates the
endogenous anti-inflammatory pathway, while 5-LOX reduces
both pro-inflammatory and anti-inflammatory LM biosynthesis,
we considered compound 11 worthy of further investigation.””

It should be noted that in vitro assays were conducted on
human enzymes, whereas in vivo studies were performed in mice.
Although these enzymes are highly conserved, species-related
differences cannot be excluded and should be considered when
interpreting the translational relevance of the results.
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Figure 7. Effect of compound 11 in a murine model of acute pancreatitis. (A) Time scale for cerulein (CER)-induced murine pancreatitis. AP was
induced in mice by i.p. injections of cerulein (CER, S0 ug/kg) hourly (6 times). Mice received compound 11 (10 mg/kg, i.p.), AUDA (10 mg/kg, i.p),
Zileuton (ZILE, 10 mg/kg, i.p.) or vehicle (veh., 2% DMSO, i.p.), 0.5 and 2.5 h after the first CER injection and were euthanized 6 h after the first CER
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Figure 7. continued

injection. (B) Amylase and (C) lipase levels were measured in plasma 6 h after the first CER injection. (D) Pancreas slices were stained for H&E. (E)
Evaluation of pancreatic edema and inflammatory infiltration was performed by three-point scoring system. Edema: O absent or rare; 1, in the
interlobular space; 2, in the intralobular space; 3, the isolated-island shape of pancreatic acinus. Inflammation: 0, absent; 1, mild (infiltration in ducts);
2, moderate (infiltration in parenchyma <50%); 3, severe (infiltration in parenchyma >50%). Asterisk = interlobular edema, arrowhead = intralobular
edema. (F) Neutrophil and (G) macrophage immunohistochemical analysis in pancreas sections. LMs were extracted from (H and I) plasma and (J
and K) pancreas and analyzed by UPLC-MS/MS. Ratio of the sum of DHET against the sum of EETs and LTB, levels in (I) plasma and (K) pancreas.
Values represent mean =+ standard error of the mean (S.E.M.); n = 4—6 mice for each group. Heatmap of (H) plasma and (J) pancreas LMs levels,
shown as log of fold changes against the vehicle-treated mice; n = 4—6 mice for each group. Data were analyzed by one-way analysis of variance
(ANOVA) plus Bonferroni. Statistical significance is reported as follows: °°p < 0.01 and °°°p < 0.001 vs sham; *p < 0.0S and **p < 0.01 vs veh.

In Vitro Pharmacokinetic Evaluation of Compound 11

Prior to in vivo evaluation of compound 11, its in vitro metabolic
stability was assessed using human liver microsomes (HLMs),
which are widely used as early stage screening tools because of
their robustness, simplicity, and low cost.”**” HLMs provide a
suitable in vitro system to model major microsomal hepatic
biotransformation pathways, as they contain membrane-bound
phase I enzymes, such as CYPs and flavin-containing
monooxygenases (FMOs), which primarily catalyze NADPH-
dependent oxidative reactions,” as well as phase II enzymes,
including UDP-glucuronosyltransferase (UGTs), which are
responsible for glucuronidation.”"

Accordingly, 11 was incubated with NADPH or UDP-
glucuronic acid (UDP-GIcUA) to evaluate oxidative metabolism
mediated by NADPH-dependent enzymes and UGT-mediated
glucuronidation, respectively. Compound 11 displayed moder-
ate metabolic stability in HLMs, with half-lives of approximately
61 min in the presence of NADPH and 230 min in the presence
of UDP-GIcUA (Figure 6AE). In cofactor-free control
incubations, no appreciable parent compound depletion was
observed, supporting cofactor-dependent metabolic turnover
(Figure 6B,F). Moreover, incubation with the broad-spectrum
CYP inhibitor 1-aminobenzotriazole (ABT) further supported
the ir}l;rolvement of CYP-mediated oxidative metabolism (Figure
6B).

These metabolic stability data were used to derive intrinsic
clearance parameters, which are key predictors of human hepatic
clearance and systemic exposure. CYP- and UGT-mediated
microsomal intrinsic clearances of 11 were calculated from in
vitro half-life data, normalized to microsomal protein content,
and corrected for microsomal binding (f,m = 0.501) to obtain
unbound intrinsic clearance values. These values were then
scaled to whole-liver intrinsic clearance using physiological
scaling factors, yielding CLiycceq values of 37.3 and 9.9 mL
min~} kg_I for CYP- and UGT-mediated metabolism,
respectively.””** The corresponding fractions metabolized
(fmeyp = 079 and fmygr = 0.21) confirmed that 11 is
predominantly metabolized via CYP-mediated pathways.*
Hepatic clearance (CL;) was estimated using the well-stirred
model, incorporating hepatic blood flow (Q = 20.7 mL min™"
kg™'), plasma unbound fraction (f,, = 0.235), and the
combined scaled intrinsic clearances for CYP- and UGT-
mediated metabolism, yielding CL, = 7.2 mL min~" kg=%.>**

Parent compound 11 depletion was accompanied by time-
dependent metabolite formation. CYP-mediated metabolism
generated two metabolites: M1, formed by dealkylation
followed by aldehyde reduction, and M2, formed through
adamantane hydroxylation (Figure 6C and Figure SS0A, B),
with M2 being the predominant product (Figure 6D). In
contrast, UGT-mediated metabolism yielded the glucuronide
conjugate M3 (Figure 6G, H and Figure SS0C).

Because metabolic turnover can generate reactive intermedi-
ates, 11 was evaluated for its propensity to form glutathione
(GSH)-trappable metabolites.”*” Accordingly, 11 was incu-
bated with HLMs in the presence of NADPH and GSH, and
potential GSH adducts were monitored by LC-MS/MS. No
GSH conjugates were detected, indicating low electrophilic
reactivity and limited GSH-trapping liability, thereby supporting
a low propensity for reactive metabolite formation.

As a final component of the in vitro stability assessment
beyond hepatic metabolism, 11 was evaluated in human plasma.
No appreciable degradation of 11 was observed after incubation
for up to 120 min, indicating good plasma stability and limited
susceptibility to plasma-mediated degradation (Figure SS1).

In Vivo Effects of Compound 11 in Cerulein-Induced
Pancreatitis

To assess the effects of compound 11 in vivo, we used a well-
established model of AP namely CER-induced pancreatitis in
mice.'” CER is a homologue of the intestinal hormone
cholecystokinin which, at high concentrations, induces acinar
cell death, pancreatic edema and cell infiltration, hallmark
features of human pancreatitis. To this aim, the mice were
treated intraperitoneally with 11 (10 mg/kg), AUDA (a sEH
inhibitor, 10 mg/kg) and zileuton (ZILE, a 5S-LOX inhibitor, 10
mg/kg) 0.5 and 2.5 h after the first administration of CER
(Figure 7A). The mice received a total of 6 intraperitoneal
injections of CER at 1-h intervals; at the end of the experiment,
the mice were euthanised 1 h after the last CER injection, and
the pancreas, lungs and blood were collected (Figure 7A).
Assessment of AP requires the evaluation of amylase and lipase
plasma levels as well as histological parameters, as they reflect
distinct but complementary aspects of the disease. Amylase and
lipase levels provide information on early acinar cell injury, while
histological analysis captures the extent of tissue inflammation
and structural damage.4o Following administration of CER, a
significant increase in amylase (Figure 7B) and lipase (Figure
7C) levels was observed in the plasma of mice in respect to the
sham mice, indicating that the disease had been induced.
Treatment of the mice with 11 significantly reduced the amylase
and lipase levels compared to the vehicle group (Figures 7B, C),
suggesting a protective role for 11 against pancreatic damage.
Amylase and lipase levels were also reduced following treatment
with ZILE, whereas no effect was observed with AUDA (Figure
7B, C).

Pancreatic tissue from the sham group showed a preserved
exocrine architecture, with acinar cells showing basally located
nuclei and apical acidophilic cytoplasm, as well as intact islets of
Langerhans (Figure 7D). In contrast, CER-treated animals
displayed extensive pancreatic injury, including acinar cell
hypertrophy, necrosis, and ductal alterations (Figure 7D).
Additionally, marked dilation of interlobular spaces and
disruption of islet organization with intra- and interlobular
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edema were observed in CER-treated mice (Figure 7D, E).
Pancreatic sections from the 11-treated group showed a
significant attenuation of histopathological damage (Figure
7D), with reduced acinar hypertrophy, necrosis, and pancreatic
edema (Figure 7D, E). In perfect tone, 11 reduced immune cell
infiltration induced by CER injections (Figure 7D, E), in
particular neutrophil (Figure 7F) and macrophage (Figure 7G)
infiltration. Of note, the treatment with AUDA, similarly to
compound 11, attenuated pancreatic damage at the histopatho-
logical level, whereas ZILE provided only partial protection,
with residual histopathological alterations still evident (Figure
7D, E). These findings suggest that the dual inhibition of sEH
and S5-LOX achieved with 11 affords superior protection
compared to targeting a single pathway, acting both at the
biochemical level (reduction of amylase and lipase), as observed
with ZILE, and at the histopathological level, as observed with
AUDA.

To evaluate the in vivo modulation of 5-LOX and sEH by 11,
targeted LM profile was analyzed in plasma and pancreas of
treated mice by UPLC—MS/MS. Compound 11 selectively
modulated pro-inflammatory and anti-inflammatory LM profiles
after AP induction. Consistent with the capacity of 11 to inhibit
in vitro sEH enzyme, LM profiling revealed that treatment with
11 decreased the DHET/EET ratio in plasma (Figure 7I) and
pancreas (Figure 7K). This shift was driven by elevated levels of
anti-inflammatory EETs (Figure 7H, J), along with a
concomitant reduction in pro-inflammatory DHETSs (Figure
7H, J), as observed and expected for AUDA,* confirming
effective sEH inhibition by 11 in vivo. In addition, 11 suppressed
CER-induced formation of LTB, in plasma (Figure 7H, I), but
no inhibitory effects were observed in pancreas (Figure 7], K),
likely reflecting limited tissue exposure/penetration under
inflammatory conditions, nevertheless, dedicated and properly
optimized PK studies, including reliable quantification of the
compound in pancreatic tissue, would be required to confirm
this hypothesis. A comparable pattern was observed for ZILE,
which markedly reduced LTB, levels in plasma (Figure 7H, I)
while showing minimal effects in pancreatic tissue (Figure 7],
K). These findings support a predominantly systemic modu-
lation of 5-LOX-derived mediators.

This limited modulation of 5-LOX-derived mediators at the
pancreatic level may be explained, at least in part, by PK
considerations. Based on the in vivo PK profile of 11 (see above
in vivo PK paragraph), the observed C,,, (232.094 ng/mL)
corresponds to approximately 490 nM, which is only moderately
above the in vitro ECg, value for 5-LOX inhibition (300 nM,
~143 ng/mL). These data suggest that, while systemic 5-LOX
inhibition is pharmacologically plausible, the relatively narrow
exposure margin may result in partial target engagement,
particularly in pancreatic tissues where higher local concen-
trations are required.

At 6 h following CER injection, treatment with 11 resulted in
a weak increase in plasma (Figure 7H) and pancreatic (Figure
7]) levels of 12-/15-LOX products derived from AA or
eicosapentaenoic acid (EPA), along with a concomitant
reduction in COX products, most notably PGE, (Figure 7H,
J), which was not due to the direct inhibition of isolated COXs
enzymes (at 1 and 10 yM) as represented in Figure S52.

Elevated levels of anti-inflammatory EETs accompanied by
reduced formation of their less active DHET metabolites shift
the lipid redox balance toward decreased lipid peroxidation,
thereby limiting susceptibility to ferroptosis, an iron-dependent
form of regulated cell death implicated in pancreatic acinar cell

damage and necrosis during severe AP.* Immunohistochemical
analysis showed that CER administration induced a strong
increase of 4-hydroxynonenal (4-HNE) levels in the pancreas
(Figure 8A), a toxic aldehydic byproduct of lipid peroxidation

A

SHAM CER + VEH CER + 11

Figure 8. Effect of compound 11 on ferroptosis in cerulein-induced
pancreatitis. AP was induced in mice by i.p. injections of cerulein (CER,
50 pg/kg) hourly (6 times). Mice received compound 11 (10 mg/kg,
ip.), or vehicle (veh., 2% DMSO, ip.) 0.5 and 2.5 h after the first CER
injection and were euthanized 6 h after the first CER injection.
Representative images of (A) 4-HNE, (B) FTH-1, (C) GPX4 and (D)
Nrf2 immunohistochemical analysis in pancreas sections. n = 4—5.

that reflects iron-dependent oxidative membrane damage and is
considered a hallmark of ferroptotic cell death.*” Treatment of
mice with 11 (10 mg/kg, i.p.)markedly reduced the
immunohistochemical localization of 4-HNE, indicating a
suppression of lipid peroxidation and suggesting an inhibitory
effect on ferroptosis. This interpretation was further supported
by changes in the ferroptosis-regulating proteins ferritin heavy
chain-1 (FTH-1) and glutathione peroxidase-4 (GPX4). FTH-1
limits iron-driven lipid peroxidation through iron sequestra-
tion, " whereas GPX4 detoxifies lipid hydroperoxides,** thereby
preventing the formation of toxic lipid peroxidation byproducts
such as 4-HNE. Consistently, CER treatment significantly
reduced FTH-1 and GPX4 levels compared with sham animals,
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Figure 9. Effects of compound 11 in AP-induced multiorgan injury. Pancreatitis was induced in mice by i.p. injections of cerulein (CER, 50 ug/kg)
hourly (( times). Mice received compound 11 (10 mg/kg, i.p.) or vehicle (veh., 2% DMSO, i.p.) 0.5 and 2.5 h after the first CER injection and were
killed 6 h after the first CER injection. (A) H&E staining of lung sections. (B) Immunohistochemical analysis of neutrophils in lung slices. (C) Lung
LMs were extracted and analyzed by UPLC-MS/MS. LMs levels are shown as log of fold changes against the vehicle-treated mice in a heatmap, n = 5.
Plasma levels of AST (D), ALT (E), GGT (F) and Urea (G). Values represent mean + SEM; n = 6 mice for each group. Data were analyzed by one-way
ANOVA plus Bonferroni. Statistical significance is reported as follows: °°°p < 0.001 vs sham; *p < 0.0S, **p < 0.01 and ***p < 0.001 vs veh.

while 11 increased the expression of both proteins (Figure
8B,C). Notably, these effects were accompanied by enhanced
nuclear translocation of nuclear factor erythroid 2-related factor
2 (Nrf2) due to 11, consistent with the activation of an
endogenous antioxidant and ferroptosis-suppressive transcrip-
tional program.45 Indeed, as showed in Figure 8D in the sham
group, Nrf2 immunoreactivity was predominantly cytoplasmic,
showing limited overlap with the nuclear counterstain (blue).
CER treatment induced only a modest increase in Nrf2 nuclear
localization. In contrast, pancreas sections from mice treated
with CER plus 11 displayed a marked increase in nuclear Nrf2,
as evidenced by the strong overlap of the brown Nrf2 signal with
the blue nuclear staining (arrowheads). This enhanced nuclear
localization indicates activation of the Nrf2 pathway and
supports a protective effect of 11 through the induction of an
antioxidant and cytoprotective response. Collectively, the
activation of Nrf2 by compound 11 coordinates the induction
of GPX4 and FTH-1, limits 4-HNE accumulation, and
ultimately suppresses ferroptosis-associated pancreatic injury.
Patients with AP may die as a consequence of multiorgan
failure driven by systemic inflammation, which is accompanied
by secondary damage to distant organs, particularly lungs, liver
and kidneys.** Consistent with this scenario, CER admin-
istration in our mouse experimental model induced marked lung
injury, as evidenced by alveolar edema and inflammatory
infiltrates in H&E-stained sections (Figure 9A), together with a

significant increase in neutrophil accumulation in lung tissue
(Figure 9B). Importantly, treatment with 11 markedly
attenuated CER-induced pulmonary damage, reducing both
histological signs of lung injury (Figure 9A) and neutrophil
infiltration (Figure 9B). Accordingly, 11 reduced pulmonary 5-
LOX product levels induced by CER administration (Figure
9D), particularly the chemotactic LTB, Unlike what was
observed in plasma and pancreas, 11 reduced the pulmonary
levels of EETs and DHETs (Figure 9C). The concurrent
decrease in EETs and DHETSs observed in lung tissue likely
reflects reduced inflammatory-driven LM biosynthesis following
treatment with 11, rather than impaired sEH inhibition,
highlighting tissue-specific regulation of epoxygenase pathways
during systemic inflammation. These findings underscore the
importance of tissue-specific LM dynamics and indicate that
absolute EET levels may not directly reflect sEH activity under
conditions of reduced inflammatory burden. In the AP model,
CER administration also induced hepatic injury, as evidenced by
increased plasma levels of aspartate aminotransferase (AST)
(Figure 9D), alanine aminotransferase (ALT) (Figure 9E), and
y-glutamyltransferase (GGT) (Figure 9F), as well as renal
dysfunction, indicated by elevated urea levels (Figure 9G),
compared with sham animals. Treatment with 11 significantly
reduced AST, ALT, GGT, and urea levels, restoring them
toward values observed in the sham group (Figure 9D—G).
Overall, compound 11 emerges as a mechanistically well-defined
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dual sEH/S-LOX inhibitor capable of reprogramming inflam-
matory LM networks and activating Nrf2-dependent cytopro-
tective pathways, resulting in marked attenuation of pancreatic
and extra-pancreatic damage in AP.

The overall pharmacodynamic profile of 11 appears to be
compartment-dependent, with clear evidence of sEH inhibition
within pancreatic tissue contributing to local protection, while
modulation of 5-LOX-derived mediators is observed primarily
systemically. This differential engagement likely contributes to
limiting systemic inflammation while also preserving CER-
induced multiorgan damage. Taken together, these alterations in
LM pathways suggest a protective role for 11 in AP, likely driven
by coordinated modulation of 5-LOX/sEH-related eicosanoid
networks that promotes resolution of inflammation.

In Vivo Pharmacokinetic Evaluation of Compound 11

The in vivo pharmacokinetic properties of 11 were also assessed.
To this end, plasma samples were collected from mice at
predetermined time points (0, 0.5, 1, 2, 4, and 24 h) after i.p.
administration of compound 11 (10 mg/kg) and were analyzed
by high-performance liquid chromatography-triple quadrupole
mass spectrometry (HPLC-QqQ-MS/MS, Tables S21-22) to
quantify 11 and metabolites identified in the in vitro MetID
studies. Compound 11 was relatively stable (Figure 10),
exhibiting a plasma half-life of 1.71 h in mice (T, 0.5 h;
Craxt 232.094 ng/mL; AUCy_.: 362.2 ng/mL h), and
confirmed that the main metabolites were M2 and M3 (Figure
Ss1).
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Figure 10. Plasma concentration—time profile of compound 11
following a single i.p. dose (10 mg/kg) in mice. Values are expressed
as mean + SD (n = 6).

B CONCLUSIONS

AP is among the most common causes of hospitalization due to
gastrointestinal issues, imposing an economic burden higher
than $2.5 billion per year, making this pathology a global health
emergency.””*® In addition, AP can frequently evolve to chronic
pancreatitis and eventually to pancreatic cancer, with worsening
of prognosis and a high rate of mortality.”” This disease is
currently faced with a supportive treatment including fluid
resuscitation, pancreatic enzymes, antibiotic and anti-inflamma-
tory medications. Considering the important repercussions as
on public health, as well as on economic expenses, AP represents
an urgent need, especially in terms of new and divergent

pharmacological intervention. Here, we show the design, the
synthesis and the pharmacological validation of the new dual S-
LOX/sEH inhibitor compound 11. We designed a series of
molecules based on both scaffolds and appendages diversity,
bearing in mind the previous structural information that we
collected about these targets. All compounds were screened
against the human 5-LOX and sEH isolated enzymes showing in
most cases remarkable activities, in particular compound 11
emerged as the most promising candidate. To predict its
pharmacokinetic profile, it was subjected to a pharmacokinetic
analysis which completely traced its metabolic destiny and
confirmed its suitability. In the CER-induced AP model,
compound 11 strongly reduced pancreatic acinar cell hyper-
trophy, necrosis, and edema, decreasing levels of amylase and
lipase, and favorably modulated LM signature profiles.
Contextually, it also protected pancreas tissue from damages
induced by ferroptosis, reducing 4-HNE, increasing FTH-1 and
GPX4 levels, and promoting nuclear translocation of Nrf2.
Moreover, compound 11 reduced lung, hepatic and kidney
secondary injuries.

Importantly, the overall biological efficacy of 11 should be
interpreted in a functional and pharmacological sense, rather
than as the result of perfectly balanced inhibition at the
enzymatic level of both sEH and 5-LOX. Indeed, 11 effectively
engages both targets in a biologically meaningful manner,
combining 5-LOX-mediated modulation of early enzymatic
damage (reduction of amylase and lipase) with sEH-associated
protection of tissue integrity. This coordinated and comple-
mentary activity across distinct pathological components likely
contributes to limiting both early acinar cell injury and
subsequent tissue damage, ultimately supporting the protective
effect observed in vivo.

Although in vitro activity was assessed on human enzymes and
in vivo efficacy was demonstrated in a murine model, where
species-related differences cannot be completely excluded, the
overall findings strongly support the translational potential of
compound 11.

Overall, these results, together with a compatible in vivo
pharmacokinetic profile, highlight the therapeutic potential of
compound 11, which proved to be worthy of consideration for
its complete development as dual 5-LOX/sEH inhibitor with
not only application in AP, but also in other acute and chronic
inflammatory pathologies. Compound 11 also paves the way for
a more robust and compete SAR study, exploring other different
decorations to fine-tune the targeting of the proposed proteins.

B EXPERIMENTAL SECTION

General

All the other reagents and solvents were purchased from Merck (Milan,
Italy) or Fluorochem Limited (Derbyshire, England) 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 cartridges (SNAP KP-
Sil, Biotage). NMR spectra were recorded on a Bruker Avance 400
MHz apparatus, at room temperature. Chemical shifts were reported in
& values (ppm) relative to internal Me,Si for 'H and '*C NMR. J values
were reported in hertz (Hz). "H 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
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mass spectrometer (Thermo Scientific, Bremen, Germany), 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 X 2.1 mm X 2.6 ym (Phenomenex, Bologna, Italy)
maintained at 40 °C. The optimal mobile phase consisted of 0.1%
HCOOH/H,0 v/v (A) and 0.1% HCOOH/ACN v/v (B) delivered at
constant flow rate of 0.3 mL/min"". 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 five minutes for column re-equilibration. Data
acquisition was set in the range 190—800 nm and chromatograms
were monitored at 254 nm. Melting points (mp) were determined on a
Stuart SMP30 melting point apparatus and are uncorrected.

General Procedure A: Alkylation and Acylation Reaction (1,
5-10, 13, 14, 23, 27, 28, 32, 36, and 37). 6-Nitro-1,2,3,4-
tetrahydroquinoline, 3-nitropyrrole, 6-nitro-1,2,3,4-tetrahydroisoqui-
noline, intermediate 4, 26, 31, or 35 (0.1 mmol) was dissolved in
acetonitrile and added with 2 equiv of potassium tert-butoxide and 2
equiv of the proper alkyl halide, Boc anhydride or methyl 4-
(chlorocarbonyl)benzoate. Afterward, the mixture was heated to 120
°C in a microwave reactor for 1 h, and, after completion of the reaction,
it was quenched by 10% aqueous solution of citric acid and diluted with
dichloromethane. The organic layer was separated, dried over
anhydrous Na,SO,, filtered, and concentrated under vacuum. Flash
chromatography of the crude mixture using n-hexane/ethyl acetate as
mobile phase furnished the purified intermediates.

General Procedure B: Pd-Catalyzed Reduction and Depro-
tection Reaction (2, 15, 16, and 24). The starting material (1.0
mmol) dissolved in a mixture of THF/MeOH (1/:1 v/:v), was added
with ammonium formate (10 equiv) and Pd/C (10% mol). The
reaction mixture was mixed 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, furnishing the final
compounds or the corresponding intermediates without further
purification.

General Procedure C: Urea Formation (3, 17-19, 25, 30, and
34). A solution of 2, 15, 16, 24, 1-Boc-3-aminopyrrolidine or 4-amino-
1-Boc-piperidine (0.1 mmol) in dichloromethane, was added with
triphosgene (0.4 equiv), triethylamine (1.2 equiv) and the proper
amine (1.2 equiv), 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
Na,SO,, filtered and evaporated. Flash chromatography using n-
hexane/ethyl acetate as mobile phase furnished the corresponding urea
compounds.

General Procedure D: Boc Removal (4, 22, 26, 31, and 35).
The N-Boc protected intermediates 3, 19, 25, 30, or 34 (1 mmol) were
dissolved in a mixture of TFA/DCM (1/3, v/v), and triisopropylsilane
(TIS, 0.1 equiv) 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 organic layer was evaporated under vacuum, diluted
with ethyl acetate, extracted, dried over Na,SO,, filtered, and
concentrated in vacuo. The final products were obtained by
precipitation from dichloromethane and diethyl ether.

General Procedure E: Hydrolysis (11, 12, 20, 21, 29, and 33).
Compound 6, 10, 17, 18, 27, 32, or 36 (0.5 mmol) was dissolved in
methanol (S mL) and added with 2 mL of NaOH 1 M aqueous solution.
The reaction mixture was stirred at 100 °C until the complete
disappearance of the starting material, evidenced by TLC. The organic
phase was evaporated, and the aqueous phase was quenched with 20 mL
of HC1 2 M, diluted with ethyl acetate and extracted. Then, the organic
layer was filtered, dried over anhydrous Na,SO, and evaporated in
vacuo affording the final derivatives without further purification.

tert-Butyl 6-Nitro-3,4-dihydroquinoline-1(2H)-carboxylate
(1). Synthesized from 6-nitro-1,2,3,4-tetrahydroquinoline and di-tert-

butyl dicarbonate following the general procedure A. FC in n-hexane/
ethyl acetate 9.5/0.5, Rf: 0.47. Yellow powder (75% yield). '"H NMR
(400 MHz, CDCl,): é: 1.57 (s, 9H, CH;); 1.95—2.01 (m, 2H, CH,);
2.86 (t, 2H, CH,, ] = 6.4 Hz); 3.78 (t, 2H, CH,, ] = 6.1 Hz); 7.94—8.03
(m, 3H, aryl); HR-MS m/z caled for C;,H;{N,O, [(M + H)]":
279.1339; found 279.1326.

tert-Butyl 6-Amino-3,4-dihydroquinoline-1(2H)-carboxylate
(2). Synthesized from 1 following the general procedure B. FC in n-
hexane/ethyl acetate 2/1, Rf: 0.45. Whitish powder (94% yield). 'H
NMR (400 MHz, CD,0D): &: 1.51 (s, 9H, CH;); 1.85—1.91 (m, 2H,
CH,); 2.68 (t,2H, CH,, ] = 6.6 Hz); 3.64 (t,2H, CH,, ] = 6.2 Hz); 6.51
(bs, 1H, aryl); 6.55 (dd, 1H, aryl, ]’ = 2.5 Hz and J” = 8.6 Hz); 7.26 (d,
1H, aryl, ] = 8.5 Hz); HR-MS m/z calcd for C,,H,(N,0, [(M + H)]*:
249.1598; found 249.1566.

tert-Butyl 6-(3-(Adamantan-1-ylmethyl)ureido)-3,4-dihy-
droquinoline-1(2H)-carboxylate (3). Obtained from 2 and
adamantan-1-ylmethanamine according to the general procedure C.
FC in n-hexane/ethyl acetate 3/2, Rf: 0.43. Whitish oil (55% yield). 'H
NMR (400 MHz, CD,0D): é: 1.51 (s, 9H, CH,); 1.54 (s, 6H, CH,);
1.66 (d, 3H, CH and CH,, ] = 11.8 Hz); 1.75 (d, 3H, CH and CH,, ] =
11.9 Hz); 1.86—1.91 (m, 2H, CH,); 1.96 (bs, 3H, CH and CH,); 2.70
(t,2H, CH,, ] = 3.3 Hz); 2.89 (s, 2H, CH,); 3.62—3.66 (m, 2H, CH,);
6.06 (dd, 1H, aryl, ]’=2.2 Hzand J” = 8.8 Hz); 7.16 (bs, 1H, aryl); 7.45
(d, 1H, aryl, ] = 8.8 Hz); HR-MS m/z calcd for C,sH;,N;05 [(M +
H)]*: 440.2908; found 440.2968.

1-(Adamantan-1-ylmethyl)-3-(1,2,3,4-tetrahydroquinolin-6-
yl)urea (4). Intermediate 4 was synthesized from 3 applying the
general procedure D. FC in n-hexane/ethyl acetate 0.5/9.5, Rf: 0.42.
Whitish powder (96% yield). 'H NMR (400 MHz, CD;0D): &: 1.54 (s,
6H, CH,); 1.70 (d,3H, CHand CH,, J = 11.6 Hz); 1.75 (d, 3H, CH and
CH,, ] = 11.9 Hz); 1.86—1.91 (m, 2H, CH,); 1.96 (bs, 3H, CH and
CH,); 2.70 (t, 2H, CH,, ] = 3.3 Hz); 2.89 (s, 2H, CH,); 3.62—3.66 (m,
2H, CH,); 6.06 (dd, 1H, aryl, J= 2.2 Hzand J” = 8.8 Hz); 7.16 (bs, 1H,
aryl); 7.45 (d, 1H, aryl, ] = 8.8 Hz); HR-MS m/z calcd for C,;H,,N;0
[(M + H)]*: 340.2383; found 340.2398.

1-(Adamantan-1-ylmethyl)-3-(1-benzyl-1,2,3,4-tetrahydro-
quinolin-6-yl)urea (5). Final derivative S was obtained from 4 and
benzyl bromide according to the general procedure A. FC in
dichloromethane/ethyl acetate 8/2, Rf: 0.44. Whitish oil (44% yield).
"H NMR (400 MHz, (CD;),SO): : 1.43 (s, 6H, CH,); 1.58 (d, 3H,
CH and CH,, ] = 11.3 Hz); 1.68 (d, 3H, CH and CH,, ] = 11.8 Hz);
1.87—1.93 (m, SH, CH and CH,); 2.69 (t, 2H, CH,, ] = 6.4 Hz); 2.75
(d, 2H, CH,, ] = 6.1 Hz); 3.28 (t, 2H, CH,, ] = 5.5 Hz); 4.41 (s, 2H,
CH,); 5.89 (t, 1H,NH, ] = 5.8 Hz); 6.37 (d, 1H, aryl, ] = 8.7 Hz); 6.81
(dd, 1H, aryl, J' = 2.3 and J” = 8.7 Hz); 6.98 (d, 1H, aryl, ] = 2.1 Hz);
7.20—7.25 (m, 3H, aryl); 7.29—7.33 (m, 2H, aryl); 7.86 (s, 1H, NH).
13C NMR (100 MHz, (CD;),SO) &: 22.5, 28.2,28.25, 49.9, 51.2, 55.0,
111.6, 118.0, 120.3, 122.5, 127.0, 127.2, 128.8, 130.1, 139.7, 140.7,
156.3. HR-MS m/z calcd for C,sH;N,O [(M + H)]*: 430.2853; found
430.2313.

Methyl 4-((6-(3-(Adamantan-1-ylmethyl)ureido)-3,4-dihy-
droquinolin-1(2H)-yl)methyl)benzoate (6). Final derivative 6
was obtained from 4 and methyl 4-(bromomethyl)benzoate applying
the general procedure A. FC in dichloromethane/ethyl acetate 8/2, Rf:
0.42. Whitish oil (41% yield). '"H NMR (400 MHz, CD,0D): &: 1.51
(s, 6H, CH,); 1.67 (d, 3H, CH and CH,, J = 11.9 Hz); 1.76 (d, 3H, CH
and CH,, ] = 11.8 Hz); 1.96—2.03 (m, SH, CH and CH,); 2.78 (t, 2H,
CH,, ] = 6.2 Hz); 2.85 (s, 2H, CH,); 3.32—3.35 (m, 2H, CH,); 3.89 (s,
3H, CH;); 4.50 (s, 2H, CH,); 6.36 (d, 1H, aryl, ] = 8.8 Hz); 6.82 (dd,
1H, aryl, J’=2.6 and J” = 8.3 Hz); 6.94 (d, 1H, aryl, ] = 2.4 Hz); 7.37 (d,
2H, aryl, J = 8.3 Hz); 7.95 (d, 2H, aryl, ] = 7.8 Hz). 3C NMR (100
MHz, CD,0D) &: 22.4, 27.9, 28.4, 33.6, 36.7, 39.9, 49.9, 51.1, 512,
54.9,111.2,120.2, 122.4, 122.8, 126.5, 128.1, 128.4, 129.4, 141.8, 145.4,
158.1, 167.1. HR-MS m/z caled for Cy;Hy,N;0, [(M + Na)]*:
510.2727; found 510.2776.

1-(Adamantan-1-ylmethyl)-3-(1-(4-chlorobenzyl)-1,2,3,4-
tetrahydroquinolin-6-yl)urea (7). Compound 7 was synthesized
from 4 and 4-chlorobenzyl bromide according to the general procedure
A. FC in dichloromethane/ethyl acetate 8/2, Rf = 0.51. Whitish oil
(40% yield). "H NMR (400 MHz, (CD,),SO): &: 1.43 (s, 6H, CH,);
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1.59 (d, 3H, CH and CH,, ] = 11.6 Hz); 1.68 (d, 3H, CH and CH,, ] =
11.9 Hz); 1.87—1.93 (m, SH, CH and CH,); 2.68 (t, 2H, CH,, ] = 6.4
Hz); 2.75 (d, 2H, CH,, ] = 6.3 Hz); 3.27 (t, 2H, CH,, ] = 5.3 Hz); 4.40
(s, 2H, CH,); 5.87 (t, 1H, NH, ] = 5.8 Hz); 6.34 (d, 1H, aryl, ] = 9.2
Hz); 6.82 (dd, 1H, aryl, J'=2.1and J” = 8.5 Hz); 6.99 (d, 1H, aryl, ] =
2.2 Hz); 7.26 (d, 2H, aryl, ] = 8.5 Hz); 7.36 (d, 2H, aryl, ] = 8.7 Hz);
7.84 (s, 1H, NH). 3C NMR (100 MHz, (CD;),SO) &: 22.5, 28.2, 34.0,
37.1,49.9, 51.2, 54.4, 111.6, 118.0, 120.3, 122.6, 128.8, 129.1, 130.2,
131.5, 138.8, 140.5, 156.3. HR-MS m/z caled for CpgH,,CIN,O [(M +
Na)]*: 486.2283; found 486.2351.

1-(Adamantan-1-ylmethyl)-3-(1-(4-methoxybenzyl)-1,2,3,4-
tetrahydroquinolin-6-yl)urea (8). Derivative 8 was obtained from 4
and 4-methoxybenzyl bromide following the general procedure A. FC
in dichloromethane/ethyl acetate 9/1, Rf = 0.48. Whitish oil (48%
yield). "H NMR (400 MHz, (CD,),SO): 6: 1.43 (s, 6H, CH,); 1.59 (d,
3H, CHand CH,, ] = 11.6 Hz); 1.68 (d, 3H, CH and CH,, ] = 11.9 Hz);
1.85—1.94 (m, SH, CH and CH,); 2.67 (t, 2H, CH,, ] = 6.5 Hz); 2.75
(d, 2H, CH,, ] = 6.3 Hz); 3.24 (t, 2H, CH,, ] = 5.0 Hz); 3.72 (s, 3H,
CHj;); 4.33 (s,2H, CH,); 5.90 (t, 1H, NH, ] = 6.1 Hz); 6.41 (d, 1H, aryl,
J = 8.8 Hz); 6.83 (dd, 1H, aryl, ]’ = 2.3 and J” = 8.5 Hz); 6.87 (d, 2H,
aryl, ] = 8.5 Hz); 6.96 (d, 1H, aryl, ] = 2.2 Hz); 7.16 (d, 2H, aryl, ] = 8.6
Hz); 7.86 (s, 1H, NH). *C NMR (100 MHz, (CD,),SO) &: 22.5,28.2,
2825, 34.0, 37.1, 49.7, S1.2, 544, 55.5, 111.8, 114.3, 118.0, 120.3,
122.5, 128.5, 130.0, 131.3, 140.8, 156.3, 158.5. HR-MS m/z calcd for
CyH3,N;0, [(M + H)]*: 460.2959; found 460.3022.

1-(Adamantan-1-ylmethyl)-3-(1-(4-isopropylbenzyl)-
1,2,3,4-tetrahydroquinolin-6-yl)urea (9). Synthesized from 4 and
4-isopropylbenzyl bromide applying the general procedure A. FC in
dichloromethane/ethyl acetate 9/1, Rf = 0.50. Whitish oil (47% yield).
'"H NMR (400 MHz, (CD,),SO): 8: 1.61 (d, 6H, CH;, J = 7.0 Hz); 1.43
(s, 6H, CH,); 1.58 (d, 3H, CH and CH,, ] = 11.6 Hz); 1.68 (d, 3H, CH
and CH,, ] = 11.9 Hz); 1.86—1.93 (m, SH, CH and CH,); 2.68 (t, 2H,
CH,, ] = 6.2 Hz); 2.75 (d, 2H, CH,, ] = 6.0 Hz); 2.81—2.88 (m, 1H,
CH); 3.26 (t,2H, CH,, ] = 5.6 Hz); 4.37 (s, 2H, CH,); 5.90 (t, 1H, NH,
J=6.0Hz); 6.39 (d, 1H, aryl, ] = 8.5 Hz); 6.82 (dd, 1H, aryl, ]’=2.3 and
J” =8.7Hz); 6.97 (d, 1H, aryl, ] = 2.3 Hz); 7.16 (dd, 4H, aryl, ' = 8.3
and J” = 10.8 Hz); 7.86 (s, 1H, NH). 3*C NMR (100 MHz,
(CD;),S0): 6: 22.5,24.4, 28.2, 28.3, 33.5, 34.0, 37.1, 49.8, 51.2, 54.6,
1116, 118.1, 120.3, 122.4, 126.7, 127.3, 130.0, 136.9, 140.8, 147.1,
156.3. HR-MS m/z calcd for C5;H, N3O [(M + H)]*: 472.3322; found
472.3312.

Methyl 4-(6-(3-(Adamantan-1-ylmethyl)ureido)-1,2,3,4-tet-
rahydroquinoline-1-carbonyl)benzoate (10). For the synthesis
of intermediate 10, 4 (0.4 mmol) was dissolved in tetrahydrofuran and
added with TEA (1.2 equiv) and methyl 4-(chlorocarbonyl)benzoate
(1.2 equiv). The mixture was stirred at room temperature for 30 min;
afterward, an aqueous solution of K,CO; 2 M and dichloromethane
were added. The organic phase was extracted twice, dried over Na,SO,,
filtered and evaporated in vacuo. The obtained crude was purified by
flash chromatography, employing n-hexane/ethyl acetate (ratio 7/3) as
mobile phase. Rf = 0.46. Whitish oil (50% yield). "H NMR (400 MHz,
CD;0D): 8: 1.54 (s, 6H, CH,); 1.68 (d, 3H, CHand CH,, ] = 11.9 Hz);
1.77 (d, 3H, CH and CH,, ] = 12.1 Hz); 1.98 (bs, 3H, CH and CH,);
2.03-2.08 (m, 2H, CH,); 2.83 (d, 2H, CH,, ] = 6.0 Hz); 2.86—2.91 (m,
2H, CH,); 3.87 (t, 2H, CH,, ] = 5.5 Hz); 3.91 (s, 3H, CH;); 6.36 (d,
1H, aryl, J = 8.7 Hz); 6.83 (d, 1H, aryl, ] = 6.3 Hz); 7.32 (d, 1H, aryl, J =
2.1 Hz); 7.44 (d, 1H, aryl, ] = 7.6 Hz); 7.97 (d, 1H, aryl, ] = 7.8 Hz);
HR-MS m/z caled for C30H3sN;O, [(M + H)]*: 502.2700; found
502.2678.

4-((6-(3-(Adamantan-1-ylmethyl)ureido)-3,4-dihydroquino-
lin-1(2H)-yl)methyl)benzoic Acid (11). Obtained from 6 applying
the general procedure E. Precipitated from MeOH/diethyl ether. White
powder (92% vyield); mp 220 °C (decomp.). 'H NMR (400 MHz,
CD,0D): §: 1.53 (s, 6H, CH,); 1.69 (d, 3H, CH and CH,, ] = 11.7 Hz);
1.77 (d, 3H, CH and CH,, ] = 12.0 Hz); 1.98—2.04 (m, 4H, CH,); 2.80
(bs,2H, CH,); 2.87 (s, 2H, CH,); 4.53 (s, 2H, CH,); 6.41 (d, 1H, aryl, ]
=8.1Hz); 6.83 (d, 1H, aryl, ] = 8.5 Hz); 6.95 (s, 1H, aryl); 7.37 (d, 2H,
aryl, J = 8.2 Hz); 7.97 (d, 1H, aryl, J = 8.1 Hz). *C NMR (100 MHz,
CD;0D): §:22.2,28.4,36.7,39.9,51.2,54.9,111.3,120.4, 122.6, 126.1,

1263, 127.8, 129.4, 129.6, 142.0, 144.7, 169.1. HR-MS m/z calcd for
CyoH;sN;0; [(M + H)]*: 474.2751; found 474.2742.

1-(Adamantan-1-ylmethyl)-3-(1-(4-isopropylbenzyl)-
1,2,3,4-tetrahydroquinolin-6-yl)urea (12). Final derivative 12 was
obtained from 10 applying the general procedure E. Precipitated from
MeOH/diethyl ether. Whitish powder (93% yield); mp 205 °C
(decomp.). '"H NMR (400 MHz, (CD,),SO): &: 1.43 (s, 6H, CH,);
1.58 (d, 3H, CH and CH,, ] = 11.6 Hz); 1.68 (d, 3H, CH and CH,, ] =
11.9 Hz); 1.91—1.97 (m, SH, CH and CH,); 2.75-2.78 (m, 4H, CH,);
3.72 (t,2H, CH,, ] = 6.6 Hz); 6.13 (t, 1H,NH, ] = 6.9 Hz); 6.56 (bs, 1H,
aryl); 7.35 (d, 1H, aryl, ] = 2.7 Hz); 7.41 (d, 2H, aryl, ] = 7.5 Hz); 7.88
(d, 2H, aryl, ] = 7.7 Hz); 8.35 (s, 1H, NH). '*C NMR (100 MHz,
(CD;),S0): &: 24.1, 27.1, 28.2, 34.0, 37.1, 51.2, 115.1, 117.2, 125.6,
128.0, 1292, 132.3, 138.1, 156.1, 168.6, 169.0. HR-MS m/z calcd for
CyHy N0 [(M + K)]*: 510.2881; found 510.2404.

Methyl 4-((3-Nitro-1H-pyrrol-1-yl)methyl)benzoate (13).
Synthesized from 3-nitropyrrole and methyl 4-(bromomethyl)-
benzoate following the general procedure A. FC in n-hexane/
dichloromethane 9/1, Rf = 0.41. Yellowish oil (45% yield). '"H NMR
(400 MHz, CDCl,): 6: 3.95 (s, 3H, CH,); 5.15 (s, 2H, CH,); 6.61 (4,
1H, aryl, ] = 2.8 Hz); 6.79—6.80 (m, 1H, aryl); 7.25 (d, 2H, aryl, ] = 8.2
Hz); 7.56 (t, 1H, aryl, J = 1.9 Hz); 8.07 (d, 1H, aryl, ] = 8.2 Hz); HR-MS
m/z caled for C3H,,N,0, [(M + H)]*: 261.0870; found 261.0845.

tert-Butyl (4-(3-Nitro-1H-pyrrol-1-yl)butyl)carbamate (14).
Obtained from 3-nitropyrrole and tert-butyl (4-bromobutyl)carbamate
following the general procedure A. FC in n-hexane/ethyl acetate 1/2, Rf
= 0.40. Yellowish oil (38% yield). '"H NMR (400 MHz, CDCl,): §: 1.44
(s, 9H, CH;); 1.46—1.52 (m, 2H, CH,); 1.79—1.82 (m, 2H, CH,);
3.13-3.17 (m, 2H, CH,); 3.94 (t, 2H, CH,, ] = 7.1 Hz); 4.66 (bs, 1H,
NH); 6.57 (t, 1H, aryl, ] = 2.8 Hz); 6.69—6.70 (m, 1H, aryl); 7.51 (t,
1H, aryl, ] = 2.8 Hz); HR-MS m/z caled for C3H, N30, [(M + H)]*:
284.1605; found 284.1573.

Methyl 4-((3-Amino-1H-pyrrol-1-yl)methyl)benzoate (15).
Synthesized from 13 following the general procedure B. FC in n-
hexane/ethyl acetate 1/1, Rf = 0.43. Whitish powder (92% yield). 'H
NMR (400 MHz, CDCly): 6: 3.90 (s, 3H, CH3); 5.0S (s, 2H, CH,);
5.81 (d, 1H, aryl, J = 2.6 Hz); 6.53 (d, 1H, aryl, ] = 2.7 Hz); 7.21 (d, 2H,
aryl, ] = 8.2 Hz); 7.95 (d, 2H, aryl, ] = 8.3 Hz); 7.99—8.04 (m, 1H, aryl);
HR-MS m/z caled for C;3H,N,O, [(M + H)]*: 231.1128; found
231.1099.

tert-Butyl (4-(3-Amino-1H-pyrrol-1-yl)butyl)carbamate (16).
Synthesized from 14 following the general procedure B. FC in n-
hexane/ethyl acetate 1/1, Rf = 0.42. Whitish powder (93% yield). 'H
NMR (400 MHz, CDCl;): 8: 1.53 (s, 9H, CH;); 1.44—1.50 (m, 2H,
CH,); 1.78—1.80 (m, 2H, CH,); 3.09—3.14 (m, 2H, CH,); 3.88 (t, 2H,
CH,,] =7.1Hz); 5.76 (bs, 1H, NH); 5.99 (t, 1H, aryl, ] = 2.2 Hz); 6.56
(t, 1H, aryl, ] = 2.5 Hz); 6.63 (bs, 1H, aryl); HR-MS m/z calcd for
C13HyN;0, [(M + H)]*: 254.1863; found 254.1847.

Methyl 4-((3-(3-(Cyclohexylmethyl)ureido)-1H-pyrrol-1-yl)-
methyl)benzoate (17). Synthesized from 15 and cyclohexanemethyl-
amine following the general procedure C. FC in dichloromethane/ethyl
acetate 3/2, Rf = 0.45. Whitish powder (32% yield). "H NMR (400
MHz, CDCL,): §: 0.89—0.98 (m, 2H, CH,); 1.18—1.31 (m, 4H, CH,);
1.68—1.76 (m, SH, CH and CH,); 3.01 (d, 2H, CH,, ] = 6.6 Hz); 3.90
(s, 3H, CH,); 5.12 (s, 2H, CH,); 5.97—5.98 (m, 1H, aryl); 6.64 (t, 1H,
aryl, J = 2.4 Hz); 6.78 (t, 1H, aryl, ] = 1.9 Hz); 7.26 (d, 2H, aryl, ] = 8.2
Hz); 7.97 (d, 2H, aryl, ] = 8.3 Hz); HR-MS m/z calcd for C,;H,,N;0,4
[(M + H)]*: 370.2125; found 370.2099.

Methyl 4-((3-(3-(((3r,5r,7r)-Adamantan-1-yl)methyl)ureido)-
1H-pyrrol-1-yl)methyl)benzoate (18). Synthesized from 15 and
adamantan-1-yl-methanamine following the general procedure C. FC in
dichloromethane/ethyl acetate 1/1, Rf = 0.44. Whitish powder (36%
yield). "H NMR (400 MHz, CDCL,): 6: 1.50 (s, 6H, CH,); 1.67 (d, 3H,
CH and CH,, ] = 11.7 Hz); 1.76 (d, 3H, CH and CH,, ] = 12 Hz); 1.96
(bs, 3H, CH and CH,); 2.86 (s, 2H, CH.); 3.90 (s, 3H, CH,); 5.12 (s,
2H, CH,); 5.98 (t, 1H, aryl, J = 2.4 Hz); 6.66 (t, 1H, aryl, ] = 2.2 Hz);
6.64 (t, 1H, aryl, ] = 2.4 Hz); 6.78 (t, 1H, aryl, ] = 1.9 Hz); 7.26 (d, 2H,
aryl, ] = 8.2 Hz); 7.97 (d, 2H, aryl, J = 8.3 Hz); HR-MS m/z calcd for
CysH;3 N;0; [(M + H)]*: 422.2438; found 422.2402.
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tert-Butyl (4-(3-(3-(((3r,5r,7r)-Adamantan-1-yl)methyl)-
ureido)-1H-pyrrol-1-yl)butyl)carbamate (19). Synthesized from
16 and adamantan-1-yl-methanamine following the general procedure
C. FC dichloromethane/ethyl acetate 1/1, Rf = 0.42. Whitish powder
(38% yield). "H NMR (400 MHz, CDCL,): 6: 1.46 (s, 9H, CH;); 1.50
(s, 6H, CH,); 1.60—1.65 (m, SH, CH and CH,); 1.72 (d, 3H, CH and
CH,, ] = 11.4 Hz); 1.79 (t, 2H, CH,, ] = 7.7 Hz); 1.97 (bs, 3H, CH and
CH,); 2.92 (d, 2H, CH,, ] = 6.2 Hz); 3.11-3.15 (m, 2H, CH,); 3.76 (s,
1H, NH); 3.86 (t, 2H, CH,, ] = 7 Hz); 4.57 (bs, 1H, NH); 4.95 (t, 1H,
NH, ] =8); 5.99 (t, 1H, aryl, ] = 2.2); 6.56 (t, 1H, aryl, ] = 2.5 Hz); 6.64
(bs, 1H, aryl); HR-MS m/z caled for C,sH,0N,O; [(M + H)J*:
445.3173; found 445.3449.

4-((3-(3-(Cyclohexylmethyl)ureido)-1H-pyrrol-1-yl)methyl)-
benzoic Acid (20). Synthesized from 17 following the general
procedure E. Precipitated from MeOH/diethyl ether. White powder
(95% yield); mp 210 °C (decomp.). "H NMR (400 MHz, (CDj;),SO):
5: 0.80—0.89 (m, 2H, CH,); 1.09—1.22 (m, 3H, CH and CH,); 1.29—
1.36 (m, 1H, CH); 1.60—1.65 (m, SH, CH and CH,); 2.87 (t,2H, CH,,
J=6.2Hz); 5.06 (s, 2H, CH,); 5.81—5.84 (m, 2H, NH and aryl); 6.64
(t, 1H, aryl, ] = 2.6 Hz); 6.79 (t, 1H, aryl, ] = 1.8 Hz); 7.24 (d, 2H, aryl, |
= 8.2 Hz); 7.82 (s, 1H, NH); 7.89 (d, 2H, aryl, J = 8.2 Hz). *C NMR
(100 MHz, (CD;),SO): &: 25.9, 26.6, 30.8, 38.5, 45.9, 52.5, 100.9,
109.7,119.5,125.3,127.5,130.0,130.2, 144.7, 155.8, 167.5. HR-MS m/
z caled for CyoH,N;05 [(M + H)]*: 356.1969; found 356.1966.

4-((3-(3-(Adamantan-1-ylmethyl)ureido)-1H-pyrrol-1-yl)-
methyl)benzoic Acid (21). Obtained from 18 applying the general
procedure E. Precipitated from MeOH/diethyl ether. White powder
(93% yield); mp 212 °C (decomp.). "H NMR (400 MHz, (CD,),SO):
5: 1.41 (s, 6H, CH,); 1.58 (d, 3H, CH and CH,, J = 11.6 Hz); 1.66 (d,
3H, CH and CH,, ] = 11.8 Hz); 1.92 (bs, 3H, CH and CH,); 2.74 (d,
2H, CH,, J = 6.0 Hz); 5.02 (s, 2H, CH,); 5.80 (d, 1H, aryl, J = 2.5 Hz);
5.85 (t, 1H, NH, = 6.0 Hz); 6.62 (d, 1H, aryl, ] = 2.6 Hz); 6.78 (s, 1H,
NH); 7.16 (d, 2H, aryl, ] = 8.0 Hz); 7.85 (d, 2H, aryl, ] = 8.0 Hz); 7.91
(s, 1H, aryl). *C NMR (100 MHz, (CD;),SO): &: 28.2, 34.0, 37.1,
51.3, 52.7, 100.7, 109.6, 119.3, 125.3, 127.0, 129.8, 156.0, 168.4. HR-
MS m/z caled for Cy,H,oN,;05 [(M + H)]*: 408.2282; found 408.2275.

1-(Adamantan-1-ylmethyl)-3-(1-(4-aminobutyl)-1H-pyrrol-
3-yl)urea (22). Obtained from 19 according to the general procedure
D. Precipitated from MeOH/diethyl ether. White powder (96% yield);
mp 74.5 °C. 'H NMR (400 MHz, CD,0D): 6: 1.54 (s, 6H, CH,);
1.59—1.71 (m, SH, CH and CH,); 1.77—1.87 (m, 5H, CH and CH,);
1.99 (bs, 3H, CH and CH,); 2.83—2.88 (m, 4H, CH,); 3.90 (t, 2H,
CH,,] = 6.5Hz); 5.80 (d, 1H, aryl, J = 2.5 Hz); 5.87 (d, 1H, aryl, ] = 6.0
Hz); 6.56 (d, 1H, aryl, J = 2.7 Hz). *C NMR (100 MHz, CD,0D): §:
24.4,27.8,28.4,36.7,38.9, 39.9, 48.5, 51.3, 101.6, 118.6, 123.1, 158.1.
HR-MS m/z caled for C,,H;,N,O [(M + H)]*: 345.2649; found
345.2632.

tert-Butyl 6-Nitro-3,4-dihydroisoquinoline-2(1H)-carboxy-
late (23). Synthesized from 6-nitro-1,2,3,4-tetrahydroisoquinoline
and di-tert-butyl dicarbonate following the general procedure A. FC
in n-hexane/ethyl acetate 8/2, Rf = 0.4S. Yellowish powder (83% yield).
'"H NMR (400 MHz, CDCl,): 8: 1.50 (s, 9H, CH,); 2.93 (t,2H, CH,, |
=11.3 Hz); 3.69 (t, 2H, CH,, ] = 5.8 Hz); 4.66 (s, 2H, CH,); 7.26 (d,
1H, aryl, ] = 9.1 Hz); 8.01 (s, 1H, aryl); 8.03 (bs, 1H, aryl); HR-MS m/z
caled for C;,HgN,O, [(M + H)]*: 279.1339; found 279.1325.

tert-Butyl 6-Amino-3,4-dihydroisoquinoline-2(1H)-carboxy-
late (24). Obtained from 23 applying the general procedure B. FC in n-
hexane/ethyl acetate 2/1, Rf = 0.43. Whitish powder (93% yield). 'H
NMR (400 MHz, CD,0D): §: 1.51 (s, 9H, CH;); 2.75 (t,2H, CH,, ] =
5.4 Hz); 3.62 (bs, 2H, CH,); 4.48 (s, 2H, CH,); 6.49 (bs, 1H, aryl);
6.55 (dd, 1H, aryl, J’= 1.8 Hzand J” = 8.1 Hz); 6.91 (d, 1H, aryl, J = 8.0
Hz); HR-MS m/z calcd for C1,H,oN,0, [(M + H)]*: 249.1598; found
249.1563.

tert-Butyl 6-(3-(Adamantan-1-ylmethyl)ureido)-3,4-dihy-
droisoquinoline-2(1H)-carboxylate (25). Synthesized from 24
and adamantan-1-ylmethanamine following the general procedure C.
FC in n-hexane/ethyl acetate 1/2, Rf = 0.44. Whitish oil (48% yield).
'H NMR (400 MHz, CD,0D): §: 1.56 (s, 9H, CH;); 1.61 (bs, 6H,
CH,); 1.76 (d, 3H, CH and CH,, J = 11.5 Hz); 1.84 (d, 3H, CH and
CH,,J=12.1 Hz); 2.05 (bs, 3H, CH and CH,); 2.85 (t,2H, CH,, J= 5.8

Hz); 2.95 (s, 2H, CH,); 4.54 (s, 2H, CH,); 7.07 (d, 1H, aryl, ] = 8.3
Hz); 7.20 (d, 1H, aryl, ] = 6.5 Hz); 7.27 (bs, 1H, aryl); HR-MS m/z
caled for C,sH;,N;05 [(M + H)J*: 440.2908; found 440.2875.

1-(Adamantan-1-ylmethyl)-3-(1,2,3,4-tetrahydroisoquino-
lin-6-yl)urea (26). Synthesized from 25 following the general
procedure D. Whitish powder (93% yield). 'H NMR (400 MHz,
CD,0D): é: 1.54 (bs, 6H, CH,); 1.68 (d, 3H, CH and CH,, ] = 10.9
Hz); 1.76 (d, 3H, CH and CH,, ] = 12 Hz); 1.97 (bs, 3H, CH and CH,);
3.06 (t,2H, CH,, J = 6.2 Hz); 3.45 (t,2H, CH,, ] = 6.3 Hz); 4.26 (s, 2H,
CH,); 7.07 (d, 1H, aryl, ] = 8.4 Hz); 7.23 (dd, 1H, aryl, ]’= 2.0 Hz and
J” = 8.4 Hz); 7.32 (bs, 1H, aryl); HR-MS m/z caled for C,;H,,N;0
[(M + H)]*: 340.2383; found 340.2356.

Methyl 4-((6-(3-(Adamantan-1-ylmethyl)ureido)-3,4-dihy-
droisoquinolin-2(1H)-yl)methyl)benzoate (27). Synthesized
from 26 and methyl 4-(bromomethyl)benzoate following the general
procedure A. FC in n-hexane/ethyl acetate 1/1, Rf = 0.44. Whitish
powder (47% yield). '"H NMR (400 MHz, CD;0D): §: 1.56 (bs, 6H,
CH,); 1.70 (d, 3H, CH and CH,, ] = 11.8 Hz); 1.79 (d, 3H, CH and
CH,,] = 12.1 Hz); 1.99 (bs, 3H, CH and CH,); 2.90 (s, 2H, CH,); 2.95
(s, 2H, CH,); 3.76 (s, 2H, CH,); 3.93 (s, 2H, CH,); 3.95 (s, 2H, CH,);
6.94 (d, 1H, aryl, ] = 8.3 Hz); 7.12 (dd, 1H, aryl, J'= 2.1 Hzand ] = 8.3
Hz); 7.22 (d, 1H, aryl, ] = 1.8 Hz); 7.58 (d, 1H, aryl, ] = 8.2 Hz); 8.06
(d, 1H, aryl, ] = 8.2 Hz); HR-MS m/z calcd for C30Hy,N;03 [(M +
H)]*: 488.2908; found 488.2889.

1-(Adamantan-1-ylmethyl)-3-(2-(4-chlorobenzyl)-1,2,3,4-
tetrahydroisoquinolin-6-yl)urea (28). Derivative 28 was obtained
from 26 and 4-chlorobenzyl bromide, following the general procedure
A. FCin n-hexane/ethyl acetate 1/1, Rf = 0.47. Whitish oil (50% yield).
'"H NMR (400 MHz, (CD;),SO): é: 1.44 (s, 6H, CH,); 1.58 (d, 3H,
CHand CH,,J=11.4Hz); 1.68 (d, 3H, CH and CH,, J = 11.9 Hz); 1.93
(bs, 3H, CH and CH,); 2.62 (t, 2H, CH,, ] = 5.8 Hz); 2.74 (t, 2H, CH,,
J=15.3Hz); 3.18 (d, 2H, CH,, ] = 5.6 Hz); 3.43 (s, 2H, CH,); 3.60 (s,
2H, CH,); 6.05 (d, 1H, NH, = 6.1 Hz); 6.83 (d, 1H, aryl, ] = 8.7 Hz);
7.05 (dd, 1H, aryl, J' = 1.6 and J” = 8.1 Hz); 7.18 (s, 1H, aryl); 7.36—
7.40 (m, 4H, aryl); 823 (s, 1H, NH). *C NMR (100 MHz,
(CD;),S0): 6:28.2,29.4,33.9,37.1,50.7,51.2,55.4,61.4,115.8,116.1,
117.5,126.9,127.7,128.7,131.0,131.9, 134.7,139.0, 155.9. HR-MS m/
z caled for CpgHy,CIN;O [(M + H)]*: 464.2463; found 464.2436.

4-((6-(3-(Adamantan-1-ylmethyl)ureido)-3,4-dihydroisoqui-
nolin-2(1H)-yl)methyl)benzoic Acid (29). Derivative 29 was
obtained from 27, according to the general procedure E. Precipitated
from MeOH/diethyl ether. Whitish powder (92% yield); mp 250 °C
(decomp.). "H NMR (400 MHz, (CD,),SO): &: 1.45 (s, 6H, CH,);
1.59 (d, 3H, CH and CH,, ] = 11.3 Hz); 1.67 (d, 3H, CH and CH,,, ] =
11.7 Hz); 1.93 (bs, 3H, CH and CH,); 2.77 (d, 2H, CH,, ] = 6.0 Hz);
2.94 (d, 1H, CH, J = 14.3 Hz); 3.18—3.30 (m, 2H, CH,); 3.57—3.63 (m,
1H, CH); 4.12—4.23 (m, 2H, CH,); 4.45—4.55 (m, 2H, CH,); 6.68 (d,
1H, NH, J = 12.1 Hz); 6.99 (d, 1H, aryl, ] = 6.8 Hz); 7.21 (d, 1H, aryl, ]
=8.4Hz); 7.33 (s, LH, aryl); 7.81—7.83 (m, 2H, aryl); 8.01 (d, 2H, aryl,
J = 8.0 Hz); 9.30 (d, 1H, NH, J = 16.0 Hz). *C NMR (100 MHz,
(CD;),S0): &: 25.4, 28.2, 33.9, 37.0, 51.2, 57.9, 116.3, 120.3, 127.3,
130.0, 132.1, 135.0, 140.9, 156.1, 167.3. HR-MS m/z calcd for
CyoH3sN;0; [(M + H)]*: 474.2751; found 474.2820.

tert-Butyl 3-(3-(Adamantan-1-ylmethyl)ureido)pyrrolidine-
1-carboxylate (30). Synthesized from 1-Boc-3-aminopyrrolidine
and adamantan-1-ylmethanamine following the general procedure C.
FC in dichloromethane/ethyl acetate 9/1, Rf = 0.44. Whitish oil (78%
yield). "TH NMR (400 MHz, CD;0D): &: 1.48 (s, 9H, CH;); 1.52 (bs,
6H, CH,); 1.69 (d, 3H, CH and CH,, = 11.9 Hz); 1.78 (d, 4H, CH and
CH,, ] = 12.4 Hz); 1.98 (bs, 3H, CH and CH,); 2.11-2.15 (m, 1H,
CH); 2.83 (s, 2H, CH,); 3.15—3.20 (m, 1H, CH); 3.39—3.45 (m, 2H,
CH,); 3.53—3.57 (m, 1H, CH); 4.18—4.22 (m, 1H, CH); HR-MS m/z
caled for C,;H;sN;0;5 [(M + H)]*: 378.2751; found 378.274S.

1-(Adamantan-1-ylmethyl)-3-(pyrrolidin-3-yl)urea (31). Syn-
thesized from 30 following the general procedure D. Precipitated from
MeOH/diethyl ether. Whitish powder (94% yield). '"H NMR (400
MHz, CD,OD): &: 1.50 (bs, 6H, CH,); 1.66 (d, 3H, CH and CH,, ] =
11.5Hz); 1.75 (d, 3H, CHand CH,, ] = 12.1 Hz); 1.96 (bs, 3H, CH and
CH,); 2.01-2.06 (m, 1H, CH); 2.26—2.34 (m, 1H, CH); 2.79—2.83
(m, 2H, CH,); 3.21-3.27 (m, 1H, CH); 3.32—3.38 (m, 1H, CH);
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3.43-3.50 (m, 2H, CH,); 4.32—4.38 (m, 1H, CH); HR-MS m/z calcd
for C,4H,,N,0 [(M + H)]*: 278.2227; found 278.2196.

Methyl 4-((3-(3-(Adamantan-1-ylmethyl)ureido)pyrrolidin-
1-yl)methyl)benzoate (32). Derivative 32 was obtained from 31
and methyl 4-(bromomethyl)benzoate according to the general
procedure A. FC in n-hexane/ethyl acetate 1/1, Rf = 0.45. Whitish
powder (66% yield); mp 75.6 °C. '"H NMR (400 MHz, CD;0D): §:
1.49 (s, 6H, CH,); 1.58—168 (m, 4H, CH and CH,); 1.77 (d, 3H, CH
and CH,, ] = 11.7 Hz); 1.96 (bs, 3H, CH and CH,); 2.23—232 (m, 1H,
CH); 2.46—2.52 (m, 2H, CH,); 2.74 (dd, 1H,CH, J'=6.9 and J" = 9.7
Hz); 2.80—2.85 (m, 3H, CH and CH,); 3.73 (dd, 2H, CH,, J' = 13.6
and J” = 30.4 Hz); 3.92 (s, 3H, CH;); 4.15—4.22 (m, 2H, CH); 7.49 (d,
2H, aryl, ] = 7.7 Hz); 8.00 (d, 2H, aryl, ] = 8.4 Hz). *C NMR (100
MHz, CD,0D): §: 28.4, 31.7, 33.6, 36.7, 39.8, 49.1, 51.2, 51.3, 52.5,
$9.3, 60.6, 128.8, 128.9, 129.2, 143.8, 159.6, 167.0. HR-MS m/z calcd
for Co5H3N;05 [(M + H)]*: 426.2751; found 426.2742.

4-((3-(3-(Adamantan-1-ylmethyl)ureido)pyrrolidin-1-yl)-
methyl)benzoic Acid (33). Derivative 33 was obtained from 32, in
accordance with the general procedure E. Precipitated from MeOH/
diethyl ether. Whitish powder (92% yield); mp 207 °C (decomp.). 'H
NMR (400 MHz, CD,0D): 8: 1.48 (s, 6H, CH,); 1.64 (d, 3H, CH and
CH,, ] = 11.6 Hz); 1.74 (d, 3H, CH and CH,, ] = 11.8 Hz); 1.93 (bs,
3H, CH and CH,); 1.97—2.03 (m, 1H, CH); 2.42—2.50 (m, 1H, CH);
2.80 (s, 2H, CH,); 3.14—3.24 (m, 2H, CH,); 3.37—3.43 (m, 1H, CH);
3.47-3.56 (m, 1H, CH); 4.29—4.39 (m, 3H, CH and CH,); 7.59 (d,
2H, aryl, ] = 8.2 Hz); 8.04 (d, 2H, aryl, ] = 8.6 Hz). *C NMR (100
MHz, CD;0D): 6: 28.4, 30.2, 33.6, 36.7, 39.8, 48.6, 51.3, 52.5, 57.8,
$9.0, 129.6, 129.8, 135.0, 136.1, 159.4, 171.2. HR-MS m/z calcd for
Cp4H33N;0; [(M + H)]*: 412.2595; found 412.2617.

tert-Butyl 4-(3-(adamantan-1-ylmethyl)ureido)piperidine-1-
carboxylate (34). Synthesized from tert-butyl 4-aminopiperidine-1-
carboxylate and adamantan-1-ylmethanamine following the general
procedure C. FC in dichloromethane/ethyl acetate 9/1, Rf = 0.46.
Whitish oil (68% yield). "H NMR (400 MHz, CD,0D): §: 1.24—1.35
(m, 4H, CH,); 1.47 (s, 9H, CH,); 1.52 (bs, 6H, CH,); 1.68 (d, 3H, CH
and CH,, ] = 12.0 Hz); 1.77 (d, 3H, CH and CH,, ] = 12.9 Hz); 1.84—
1.89 (m, 2H, CH,); 1.98 (bs, 3H, CH and CH,); 2.88 (s, 2H, CH,);
3.66—3.70 (m, 1H, CH); 3.97 (d, 2H, CH,, ] = 13.5 Hz); HR-MS m/z
caled for C,,H;,N;05 [(M + H)]*: 392.2908; found 392.2883.

1-(Adamantan-1-ylmethyl)-3-(piperidin-4-yl)urea (35). Syn-
thesized from 34 following the general procedure D. Whitish powder
(94% yield). '"H NMR (400 MHz, CD,0D): &: 1.52 (bs, 6H, CH,);
1.62—1.70 (m, SH, CH and CH,); 1.77 (d, 3H, CH and CH,, ] = 12.8
Hz); 1.97 (bs, 3H, CH and CH,); 2.83 (s, 2H, CH,); 2.09—2.13 (m,
2H, CH,); 3.07—3.13 (m, 2H, CH,); 3.37—3.42 (m, 2H, CH,); 3.75—
3.82 (m, 1H, CH); HR-MS m/z calcd for C;,H,oN;0 [(M + H)]":
292.2383; found 292.2352.

Methyl 4-((4-(3-(Adamantan-1-ylmethyl)ureido)piperidin-1-
yl)methyl)benzoate (36). Synthesized from 35 and methyl 4-
(bromomethyl)benzoate applying the general procedure A. FC in
dichloromethane/ethyl acetate 9.5/0.5, Rf = 0.43. Whitish oil (52%
yield). 'H NMR (400 MHz, CD;0D): &: 1.31—1.41 (m, 2H, CH,);
1.51 (bs, 6H, CH,); 1.67 (d, 3H, CH and CH,, J = 11.7 Hz); 1.76 (d,
3H, CH and CH,, J = 12.1 Hz); 1.96 (bs, SH, CH and CH,); 2.74—2.86
(m, SH, CH and CH,); 2.89 (d, 2H, CH,, ] = 6.1 Hz); 3.92 (s, 3H,
CH,); 3.93 (s, 2H, CH,); 4.02 (d, 2H, CH,, J = 13.5 Hz); 7.51 (d, 2H,
CH,, ] = 8.2 Hz); 8.01 (d, 2H, CH,, ] = 8.2 Hz); HR-MS m/z calcd for
CyH3,N;0;5 [(M + H)]': 440.2908; found 440.2873.

1-(Adamantan-1-ylmethyl)-3-(1-(4-chlorobenzyl)piperidin-
4-yl)urea (37). Derivative 37 was obtained from 38, in accordance
with the general procedure A. FC in dichloromethane/ethyl acetate
9.5/0.5, Rf = 0.47. Whitish oil (50% yield). '"H NMR (400 MHz,
CD,OD): 6: 1.41—1.53 (m, 8H, CH,); 1.68 (d, 3H, CH and CH,, ] =
11.0 Hz); 1.77 (d, 3H, CH and CH,, ] = 12.3 Hz); 1.88 (d, 2H, CH,, ] =
10.3 Hz); 1.96 (bs, 3H, CH and CH,); 2.17 (t, 2H, CH,, ] = 10.1 Hz);
2.81 (s, 2H, CH,); 3.52 (s, 2H, CH,); 7.33 (s, 4H, aryl). *C NMR (100
MHz, CD,0D): &: 28.4, 33.6, 36.8, 39.9, 39.91, 46.5, 51.3, 51.4, 51.9,
61.7, 128.0, 130.8, 132.8, 136.1, 159.4. HR-MS m/z calcd for
Cy4H3,CIN;O [(M + H)]*: 416.2463; found 416.2459.

4-((4-(3-(Adamantan-1-ylmethyl)ureido)piperidin-1-yl)-
methyl)benzoic Acid (38). Derivative 38 was obtained from 36, in
accordance with the general procedure E. Precipitated from MeOH/
diethyl ether. Whitish powder (95% yield); mp 225 °C (decomp.). 'H
NMR (400 MHz, CD,0D): é: 1.52 (s, 6H, CH,); 1.62 (dd, 2H, CH,, J’
=4.0andJ” = 12.7 Hz); 1.68 (d, 3H, CH and CH,, ] = 11.0 Hz); 1.78
(d, 3H, CHand CH,, ] = 12.3 Hz); 1.97 (bs, 3H, CH and CH,); 2.24 (d,
2H, CH,, ] = 9.8 Hz); 2.90 (t, 4H, CH,, ] = 11.8 Hz); 3.42—3.51 (m,
1H, CH), 4.22 (d, 2H, CH,, ] = 13.6 Hz); 4.37 (s, 2H, CH,); 7.68 (d,
2H, aryl, ] = 7.6 Hz); 8.12 (d, 2H, aryl, ] = 7.8 Hz). *C NMR (100
MHz, CD,0D): 6: 28.2, 28.4, 34.1, 36.8, 40.0, 42.2, 51.8, 129.7, 130.1,
131.9, 136.0, 158.7, 167.7. HR-MS m/z calcd for C,sH3N;O; [(M +
H)]*: 426.2751; found 426.2748.

Computational Details

The initial geometries of the small molecules were obtained by using the
Build Panel of Maestro (version 14.3)°° and then refined by
MacroModel module®' %3 by means of: OPLS4 force ﬁeld,54 GB/SA
(generalized Born/surface area)”* solvent model for H,0, Polak-Ribier
conjugate gradient minimization method (maximum derivative less
than 0.001 kcal/mol). Both enantiomers of two pyrrolidine-based
compounds (32 and 33) were considered in the calculations. The so-
refined structures were processed by means of LigPrep® generating
the protonation states at pH = 7.0 + 1.0 and verifying for possible
tautomers. Moreover, in the LigPrep stage, appropriate states for
binding to metals and their relative penalty terms were generated to be
accounted by Glide. The X-ray crystallographic structures of sSEH (PDB
ID: 3i28)"? and 5-LOX (PDB ID: 308Y)>® were emplogred as protein
models and managed by Protein Preparation Wizard:>~°" checking for
missing side chains and loops, residue alternate positions, bond order
assignment, all hydrogen addition, side chain charges were assigned
accounting for on their pK, at pH 7.0. All hydrogen bonds were refined
by the optimize option. Co-crystallized ligands and water molecules
were removed. Molecular docking was performed by Glide
software.”’”® The conformational search parameters, applied for
molecular docking calculations, were formerly described for both sSEH
and 5-LOX.'*'” Moreover, to account for 5-LOX cavity shapin% upon
ligand binding, the Induced Fit Docking approach (IFD)*~"° was
employed. Maestro (version 14.3) was employed for in silico
investigation and figure creation. The criteria used to define protein—
ligand interactions in the docking poses derived from interaction
analysis software and visual inspection.

Molecular Dynamics

The docked structures of 1 bound to sEH and 5-LOX were inputted for
molecular dynamics simulation through a prior preparation by means of
by System Builder’"”* in Desmond, using an orthorhombic box with a
10 A distance of the buffer from the solute, OPLS4 force field,”* the
TIP3P”® solvation model, Na* and Cl~ ions for electroneutrality, along
with a supplementary NaCl solution (0.15 M). The zero-order bonds
between the Fe?* and coordinating atoms of amino acids were added.
The so generated molecular system were relaxed as follows: (1) 100 ps
of NVT (method = "Brownie”) simulation at 10 K, with restrained
solute heavy atoms (50 kcal/mol); (2) 12 ps of NVT (method =
Langevin) simulation at 10 K, with restrained solute heavy atoms (50
kcal/mol) simulation at 10 K, with restrained solute heavy atoms (50
kecal/mol); (3) 0.12 ns of NPT (method = Langevin) simulation (10 K)
with restrained solute heavy atoms (10 kcal/mol); (4) 0.12 ns of NPT
(method = Langevin) simulation (310 K) with restrained solute heavy
atoms (10 kcal/mol); (S5) 0.24 ns of NPT (method = Langevin)
simulation (310 K) with no restraints. Each equilibration phase of three
systems was evaluated by the Simulation Quality Analysis tool of
Desmond, examining pressure, volume, temperature, total and potential
energies. Unrestrained molecular dynamics (100 ns, 310 K) with NPT
(1.01 bar) ensemble class were run, with 2.0 fs of integration time step
and 1.2 ps of recording time.

In Vitro Pharmacological Characterization

Cell-Free 5-LOX Activity Assay. Human recombinant 5-LOX was
expressed in Escherichia coli BI21 (DE3) cells, transformed with the
plasmid pT3-SLO and S-LOX was isolated using an ATP-agarose

https://doi.org/10.1021/acs.jmedchem.6c01458
J. Med. Chem. 2026, 69, 19162—19186

920z Jequisidag g0 U0 Josn V1vOITISYE VY113a 1ANLS 1193a AINN Aq Jpd-8S51 1009 wayopawl'soe/e916,.299/29161/51/69/4pd-ajo1e iewowl/B10-soe sqnd wouy papeojumoq


pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.6c01458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

column by affinity chromatography.”* E. coli were lysed in 50 mM
triethanolamine/HCl pH 8.0 with EDTA (S mM), soybean trypsin
inhibitor (60 pg/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 40,000g for 20 min at
4 °C and the supernatant was transferred to an ATP-agarose column
(Sigma-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 S0 mM phosphate
buffer pH 7.4, 1 mM EDTA, and 20 mM ATP.

Isolated S-LOX (0.5 yg in PBS pH 7.4 containing 1 mM EDTA) was
preincubated with vehicle (DMSO) or test compounds for 15 min on
ice. 5-LOX product formation was started by addition of 20 uM
arachidonic acid (Sigma-Aldrich) and CaCl, (2 mM) and stopped by
addition of an equal volume of ice-cold methanol containing PGB, (200
ng) as internal standard after 10 min at 37 °C. Major 5-LOX products
(all-trans isomers of LTB, and S-HETE) were extracted on Sep-Pak
C18 35 cc Vac Cartridges (Waters, Milford, MA), separated by RP-
HPLC on a Nova-Pak C18 Radial-Pak Column (4 gm, 5 X 100 mm,
Waters) under isocratic conditions (73% methanol/27% water/0.007%
trifluoroacetic acid) at a flow rate of 1.2 mL/min and detected at 235
and 280 nm.”*

Analysis of Cell-Free sEH Activity. Human recombinant sEH was
expressed in Sf9 insect cells and isolated by affinity chromatography. In
brief, Sf9 cells were infected with a recombinant baculovirus and lysed
after 72 h in 50 mM NaHPO, pH 8, 300 mM NaCl, 10% glycerol, 1 mM
EDTA, 1 mM phenylmethanesulfonyl fluoride, 10 yg/mL leupeptin,
and 60 pg/mL STI by sonication (3 X 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 dithiothreitol and 1 mM EDTA
yielded sEH, which was dialyzed and concentrated. Isolated sEH (60
ng) in 25 mM Tris HCI 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 uM,
Cayman Chemicals) was added to start the enzymatic reaction, which
was stopped after 60 min in the darkness by addition of ZnSO, (200
mM). The formation of the fluorescent product 6-methoxynaphtalde-
hyde was measured using a NOVOstar fluorescence microplate reader
(BMG Labtech, Ortenberg, Germany), with excitation at 330 and
emission at 465 nm.

Activity Assays of Isolated COX-1 and COX-2. Purified ovine
COX-1 (Cayman Chemicals; 50 units) or human recombinant COX-2
(Cayman Chemicals; 20 units) were diluted in 100 mM Tris buffer pH
8, containing S mM glutathione, S M hemoglobin, and 100 uM EDTA.
Samples were preincubated with test compounds or vehicle (0.1%
DMSO) for S min at 4 °C, followed by 1 min at 37 °C. Then, AA (S uM
for COX-1 and 2 uM for COX-2) was added, and incubations 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.”

Pharmacokinetic Evaluation

LC-MS Instrumentation and Analytical Conditions. LC-MS/
MS analyses were performed using a Vanquish UHPLC coupled to an
Orbitrap Exploris 120 mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) equipped with a HESI II source operating in
positive ion mode. Chromatographic separation was achieved on a
Kinetex 2.6 yum EVO C18 (100 X 2.1 mm) column thermostated at 40
°C using a binary gradient of water (A) and acetonitrile (B) (both
containing 0.1% v/v formic acid, 5—95% B over 10 min) at a flow rate of
0.4 mL-min~".

Full-scan MS spectra were acquired at 60,000 resolution (m/z 100—
1500), with data-dependent MS/MS at 15,000 resolution, using a
normalized collision energy (HCD) of 30%.

Calibration curves were constructed from working solutions
prepared by serial dilution in methanol of a DMSO stock solution,
using tolbutamide (1 M) as the internal standard.”® Each of the six

calibration levels was analyzed in triplicate. Linear regression of analyte-
to-IS peak area ratios produced highly linear curves (R* > 0.99),
described by the following equation: y = 0.4305x + 0.2324.

Plasma Stability Assay. Plasma stability was assessed by
incubating compound 11 (10 gM) in human plasma (VWR
International s.r.l, Milan, Italy) at 37 °C. At 60 and 120 min, aliquots
were quenched with an ice-cold methanol containing IS. Samples were
analyzed by LC-MS to quantify the remaining parent compound,
relative to time-zertime-zero (t,), which was obtained by incubating the
tested compound in plasma followed by immediate quenching with
organic solvent. Procaine and procainamide were used as reference
compounds for low and high plasma stability, respectively. All
experiments were performed in triplicate.

Assessment of Plasma and Microsomal Protein Binding. The
extent of plasma or microsomal protein binding of compound 11 was
assessed by dialysis experiments using the Pierce Rapid Equilibrium
Dialysis (RED) plate (Thermo Fisher Scientific, Bremen, Germany).””

Briefly, compound 11 (10 uM) was spiked into human plasma or
HLMs and loaded into the donor chamber, while isotonic PBS (100
mM sodium phosphate, 150 mM sodium chloride) was added to the
receiver chamber. The system, based on a semipermeable membrane
separating the two compartments, allows diffusion of low-molecular-
weight compounds while retaining plasma or microsomal proteins. The
plate was sealed and incubated at 37 °C under gentle shaking to enable
equilibrium, which was typically reached within 4 h. At the end of the
incubation, aliquots were collected from both donor (plasma or HLMs)
and receiver (buffer) chambers and subjected to protein precipitation
using ice-cold methanol containing IS. Samples were centrifuged, and
the resulting supernatants were analyzed by LC-MS to quantify
compound concentrations and determine the fraction unbound in
plasma ( fu,p) and in microsomes (f,m.). The percentage of free
compound was calculated as follows: % Free = (concentration in the
buffer chamber/concentration in the plasma or HLMs chamber) X 100;
% Bound = 100 — % Free.

Propranolol and atenolol were included as reference compounds,
representing high and low protein binding, respectively. All experiments
were performed in triplicate.

Metabolic Stability in Liver Microsomes Supplemented with
NADPH. HLMs (Thermo Fisher Scientific, Bremen, Germany) were
used for the microsomal stability assay of compound 11. Reactions were
initiated by adding of NADPH and the tested compound (10 M) was
incubated at 37 °C for 15, 30, 45, and 60 min in a Thermomixer
(Eppendorf, Hamburg, Germany). The reaction was quenched with
ice-cold methanol containing IS, followed by centrifugation at 14,000
rpm for 7 min at 4 °C (Eppendorf, Hamburg, Germany). The
supernatants were then analyzed by LC-MS.

The t, control was obtained by immediate quenching with ice-cold
methanol after addition of the test compound. Testosterone served as a
positive control, while the negative control consisted of incubation in
the absence of cofactor for up to 60 min.

Finally, we evaluated the microsomal stability of compound 11 in
HLMs supplemented with NADPH in the presence of the pan-CYP
inhibitor ABT to evaluate whether hepatic biotransformation was CYP-
mediated.”® Briefly, HLMs were preincubated with ABT and NADPH
in phosphate buffer (pH 7.4) for 30 min at 37 °C under gentle shaking.
Following preincubation, the test compound or testosterone (positive
control) was added, and samples were incubated at 37 °C for 60 min.
Reactions were quenched with ice-cold methanol containing IS,
centrifuged, and the supernatants were analyzed by LC-MS.

Metabolic Stability in HLMs Supplemented with UDP-GIcUA.
The extent of UGT-mediated glucuronidation of the tested compound
was assessed in HLMs using uridine UDP-GIcUA as cofactor.
Alamethicin was added to permeabilize the microsomal membrane
and allow access of cofactors and substrates to UGT active sites.
Incubations of compound 11 (10 uM) were performed at 37 °C for 15,
30, 45, and 60 min, and reactions were terminated by addition of ice-
cold methanol containing IS. Samples were subsequently centrifuged,
and the resulting supernatants were analyzed by LC-MS to quantify
parent compound depletion. A time-zero(t,) control was prepared by
immediate quenching with organic solvent, while 7-hydroxycoumarin
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and incubations performed in the absence of UDP-GIcUA were used as
positive and negative controls, respectively.

Hepatic Clearance Prediction by IVIVE. A common approach to
hepatic clearance prediction is the use of the in vitro-in vivo
extrapolation (IVIVE) initially proposed by Rane et al. and now widely
adopted in the field.*””’

Briefly, the IVIVE approach involves four steps: (i) determining in
vitro intrinsic clearance (CLj,u,) of test compound in liver
microsomes; (i) converting measured in vitro intrinsic clearance
(CLi, vitro) to unbound in vitro intrinsic clearance (CLj, yi,) Using
unbound fraction of drug (f, ) in liver microsomes (CLi, yitrou =
CLiy vitro/fumic); (iii) scaling the unbound intrinsic clearance
(CLi, vitro,u) toin vivo unbound intrinsic clearance (CL,,,) by applying
physiologically based scaling factors and the unbound fraction of drug
in plasma ( fu,P) ; and (iv) inputting the scaled in vivo CLy,, value into a
mathematical liver model such as the “well-stirred model” (WSM), to
calculate in vivohepatic clearance.*

In vitro half-life (t,,,, min) was calculated using eq 1:

t, ), = 0.693/x (1)

where k is the slope found in the linear fit of the natural logarithm of the
fraction remaining of the parent compound vs incubation time.

Microsomal intrinsic clearance (CLiymier #L min~' mg™") was
determined using eq 2:
CLip¢ mier = 1000 X (0.693/t,,,)/0.5 (2)

where the microsomal protein concentration in the incubation mixture
was 0.5 mg mL™", and 1000 is the unit-scaling factor for volume (uL).

The unbound intrinsic clearance in microsomes (CLj,,, 4L min~!
mg ') was calculated according to eq 3.

CLint,u = CLint,micr/fu,mic (3)
Where f, . is the fraction unbound in liver microsomes.
The intrinsic clearance was then scaled to the whole liver to obtainin

vivointrinsic hepatic clearance (CLip (10 mL min~' kg™') using eq 4:

CLint,scaled = CLint,u X SF (4)

where SF represents the physiological scaling factors, including
milligrams of microsomal protein per gram of liver and the liver-to-
body weight ratio.”'

Finally, the total hepatic clearance (CL,) was estimated using the
well-stirred model, as represented by eq 5:

CLh = (Qh Xfu,p X CLint,scaled)/(Qh +f‘-llp X CLint,scaled) (5)

where @y, is the hepatic blood flow, f,, is the fraction unbound in
plasma, and CLj,;eq is the scaled unbound in vivo intrinsic clearance
determined from liver microsomal incubations.

Glutathione (GSH) Trapping Assay. The GSH trapping assay was
performed under the same experimental conditions as the liver
microsomal stability assay, except for the inclusion of NADPH and
GSH (1:1, v/v). After 60 min of incubation with HLMs at 37 °C, the
reaction was quenched with water followed by ice-cold acetonitrile/
methanol (9:1, v/v) containing IS. Samples were centrifuged, and the
supernatants were concentrated under a nitrogen stream at 35 °C
(Concentrator Plus, Eppendorf, Milan, Italy) and analyzed by LC-
MS.** Diclofenac and acetaminophen were used as positive controls.

Metabolite ldentification (MetID) Following Microsomal
Incubation. MetID data processing was performed using Compound
Discoverer 3.3 software (Thermo Fisher Scientific Bremen, Germany)
using a customized MetID workflow for the detection and structural
elucidation of both expected and novel metabolites, following the
procedure reported by Carullo et al,,** with minor modifications.

In silico biotransformation predictions were generated using
GLORYx (NERDD portal, University of Vienna, https://nerdd.
univie.ac.at/gloryx), and the resulting compound list (including
name, molecular formula, exact mass, and SMILES) was imported
into the workflow.** Processing steps included retention time

alignment, isotope pattern confirmation, compound grouping, FISh
scoring, fragment annotation, and gap filling.

For GSH trapping experiments, adduct identification was based on
the detection of characteristic mass shifts (+305 Da), diagnostic
fragment ions, and neutral losses typical of glutathione conjugates,
along with isotopic pattern matching and high-resolution mass
accuracy.

In Vivo Pharmacokinetic Study

Animals. Male CD-1 mice (35—40 g, 8 weeks, Charles River
Laboratories; Calco, Italy) were fed with standard rodent chow and
water and acclimated for 4 days at a 12 hlight and 12 h dark schedule in
a constant air-conditioned environment (21 + 2 °C). Mice were
randomly assigned to groups, and experiments were carried out during
the light phase. Experimental procedures were conducted in conformity
with Italian (D.L. 26/2014) and European (directive 2010/63/EU)
regulations on the protection of animals used for scientific purposes and
approved by the Italian Ministry (No. 479/2025-PR).

Sample Preparation. CD-1 mice received compound 11 (10 mg/
kg ip.) injection and after selected time points, the mice were
euthanized and blood was collected by intracardiac puncture. Plasma
was obtained by centrifugation at 800g at 4 °C for 10 min and
immediately frozen at —80 °C. CD-1 mice received compound 11 (10
mg/kg ip.) injection and after selected time points, the mice were
euthanized and blood was collected by intracardiac puncture. Plasma
was obtained by centrifugation at 800g at 4 °C for 10 min and
immediately frozen at —80 °C.For the extraction of compound 11 from
mouse plasma, protein precipitation was employed. Briefly, frozen
plasma samples were thawed at room temperature. Ice-cold acetonitrile
(200 L) containing IS (compound 33) was added to 100 L of plasma.
The extraction was performed by vortex mixing for S min, followed by
centrifugation for 10 min at 14,000 rpm and 4 °C. The supernatants
were collected and analyzed by LC-MS.

LC-MS Instrumentation and Analytical Conditions. Analyses
were performed using a Nexera UHPLC system (Shimadzu, Kyoto,
Japan) consisting of a SCL-40 system controller, two LC-40D X3
pumps, a CTO-40C column oven, and an SIL-40C X3 autosampler
coupled online to a SCIEX Triple Quad 7500 LC-MS/MS System -
QTRAP (SCIEX, Framingham, Massachusetts, USA). A SCIEX
OptiFlow ionization source was used. The chromatographic separation
was performed on a Kinetex 2.6 yum EVO C18 100 A (50 X 2.1 mm)
column (Phenomenex, Bologna, Italy). The column temperature and
flow rate were set at 40 °C and 0.4 mL min ™", respectively. The mobile
phases were water (A) and acetonitrile (B), both containing 0.1% (v/v)
formic acid, using the following gradient: 0—S min, 5—95% B; 5.01—6
min, isocratic to 95% B; 6.01—6.5 min, 95—5% B; followed by 1.5 min
for column re-equilibration.

MS data were acquired in positive ionization mode with curtain gas
at 40 psi, gas 1 at 60 psi, gas 2 at 55 psi, collision-activated dissociation
(CAD) gas set to 9, ion spray voltage of SS00 V, and interface
temperature of 400 °C. Scheduled multiple reaction monitoring
(sMRM) was employed for data acquisition by monitoring the
precursor—to-product ion transitions within defined retention time
windows (£50 s tolerance), as reported in Table S21. sMRM
acquisition was performed using a triggering threshold of >1.0 X 10°
cps, with dynamic background subtraction enabled.

The same sMRM parameters were applied to metabolites identified
in MetID analyses to evaluate their presence in in vivo plasma samples.

Bioanalytical Method Validation. Method validation was
performed in accordance with the U.S. FDA Bioanalytical Method
Validation Guidance for Industry. The analytical platform was
evaluated in terms of linearity, sensitivity, accuracy, precision, recovery,
and carryover Table S22.

Stock solutions of compound 11 and IS were prepared in DMSO (1
ugmL™"). To prepare working calibration standards, the stock solution
of compound 11 was diluted with acetonitrile and spiked into mouse
plasma (100 uL) to achieve a concentration range of 1—50 ng mL™",
using six concentration levels, each analyzed in triplicate. An equal
amount of IS (compound 33) was added to each level to obtain a final
concentration of 5 ng mL™%
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Peak area ratios (analyte/IS) were plotted against corresponding
concentrations (ng mL™"), and calibration curves were generated by
linear regression with R? values >0.999. The calibration curve included
ablank sample (plasma processed without IS), a zero calibrator (plasma
processed with IS), and nonzero calibrators covering the expected
concentration range.

The lowest standard on the calibration curve which could be
measured with accuracy and precision was accepted as the lower limit of
quantification (LLOQ). The limit of detection (LOD) and limit of
quantification (LOQ) were calculated by using the standard deviation
(SD) and the slope of the calibration curve, applying factors of 3.3 and
10, respectively.

The acceptance criterion of each standard concentration was +15%
deviation from the nominal concentration, except for the LLOQ
(£20%). Intraday precision and accuracy were estimated by analyzing
three replicates at three quality control (QC) levels: low (LQC),
medium (MQC), and high (HQC) concentrations. Interday precision
was determined by analyzing the same QC levels across three
independent runs. Acceptance criteria required accuracy within 85—
115% of nominal values (80—120% for LLOQ) and precision < 15%
coefficient of variation (CV) (<20% for LLOQ).

The obtained data demonstrated acceptable accuracy, precision, and
robustness of the developed analytical method.

Cerulein-Induced Acute Pancreatitis. A murine model of CER-
induced AP was established as previously described.'” Briefly, male CD-
1 mice received intraperitoneal (i.p.) injections of CER (50 ug/kg,
suspended in saline) hourly for a total of 6 injections. Mice were
randomly divided into: (a) Sham group which received saline; (b) CER
+ vehicle (veh.) group, treated with CER and received the veh. (0.5 mL
of DMSO 2%, i.p.) 30 min and 2.5 h after first cerulein administration
(Figure 3A); (c) CER + compound 11 group, treated with CER and 11
(10 mg/kg, i.p.) 30 min and 2.5 h after first CER administration; (d)
CER + AUDA (10 mg/kg, i.p.), a known sEH inhibitor, 30 min and 2.5
h after first CER administration; (e) CER + zileuton (ZILE) (10 mg/
kg, i.p.), a known S-LOX inhibitor, 30 min and 2.5 h after first CER
administration. The mice were euthanized 6 h after the first CER
injection. Pancreases and lungs were removed immediately, frozen, and
stored at —80 °C until assayed.

Histological Examination. Pancreas tails and the upper right lung
lobes were fixed in formaldehyde for histological and immunohis-
tochemical examination. The sections (S ym) were processed to
remove paraffin, rehydrated, and stained with hematoxylin and eosin
(H&E). Evaluation of pancreas edema and inflammation signs were
performed with a three-point scoring system. Edema: 0, absent or rare;
1, in the interlobular space; 2, in the intralobular space; 3, the isolated-
island shape of pancreatic acinus. Inflammation: 0, absent; 1, mild
(infiltration in ducts); 2, moderate (infiltration in parenchyma < 50%);
3, severe (infiltration in parenchyma > 50%). Analysis was performed in
a blinded manner.

Immunohistochemistry. Pancreas and lung slices, after rehydra-
tion, were incubated with 3% hydrogen peroxide (Merck, Milan, Italy)
for 15 min to quench the endogenous peroxidase activity. Tissue
sections were then incubated with normal goat serum (Elabscience,
Houston, Texas) for 1 h to reduce nonspecific antibody interactions.
Sections were incubated with primary antibody diluted in 0.01 M PBS,
2.5% normal serum (anti-Neutrophils rat monoclonal antibody,
dilution 1:100, Abcam) for 30 min. After rinsing with PBS 0.01 M
for 5 min, slides were incubated with biotinylated goat antirat IgG
(Vector Laboratories, Newark, California), diluted 1:200, for 30 min.
After rinsing with PBS 0.01 M for 5 min, slides were incubated with
VECTASTAIN ABC Reagent (Vector Laboratories) for 30 min. Other
pancreas slice were incubated with the following primary antibodies:
anti-F4/80 (dilution 1:100, Proteintech, Manchester, UK), anti-4-
HNE (dilution 1:250, Bioss Antibodies, Woburn, Massachusetts), anti-
FTH-1 (dilution 1:200, Affinity Biosciences, USA), anti-GPX4
(dilution 1:600, Affinity Biosciences), anti-Nrf2 (dilution 1:200,
Affinity Biosciences, USA). After rinsing with PBS 0.01 M, slides
were incubated with Peroxidase Affinity Pure Goat anti-rabbit (Jackson
ImmunoResearch, 1:500) for 1 h at room temperature. Color
development was performed using 3,3-N-Diaminobenzidine Tertrahy-

drochloride solution (Elabscience), and sections were analyzed using
Leica Microsystem with a magnification of 20x and 40x.

Biochemical Assays. Blood samples were collected by direct
intracardiac puncture 6 h after the first CER injection and plasma was
obtained by centrifugation at 800 g at 4 °C for 10 min and immediately
frozen at —80 °C. Levels of amylase, lipase, ALT, AST, GGT and urea
were measured in the plasma by a clinical laboratory (LUNAVET LAB
S.a.s., Salerno, Italy).

Data Analysis. A noncompartmental analysis (NCA) of PK of
compound 11 was performed using PK solver software. The maximum
concentration (C,,) and time to reach C,,, (Ti,,) were determined
from the plasma concentration—time data. The area under the plasma
concentration—time curve from time O to infinity (AUC,_,) was
calculated using the linear trapezoidal rule. The elimination half-life
(t1,) was calculated as In(2)/k,, where k, is the terminal elimination
rate constant.

The in vivo results are expressed as mean + SEM of the mean of n
observations, where n represents the number of animals. Statistical
evaluation was performed by one-way ANOVA using GraphPad Prism
(GraphPad Software, Inc., San Diego, CA) followed by a Bonferroni
post hoc test 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. P value <0.05 was used to define statistically
significant differences between mean values.

Lipid Mediators UPLC-MS/MS Analysis In Vivo

Extraction of Lipid Mediators from Plasma, Lung, and
Pancreas. The extraction of targeted LM from plasma was performed
as follows: 400 uL of a 10% v/v methanol solution was added in a
sample tube, then 65 pL of plasma and a mix of deuterated standards
were spiked in each sample tube. After 10 min of centrifugation at
15,000 rpm and 4 °C, supernatants were diluted with 500 pL of PBS
prior loading on solid-phase extraction cartridges.

The extraction of targeted lipid mediators from lung and pancreas
tissues was performed on 5 mg of freeze-dried tissue prior to the
extraction protocol. 500 4L of a 10% v/v methanol solution were added
to each sample and subsequently mixed. After 3 min of sonication in an
ultrasonic bath, the samples were diluted with 500 uL of PBS, spiked
with a mix of deuterated standards, then mixed, sonicated in an
ultrasonic bath and finally centrifugated for 10 min at 4 °C. For solid-
phase extraction cartridges, Strata-X Polymeric reversed-phase SPE
columns (100 mg/3 mL) (Phenomenex, Bologna, Italy) were
employed. Cartridges were conditioned with 3 mL of MeOH and
equilibrated with 3 mL of ddH,O. Following loading, washing was
performed with 1 mL of 10% MeOH v/v and finally eluted with 1.5 mL
of MeOH. Eluted samples were dried with a SpeedVac (Savant,
Thermo Scientific, Milan, Italy) and dissolved prior to UPLC-MS/MS
analyses in 50 uL of Methanol LC-MS grade.

UPLC-MS/MS Analysis. 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 acquisition was performed
in scheduled multiple reaction monitoring (sSMRM). The separation
was performed on a Kinetex EVO C18 150 mm X 2.1 mm, 2.6 ym (100
A) (Phenomenex, Bologna, Italy). The flow rate was set to 0.4 mL/min,
and the column oven was 40 °C. The mobile phases were (A) H,0/
ACN (70:30) acidified with 0.02% CH,COOH v/vand (B) ACN/IPA
(50:50). The following gradient was used: 0 min, 10%B, 0—11 min 55%
B, 11.10 min, 55—99%B, 11.10—12.50 isocratic at 99% B, returning to
10% B in 0.1 min. Injection volume was 4 uL for plasma, 3 uL for
tissues. MS source parameters: capillary voltage 3.5 kV, desolvation gas
flow and temperature were set to 1200 (L/h) and S00 °C respectively,
source temperature 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 yg/mL. MRM details, such as
cone voltages, dwell time, collision energies, parents and daughter ions
are reported in Table S23.

Authentic and deuterated LMs standards (Cayman Chemicals, Ann
Arbor, USA) were used for the quantitative analysis as external and
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internal standards respectively. Stock solutions (1 mg/mL) were
prepared in MeOH, and the calibration curves were obtained in a
concentration range of 0.01—1800 ng/mL using seven concentration
levels with triplicate injections for each level. Linear regression was used
to generate the calibration curves with R? values >0.997 generating
calibration curves in the general form of y = ax + b. Extracted ion
chromatograms (XIC) area ratios between authentic and deuterated
standard (y) were plotted against corresponding concentrations (ng/
mL) (x). The samples analyses were performed randomly on three
technical replicates. The quantification of analytes was evaluated in
terms of average and expressed in nM for plasma samples and pmol/mg
of tissues. LOD and LOQ were calculated by using the standard
deviation (SD) and the slope of the calibration curve, multiplied by 3.3
and 10, repeatability was assessed by evaluating peak area and RT of
pooled Quality Control (QC) samples across three independent runs
and reported as CV% values, all results are reported in Table S24.
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