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ARTICLE INFO ABSTRACT

Keywords: Background: Several factors contribute to ischemia/reperfusion injury (IRI), including activation of the NLRP3
NLRP3 inflammasome inflammasome and its byproducts, such as interleukin-1p (IL-18) and caspase-1. However, NLRP3 may para-
Cardioprotection

doxically exhibit cardioprotective properties. This study aimed to assess the protective effects of the novel NLRP3
inhibitor, INF195, both in vitro and ex vivo.

Methods: To investigate the relationship between NLRP3 and myocardial IRI, we synthetized a series of novel
NLRP3 inhibitors, and investigated their putative binding mode via docking studies. Through in vitro studies we
identified INF195 as optimal for NLRP3 inhibition. We measured infarct-size in isolated mouse hearts subjected
to 30-min global ischemia/one-hour reperfusion in the presence of three different doses of INF195 (5, 10, or 20-
pM). We analyzed caspase-1 and IL-1§ concentration in cardiac tissue homogenates by ELISA. Statistical sig-
nificance was determined using one-way ANOVA followed by Tukey’s test.

Results and conclusion: INF195 reduces NLRP3-induced pyroptosis in human macrophages. Heart pre-treatment
with 5 and 10-pM INF195 significantly reduces both infarct size and IL-1p levels. Data suggest that intracar-
diac NLRP3 activation contributes to IRI and that low doses of INF195 exert cardioprotective effects by reducing
infarct size. However, at 20-uM, INF195 efficacy declines, leading to a lack of cardioprotection. Research is
required to determine if high doses of INF195 have off-target effects or dual roles, potentially eliminating both
harmful and cardioprotective functions of NLRP3. Our findings highlight the potential of a new chemical scaf-
fold, amenable to further optimization, to provide NLRP3 inhibition and cardioprotection in the ischemia/
reperfusion setting.

Interleukin-1p

1. Introduction occurrence of post-ischemic heart failure (HF) [1,3]. However, reper-
fusion, paradoxically, exacerbates myocardial damage by impairing

Acute myocardial infarction (AMI) stands as the primary cause of mitochondrial function, contractility, and triggering cell death [2,3].
disability and mortality in the Western world [1,2]. Primary percuta- Hence, the concept of “ischemia/reperfusion injury” (IRI) has been
neous coronary intervention (PCI) is widely acknowledged as the introduced to describe these deleterious effects [3,4]. IRI encompasses
preferred strategy for preserving cardiac function, thereby reducing the oxidative stress and inflammation, both of which contribute to the

Abbreviations: NLRP3, Nucleotide-binding oligomerization domain-like receptors with a pyrin-domain 3; IL-1p, Interleukin-1; IRI, ischemia/reperfusion injury;
IS, infarct size; DMF, dimethylformamide; TFA, trifluoroacetic acid.
* Corresponding authors at: Department of Clinical and Biological Sciences, and Department of Drug Science and Technology, University of Turin, Regione Gonzole
10, Orbassano, 10043 Torino, Italy.
E-mail addresses: pasquale.pagliaro@unito.it (P. Pagliaro), massimo.bertinaria@unito.it (M. Bertinaria).
1 These authors share the first authorship
2 These authors share the seniorship

https://doi.org/10.1016/j.vph.2024.107397
Received 19 February 2024; Received in revised form 21 May 2024; Accepted 16 June 2024

Available online 17 June 2024
1537-1891/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:pasquale.pagliaro@unito.it
mailto:massimo.bertinaria@unito.it
www.sciencedirect.com/science/journal/15371891
https://www.elsevier.com/locate/vph
https://doi.org/10.1016/j.vph.2024.107397
https://doi.org/10.1016/j.vph.2024.107397
https://doi.org/10.1016/j.vph.2024.107397
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vph.2024.107397&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Gastaldi et al.

extension of the infarcted area [2,5].

The inflammatory process involves a collection of receptors known
as Pattern Recognition Receptors (PRRs), which selectively bind various
factors such as pathogen-associated molecular patterns (PAMPs),
released during infection, and/or damage-associated molecular patterns
(DAMPs), released by stressed or damaged cells. Inflammation in IRI is
referred to as “sterile inflammation”, as it is induced by DAMPs in the
absence of infectious pathogens [1,6,7]. Toll-like receptors (TLRs) act as
PRRs to recognize DAMPs in sterile inflammation. Subsequently, the
TLRs initiate a downstream signaling cascade which also activates
cytosolic multiprotein complexes, the inflammasomes, promoting the
synthesis of pro-inflammatory molecules, including cytokines and in-
terleukins (ILs) [7,8].

In the context of IRI, the role of Nucleotide-binding oligomerization
domain-like receptors with a pyrin-domain 3 (NLRP3) is emerging among
inflammasomes [7]. Indeed, NLRP3 inflammasome is expressed in cells
of the cardiovascular system and is upregulated after ischemia/reper-
fusion (IR) [9-12]. NLRP3 is a cytosolic multiprotein complex composed
by an amino-terminal pyrin domain (PYD), a central nucleotide-binding
domain with ATPase activity (NACHT), and a carboxy-terminal leucine-
rich repeat domain (LRR) [13]. Activation of this complex, due to the
binding of adenosine triphosphate (ATP) to the NACHT domain, is
associated with an Apoptosis-associated Speck-like (ASC) protein con-
taining a caspase recruitment domain and Caspase-1. Caspase-1 per-
forms proteolytic cleavage on Gasdermin D, pro-IL-1p, and pro-IL-18
converting them into their active forms. Pyroptosis, a form of cell death,
occurs when NLRP3 activates caspases to cleave off an N-terminal
fragment of Gasdermin D, creating large pores in the cell membrane [1].
Thus, in the context of IRI, the NLRP3 inflammasome appears to be a
master regulator of cell survival and damage [1,6-8,14-17]. Neverthe-
less, NLRP3 inflammasome can be involved in cardioprotective
signaling [18,19].

The first line of defense against the development of heart failure still
requires therapeutic interventions that lessen IRI, and NLRP3 inflam-
masome inhibition has been proposed as one such therapeutic treatment
[7,14]. Many NLRP3 inhibitors have been developed, considering
different targets and subunits of this multiprotein complex [7,20-22].

Available IL-1f blockers have been shown to reduce risk in different
cardiovascular pathologies, including AMI, heart failure, myocarditis
and recurrent pericarditis in phase Ib-III clinical trials [7]. Inhibition of
the NLRP3 inflammasome upstream of IL-1p production may be an even
more effective strategy.

In this work, we synthesized a new series of NLRP3 inhibitors to
specifically target the NACHT domain of NLRP3 and stabilize an inactive
state of the protein. The ability of the synthesized compounds to inhibit
cell pyroptosis and IL-1p release in human macrophages was deter-
mined, and compound 2 (INF195) was selected. Subsequently, we
investigated the cardioprotective effects of INF195 using an ex vivo
mouse heart model, wherein the inhibitor was administered prior to an
IR protocol. To assess INF195’s protective actions, we analyzed IL-1f
and active caspase-1 levels, as well as infarct size at the end of
reperfusion.

2. Materials and methods
2.1. General experimental procedures for the synthesis of new compounds

All reactions underwent monitoring via Thin Layer Chromatography
(TLC) utilizing Merck 60 F254 (0.25 mm) plates. Visualization was
achieved through UV inspection (254 nm) and/or via the application of
KMnO4 (0.5 g in 100 mL 0.1 N NaOH). Organic phases were dehydrated
using NaySO4 as a drying agent. Flash chromatography (FC) purifica-
tions employed silica gel from Merck with 60 mesh particles. Unless
explicitly stated otherwise, all reagents were utilized as supplied
without additional purification. Dichloromethane underwent drying
with P20s and subsequent distillation under nitrogen prior to utilization.
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Dimethylformamide (DMF) was stored over 3 A molecular sieves.
Anhydrous tetrahydrofuran (THF) was freshly distilled under nitrogen
from sodium/benzophenone ketyl. Proton (*H) and carbon-13 (*3C)
nuclear magnetic resonance (NMR) spectra were acquired using a JEOL
ECZR600 spectrometer operating at 600 and 151 MHz, respectively.
Coupling constants (J) are reported in Hertz (Hz), and chemical shifts (5)
are expressed in parts per million (ppm), referenced to the solvent signal
as an internal standard. The following abbreviations are used to denote
multiplicities: s = singlet, d = doublet, t = triplet, Q = quadruplet, m =
multiplet, and br = broad signal. Electrospray ionization (ESI) mass
spectra were obtained using a Waters Micromass Quattro Micro instru-
ment equipped with an ESI source. The purity of the final compounds
was assessed by reverse-phase high-performance liquid chromatography
(RP-HPLC) using an HP1100 chromatograph system (Agilent Technol-
ogies, Palo Alto, CA, USA). The system was equipped with a quaternary
pump (G1311A), a membrane degasser (G1379A), and a diode-array
detector (DAD) (G1315B), which was integrated into the HP1100 sys-
tem. Data analyses were conducted utilizing an HP ChemStation system
(Agilent Technologies). The analytical column employed was a
LiChrospher 100 C18-e (250 x 4.6 mm, 5 pm) (Merck KGaA, 64,271
Darmstadt, Germany), eluted with CH3CN 0.1% TFA/H20 0.1% TFA in a
variable ratio based on compound characteristics. Compounds were
dissolved in the mobile phase at approximately 0.01 mg/mL concen-
tration and injected via a 20 pL loop. HPLC retention times (tR) were
determined at flow rates of 1.0 mL/min, and column effluent was
monitored by DAD at 226 and 254 nm, with 800 nm as the reference
wavelength. Sample purity was assessed as the percentage ratio between
the main peak area and possible impurities at the two wavelengths, in
addition to employing DAD purity analysis of the chromatographic
peak. The purity of all target compounds was >95%. Complete chemical
characterization of 2 (INF195) is reported in the supplementary material
(Fig. S1).

The lipophilicity of INF195 and compound 5 (ClogP), was calculated
by Bio-Loom for Windows software, v. 1.5, BioByte Corporation, Clar-
emont, CA, USA. The equation a) was used to estimate the distribution
constant of 5 (ClogD’*) considering the calculated pKa = 4.437
(Chemdraw professional version 22.0.0.22).

a) ClogD’** = ClogP - log [1 + 10®PH-PKa)]

2.1.1. General Procedure for the Preparation of compounds 1-3

3-(2-chlorophenyl)propanoic acid (1 eq) was added to a stirred so-
lution of CDI (1 eq) in CHCl,. The reaction was stirred at room tem-
perature for 30 min. The appropriate piperidine derivative (1 eq) was
added, and the mixture stirred for 18 h. The reaction mixture was
concentrated under reduced pressure. The residue was dissolved in
CH,Cl, and washed with water (2 x 15 mlL), brine (15 mL), dried
(NayS04) and concentrated under reduced pressure.

2.1.2. Ethyl 4-(3-(2-chlorophenyDpropanoylpiperidine-1-carboxylate (1)

The reaction was run with 3-(2-chlorophenyl)propanoic acid (1.00 g,
5.42 mmol), CDI (0.88 g, 5.42 mmol), and ethyl 4-carboxypiperidine
(0.834 mL, 5.42 mmol) in CH>Cly (20 mL). The crude product was pu-
rified by silica gel chromatography (PE/EtOAc 7:3) to give 1 (1.45 g,
80.7%) as a colourless oil. Rf = 0.28 (PE/EtOAc 7:3); H NMR (600 MHz,
CDCl3) 6:7.31 (d,J="7.7 Hz, 1H), 7.26 (d, J = 7.4 Hz, 1H), 7.16 (m, 2H),
4.40 (d, J=12.5Hz, 1H), 4.11 (q, J = 7.1 Hz, 2H), 3.76 (d, J = 12.7 Hz,
1H), 3.05 (m, 2H), 3.01 (m, 1H), 2.78 (t,J = 11.5 Hz, 1H), 2.61 (dd, J =
12.6, 7.4 Hz, 2H), 2.46 (m, 1H), 1.86 (m, 2H), 1.54 (m, 2H), 1.23 (t,J =
7.1 Hz, 3H). 13C NMR (151 MHz, CDCl3) é: 174.2, 170.4, 138.8, 133.9,
131, 129.6, 127.9, 127.1, 60.7, 44.9, 41.1, 41, 33.1, 29.8, 28.4, 27.9,
14.3. MS(ESI") m/z 324 / 326 [M + H]™.
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2.1.3. Ethyl 3-(3-(2-chlorophenyl)propanoyl)piperidine-1-carboxylate (2;
INF195)

The reaction was run with 3-(2-chlorophenyl)propanoic acid (1.00 g,
5.42 mmol), CDI (0.88 g, 5.42 mmol), and ethyl 3-carboxypiperidine
(0.834 mL, 5.42 mmol) in CH,Cl; (20 mL). The crude product was pu-
rified by silica gel chromatography (PE/EtOAc 7:3) to give 2 (1.25 g,
70.4%) as a colourless oil. Rf = 0.28 (PE/EtOAc 7:3); 'H NMR (600 MHz,
CDClg) 6: 7.32 (dd, J = 7.8 Hz, 1H), 7.28-7.25 (m, 1H), 7.16-7.14 (m,
2H), 4.65 (m, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.79-3.70 (m, 1H), 3.30 (m,
1H), 3.06 (m, 2H), 2.95 (m, 1H), 2.80 (m, 1H), 2.70-2.61 (m, 2H),
2.38-225 (m, 1H), 2.05-1.97 (m, 1H), 1.74-1.69 (m, 2H), 1.43-130 (m,
1H), 1.25-1.23 (t, 3H). '3C NMR (151 MHz, CDCl3) &: 173.3-172.9,
170.7-170.6, 138.9-138.8, 134-133.9, 131, 129.6, 127.9, 127.1-127.0,
60.9-60.7, 47.4-46, 43.7-42.1, 41.8-41.3, 33.2-33.1, 29.8, 27.4-27.3,
25.1-24, 14.3. The presence of splitted signals is due to the existence of
rotamers. MS(ESI™) m/z 324 / 326 [M + H] ™.

2.1.4. 3-(3-(2-chlorophenyl)propanoyl)piperidine-1-carboxamide (3)

The reaction was run with 3-(2-chlorophenyl)propanoic acid (1.00 g,
5.42 mmol), CDI (0.88 g, 5.42 mmol), and 3-piperidincarboxamide
(0.834 mL, 5.42 mmol) in CH,Cl, (20 mL). The crude product was pu-
rified by silica gel chromatography (PE/EtOAc 7:3) to give 3 (0.89 g,
45.7%) as a cream colored solid. Rf = 0.28 (PE/EtOAc 7:3); 14 NMR
(600 MHz, DMSO-Dg) 6: 7.40-7.35 (m, 3H), 7.27-7.23 (m, 2H), 6.84 (d,
J = 25.8 Hz, 1H), 4.39-4.15 (two d, J = 12.6 Hz, 1H), 3.78 (d, J = 6.9
Hz, 1H), 3.08-2.91 (m, 1H), 2.90-2.88 (m, 2H), 2.63-2.50 (m, 2H),
2.22-2.12 (m, 1H), 1.83-1.63 (m, 1H), 1.60-1.58 (m, 2H), 1.28-1.24
(m, 1H). 3C NMR (151 MHz, DMSO-Dg) &: 175.3-175, 169.9-169.8,
139.2-139.1, 133.5-133.4, 131.3-131.2, 129.7, 128.48-128.44,
127.79-127.77, 48-45.8, 44.2-42.6, 42.4-41.9, 32.74-32.67,
29.2-29.1, 28.1-27.9, 25.4-24.5. The presence of splitted signals is due
to the existence of rotamers. MS(ESI") m/z 295 / 297 [M + H]™.

2.1.5. 4-(3-(2-chlorophenyDpropanoyDpiperidine-1-carboxylic acid (4)

Compound 1 (1.28 g, 3.93 mmol) was dissolved in a stirred solution
of aqueous NaOH 2.5 N (4 mL) in ethanol (15 mL). After 12 h, the
mixture was acidified with HCl 1 N (10 mL) and the ethanol was
evaporated under reduced pressure. The acidic aqueous phase was
extracted with CH,Cly (4 x 15 mL). The combined organic phases were
washed with brine (10 mL), dried (Na;SO4) and concentrated under
reduced pressure. The crude product was purified by silica gel chro-
matography (DCM/MeOH 95:5) to give 4 (1.16 g, 99.4%) as a white
solid. '"H NMR (600 MHz, DMSO-Dg) &: 12.2 (s, 1H), 7.40-7.36 (m, 2H),
7.26-7.22 (m, 2H), 4.21 (d, J = 12.6 Hz, 1H), 3.77 (d, J = 12.6 Hz, 1H),
3.03-2.98 (m, 1H), 2.86 (m, 2H), 2.69-2.65 (m, 1H), 2.60-2.51 (m, 2H),
2.45-2.40 (m, 1H), 1.78 (d, J = 13.2 Hz, 2H), 1.41-1.33 (m, 2H). 3¢
NMR (151 MHz, DMSO-Dg) 6: 176.1, 169.8, 139.2, 133.4, 131.3, 129.7,
128.5,127.8,44.7, 41, 40.6,32.7, 29.2, 28.8, 28.2. MS(ESI ) m/z: 294 /
296 [M-H] .

2.1.6. 3-(3-(2-chlorophenyl)propanoyl)piperidine-1-carboxylic acid (5)
Compound 2 (0.298 g, 0.921 mmol) was dissolved in a stirred so-
lution of aqueous NaOH 2.5 N (1 mL) in MeOH (5 mL). After 12 h, the
mixture was acidified with HCl 1 N (10 mL), and the methanol was
evaporated under reduced pressure. The acidic aqueous phase was
extracted with CH,Cl, (4 x 15 mL). The combined organic phases were
washed with brine (10 mL), dried (Na;SO4) and concentrated under
reduced pressure. The crude product was purified by silica gel chro-
matography (DCM/MeOH 95:5) to give 5 (0.194 g, 74.5%) as a white
solid. 'H NMR (600 MHz, DMSO-Dg) 6: 12.31 (s, br, 1H), 7.37-7.32 (m,
2H), 7.22-7.19 (m, 2H), 4.38-3.70 (m, 1H), 3.68-3.65 (m, 1H),
3.30-3.27 (m, 1H), 2.98-2.87 (m, 1H), 2.86-2.84 (m, 2H), 2.66-2.54
(m, 2H), 2.34-2.19 (m, 1H), 1.90-1.82 (m, 1H), 1.62-1.48 (m, 2H),
1.30-1.26 (m, 1H). 13¢ NMR (151 MHz, DMSO-Dg) 6: 174.91-174.88,
170-169.9, 139.2-139.1, 133.5, 131.32-131.27, 129.7, 128.5-128.4,
127.8, 47.1-45.7, 43.7-41.8, 41.2-40.6, 33.7-32.6, 29.2, 27.3-27.2,
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25.1-24.1. MS(ESI ) m/z: 294 / 296 [M-H] .

2.1.7. General procedure for the preparation of compounds 6-9

To initiate the reaction, a stirred solution containing appropriate
carboxylic acid (1 eq) in 5 mL of DMF was prepared. To this solution,
DIPEA (2 eq), HOBt (0.15 eq), HBTU (1.5 eq), and the appropriate amine
(1.1 eq) were added at room temperature, and the mixture was stirred
overnight. Subsequently, the solvent was removed under reduced pres-
sure, and a 10% solution of NaHCO3 (20 mL) was introduced. The
resulting mixture was subjected to extraction with EtOAc (3 x 20 mL).
The combined organic phases were washed with brine (15 mL), dried
over Na2504, and concentrated under reduced pressure.

2.1.8. benzyl (1-(3-(2-chlorophenyl)propanoyl)piperidine-4-carbonyl)-L-
alaninate (6)

The reaction was run using benzyl L-alaninate (0.18 g, 1.52 mmol),
DIPEA (0.70 mL, 4.14 mmol), HOBt (0.03 g, 0.21 mmol), HBTU (0.92 g,
2.07 mmol) and 4 (0.300 g, 1.38 mmol) in DMF (5 mL). The crude
product was purified by silica gel chromatography (PE/EtOAc/MeOH,
7:2.5:0.5) to give 6 (0.330 g, 61.5%) as a white foam. Rf = 0.22 (PE/
EtOAc/MeOH 7:2:1); 'H NMR (500 MHz, DMSO-Dg) 6: 7.32-7.18 (m,
8H), 7.11 (s, 1H), 5.31-5.27 (m, 2H), 4.35 (s, 1H), 3.58-3.53 (m, 2),
3.26-3.21 (m, 2H), 2.96-2.92 (m, 2H), 2.63-2.59 (m, 2H), 2.49 (s, 1H),
1.94-1.90 (m, 2H), 1.78-1.74 (m, 2H), 1.49-1.36 (m, 2H). >*C NMR
(151 MHz, CDCl3) 6: 175.3, 173.6, 171.5, 146.9, 136.1, 133.0, 129.2,
128.9,128.7,127.6,127.3,127.1,127.0, 126.7, 126.5, 66.4, 52.4, 44.5,
44.1, 38.8, 32.9, 30.1, 29.6, 26.3, 17.3. MS(ESI") m/z 457 / 459 [M +
H]T.

2.1.9. tert-butyl (1-(3-(2-chlorophenylDpropanoyDpiperidine-4-carbonyD-
L-phenylalaninate (7)

The reaction was run using L-phenylalanine tert-butyl ester (0.287 g,
1.52 mmol), DIPEA (0.70 mL, 4.14 mmol), HOBt (0.028 g, 0.21 mmol),
HBTU (0.915 g, 2.07 mmol) and 4 (0.300 g, 1.38 mmol) in DMF (5 mL).
The crude product was purified by silica gel chromatography (PE/
EtOAc/MeOH, 7:2.5:0.5) to give 7 (0.330 g, 75.5%) as a white foam. Rf
= 0.22 (PE/EtOAc/MeOH 7:2:1); 'H NMR (600 MHz, CDCl3) &: 9.16 (d,
J =147.0 Hz, 1H), 7.35-7.27 (m, 1H), 7.27-7.05 (m, 10H), 6.13 (d, J =
38.4 Hz, 1H), 4.90-4.76 (m, 1H), 4.56-4.41 (m, 1H), 3.77 (t, J = 17.4
Hz, 1H), 3.22 (dt, J = 33.1, 16.6 Hz, 1H), 3.15-3.07 (m, 1H), 3.03 (t,J =
7.7 Hz, 2H), 2.97-2.84 (m, 1H), 2.63 (dd, J = 13.9, 5.9 Hz, 2H), 2.60 (d,
J=14.5 Hz, 1H), 2.35-2.22 (m, 1H), 1.82-1.62 (m, 2H), 1.58-1.33 (m,
2H), 1.32 (s, 9H, CH3). MS(ESI") m/z 499 / 501 [M + H]*.

2.1.10. tert-butyl (1-(3-(2-chlorophenyl)propanoyl)piperidine-3-carbonyl)
glycinate (8)

The reaction was run using tert-butyl glycinate (0.910 g, 3.76 mmol),
DIPEA (0.90 mL, 7.16 mmol), HOBt (0.048 g, 0.36 mmol), HBTU (2.04
g, 5.73 mmol) and 5 (0.660 g, 3.58 mmol) in DMF (5 mL). The crude
product was purified by silica gel chromatography (CH2Cly/MeOH,
99:1) to give 8 (0.330 g, 61.5%) as a white foam. Rf = 0.24 (PE/EtOAc/
MeOH 7:2:1); 'H NMR (600 MHz, CDCl3) &: 7.97 (s, OH), 7.32-7.10 (m,
4H), 4.08 (td, J = 7.2, 2.1 Hz, 1H), 3.87-3.85 (m, 2H), 3.05-3.00 (m,
2H), 2.91 (d, J = 2.1 Hz, 2H), 2.84 (d, J = 1.0 Hz, 2H), 2.64-2.58 (m,
2H), 2.00 (t, J = 2.4 Hz, 2H), 1.40-1.44 (9H), 1.22 (qd, J = 4.8, 2.2 Hz,
2H). 13C NMR (151 MHz, CDCly) §: 172.9, 172.7, 171.2, 171.0, 170.6,
168.9, 162.6, 138.8, 138.7, 133.9, 131.1, 130.9, 129.6, 127.9, 127.1,
60.4, 46.3, 42.0, 36.6, 33.1, 28.1, 27.6, 24.6, 14.3. MS(ESI") m/z 409 /
411 [M + H]™.

2.1.11. benzyl (1-(3-(2-chlorophenyl)propanoylpiperidine-3-carbonyl)-L-
alaninate (9)

The reaction was run using benzyl L-alaninate (0.242 g, 1.35 mmol),
DIPEA (0.43 mL, 2.70 mmol), HOBt (0.08 g, 0.14 mmol), HBTU (0.77 g,
2.03 mmol) and 5 (0.400 g, 1.35 mmol) in DMF (5 mL). The crude
product was purified by silica gel chromatography (PE/EtOAc/MeOH,
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7:2.5:0.5) to give 9 (0.330 g, 61.5%) as a white foam. Rf = 0.22 (PE/
EtOAc/MeOH 7:2:1); 'H NMR (500 MHz, DMSO-Dg) 6: 7.32-7.18 (m,
8H), 7.11 (s, 1H), 5.31-5.27 (m, 2H), 4.35 (s, 1H), 3.58-3.53 (m, 2),
3.26-3.21 (m, 2H), 2.96-2.92 (m, 2H), 2.63-2.59 (m, 2H), 2.49 (s, 1H),
1.94-1.90 (m, 2H), 1.78-1.74 (m, 2H), 1.49-1.36 (m, 2H). 3¢ NMR
(151 MHz, CDCl3) é: 175.3, 173.6, 171.5, 146.9, 136.1, 133.0, 129.2,
128.9,128.7,127.6,127.3,127.1,127.0, 126.7, 126.5, 66.4, 52.4, 44.5,
44.1, 38.8, 32.9, 30.1, 29.6, 26.3, 17.3. MS(ESI") m/z 457 / 459 [M +
H]".

2.1.12. (1-(3-(2-chlorophenylpropanoyl)piperidine-4-carbonyl)-L-
alanine (10)

Compound 6 (0.26 g, 0.57 mmol) was dissolved in a suspension of
Pd/C (10%, 0.061 g, 0.06 mmol) in methanol (5 mL) and stirred over-
night under Hy (1 bar). The suspension was filtered and concentrated
under reduced pressure. The crude product was purified by silica gel
chromatography (CHyCl, to CH2Cly/MeOH 99:1) to give 10 (0.13 g,
62.1%) as a white solid. 'H NMR (600 MHz, DMSO-Dg) 6: 8.24 (d, J =
7.1 Hz, 1H), 7.27-7.15 (m, 4H), 4.35 (d, J = 13.2 Hz, 1H), 4.23 (m, 1H),
3.86 (d, J = 10.1 Hz, 1H), 3.60 (s, 3H), 2.96-2.95 (m, 1H), 2.79 (t, J =
7.8 Hz, 2H), 2.40-2.37 (m, 1H), 1.68-1.64 (m, 2H), 1.43-1.33 (m, 1H),
1.25(d, J = 7.2 Hz, 3H). 13C NMR (151 MHz, DMSO-Dg) 6: 174.4,173.8,
170.2, 142, 128.9, 128.7, 126.3, 52.3, 47.9, 44.9, 41.7, 41, 34.6, 31.3,
29.3-29.2, 28.6-28.4, 17.4. MS(ESI ) m/z: 365 / 367 [M-H] .

2.1.13. (1-(3-(2-chlorophenylDpropanoyDpiperidine-4-carbonyl)
phenylalanine (11)

Compound 7 (0.090 mg; 0.18 mmol) was dissolved in a solution of
trifluoroacetic acid (2 mL) in CH5Cl, (5 mL), and the mixture was stirred
at room temperature overnight. The solvent was evaporated under
reduced pressure. The crude product was purified by silica gel chro-
matography (CH,Clo/MeOH 97:3) to give 11 as a white solid (0.060 mg,
74.4%). Rf = 0.51 (CHCl; /MeOH 9:1). 1H NMR (600 MHz, CDCl3) &:
9.16 (d, J = 147.0 Hz, 1H), 7.35-7.11 (m, 9H), 6.17 (s, 1H), 4.85 (t,J =
6.6 Hz, 1H), 4.50-4.47 (m, 1H), 3.78 (d, J = 13.2 Hz, 1H), 3.23 (dd, J =
13.9, 5.3 Hz, 1H), 3.10 (dd, J = 13.9, 4.6 Hz, 1H), 3.03 (t, J = 7.7 Hz,
2H), 2.97-2.84 (m, 1H), 2.65-2.58 (m, 3H), 2.28 (t, J = 11.0 Hz, 1H),
1.69 (m, 2H), 1.49-1.37 (m, 2H). '3C NMR (151 MHz, CDCls) &: 174,
173.8,171.4, 138.3, 135.98, 135.93, 133.8, 131, 129.6, 129.5, 128.6,
128.1, 127.2, 53-52.9, 45.34-45.28, 42.6, 41.5, 37.4, 33, 29.9,
28.8-28.1, 28.5. MS(ESI ) m/z: 441 / 443 [M-H] .

2.1.14. (1-(3-(2-chlorophenylDpropanoylpiperidine-3-carbonyl)glycine
12)

Compound 8 (0.140 g; 0.343 mmol) was dissolved in a solution of
trifluoroacetic acid (1.5 mL) in CH,Cl, (15 mL), and the mixture was
stirred at room temperature overnight. The solvent was evaporated
under reduced pressure. The crude product was purified by silica gel
chromatography (CH3Cl,/MeOH 97:3) to give 12 as a white solid
(0.119 mg, 99.1%). Rf = 0.48 (DCM/MeOH 9:1). 'H NMR (600 MHz,
CDClg) &: 7.47 (s, br, 1H), 7.32-7.30 (m, 1H), 7.22-7.12 (m, 3H),
4.61-4.60 (m, 1H), 4.15-3.98 (m, 2H), 3.72-3.70 (m, 1H), 3.45 (s, 1H),
3.02 (m, 3H), 2.83-2.53 (m, 3H), 1.90-1.86 (m, 2H), 1.72-1.70 (m, 1H),
1.29 (m, 1H). 13C NMR (151 MHz, CDClg) &: 173.2,172.4,171.7,138.1,
133.9, 131.0, 129.6, 128.1, 127.2, 46.8, 45.6, 42.8, 41.7, 33.1, 29.7,
26.5, 24.9. MS(ESI") m/z: 351 / 353 [M-H] .

2.1.15. (1-(3-(2-chlorophenyl)propanoyl)piperidine-3-carbonyl)-L-
alanine (13)

Compound 9 (0.17 g, 0.37 mmol) was dissolved in a suspension of
Pd/C (10%, 0.08 g, 0.04 mmol) in methanol (5 mL) and stirred overnight
under Hj (1 bar). The suspension was filtered and concentrated under
reduced pressure. The crude product was purified by silica gel chro-
matography (CHzCl, to CH,Clo/MeOH 99:1) to give 13 (38 mg, 28.0%)
as a white solid. 'H NMR (600 MHz, CDCls) &: 7.94-8.07 (m, 2H),
7.13-7.32 (m, 4H), 4.65-4.53 (m, 1H), 4.18-3.50 (m, 1H), 3.46-3.20
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(m, 1H), 3.03-2.80 (m, 2H), 2.69-2.48 (m, 2H), 2.04-1.64 (m, 2H),
1.46-1.38 (m, 2H), 1.32-1.20 (m, 2H). 3C NMR (151 MHz, CDCl3) &:
176.2-175.9,173.4-172.7, 172.3-172, 140.7-140.5, 128.9-128.4 (four
partially overlapping signals), 128.7, 128.5, 128.5, 126.51-126.45,
53.5, 48.5-48.3, 46.84-46.77, 45.7-44.6, 43-42.4, 35.1-35, 31.5,
27.1-26, 24.9-24.5, 18.6-17.7. MS(ESI") m/z: 365 / 367 [M-H] .

2.2. Computational studies

2.2.1. Molecular Modelling

We used as reference the X-ray crystal structure of NLRP3 NACHT
domain (residues 134-676, PDB ID: 7ALV, resolution = 2.83 f\). Because
of the presence of missing side chains and loops distant from the active
site (residues 153-163, 178-200, 213-216, 452-462, 496-497,
513-515, 539-554, 589), Uniprot sequence of NLRP3 (Q96P20) was
modelled on PDB ID structure 7ALV. Four Ramachandran outliers
originating from the model (Lys194, Prol199, Lys540, Leu551) were
distant from the active site in the modelled loops.

2.2.2. Molecular Docking

Maestro suite by Schrodinger, v.2022.1 was used to dock the com-
pounds. Protein Preparation Wizard tool was employed to prepare the
protein, at PROPKA pH = 7.4. Heavy atoms were minimized with re-
straints to RMSD 0.3 A using the OPLS 4 force field. The ligands were
prepared with the Ligprep module, generating potential states at pH =
7.4. NP3-146 ligand was self-docked in the binding site before docking
each other candidate ligand using the Induced-Fit Docking (IFD)
extended protocol, generating up to 80 poses. Residues Ala228, Arg351
and Arg578 were used as centroid to define the binding site, the grid was
enlarged to host ligands with length up to 30 A. For assessing the
preferred binding mode, the top ten poses as determined by the IFD
Score were visually examined.

2.3. In vitro NLRP3 inflammasome inhibition

2.3.1. Cell culture and treatment

Human monocytic THP-1 cells were cultured in RPMI 1640 medium
(Aurogene, Rome, Italy), supplemented with fetal bovine serum (10%;
Aurogene), r-glutamine (2 mM; Aurogene), penicillin (100 IU/mL;
Aurogene), and streptomycin (100 mg/mL; Aurogene). The cell culture
medium was refreshed every 2-3 days, and the cultures were maintained
at 37 °C and 5% CO; in a fully humidified incubator. On the first day,
THP-1 cells were seeded in 48-well plates (90,000 cells/well) and
differentiated into macrophages by treatment with phorbol myristate
acetate (PMA; 50 nM; 24 h; Sigma-Aldrich). After differentiation, the
cells were washed twice with phosphate-buffered saline (PBS) and then
primed with lipopolysaccharide (LPS; 10 pg/mL; 4 h; Sigma-Aldrich) in
serum-free medium. Following priming, cells were treated with either
vehicle alone or the test compound (10 pM; 1 h), and cell death was
induced by ATP (5 mM, 90 min; Sigma-Aldrich). In dose-response ex-
periments, cells were exposed to different concentrations of the com-
pound within the range of 0.1-100 pM. At the end, supernatants were
collected to quantify LDH activity and IL-1p and TNF-a release. TNF was
also evaluated in supernatant collected from differentiated THP-1 pre-
treated with compounds (10 pM, 10 min), primed with LPS (4 h) and
pulsed with ATP (5 mM, 90 min).

2.3.2. Assessment of macrophages NLRP3-dependent pyroptosis

LDH activity was measured using Cytotox 96 nonradioactive cyto-
toxicity assay (Promega Corporation, Madison, MI, USA) to quantify
pyroptotic cell death. Absorbance was measured using the Victor X4
(PerkinElmer, Waltham, MA, USA) at A = 490 nm. Cell death was
expressed according to the manufacturer’s instruction.

2.3.3. Assessment of IL-1 and TNF-a release from human macrophages
IL-1p and TNF-o release was quantified in differentiated THP-1
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supernatant using Human IL-1f Uncoated ELISA kit and Human TNF-«
Uncoated ELISA kit respectively (Invitrogen, Waltham, MA, USA), ac-
cording to the manufacturer’s instruction.

2.3.4. Assessment of cytotoxicity in THP-1 cells

THP-1 cells were seeded in 96-well culture plates at a density of
15,000 cells per well and then exposed to increasing concentrations
(0.1-100 pM) of each compound. After 72 h, cell viability was assessed
using the MTT assay, a colorimetric method based on the conversion of
the water-soluble 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma-Aldrich) to an insoluble purple formazan by
metabolically active cells. The concentration of formazan formed was
determined by measuring absorbance at a wavelength of 570 nm using
the Victor X4 (Multiskan™ FC Microplate Photometer, Thermo
Scientific™),

2.4. Invitro cardiac model studies

2.4.1. Cell culture

Cardiomyoblast (H9c2) was obtained from the American Type Cul-
ture Collection (ATCC; Manassas, VA, USA). Dulbecco’s Modified Ea-
gle’s Medium (DMEM) was used to grow the H9c2 samples, in addition
to 10% fetal bovine serum (FBS) and 1% (v/v) streptomycin/penicillin
(Wisent Inc., Quebec, QC, Canada), at 37 °C and 5% CO, [23].

2.4.2. Assessment of INF195 toxicity in cardiomyoblast

H9c2 were plated in 96-wells culture plates (3500 cells/well) and
cells were serum starved for 24 h in DMEM containing 1% FBS. Subse-
quently, the cells were treated with increasing concentrations (0.1-50
pM) of INF195. Cell viability was measured at 24 h by the MTT assay (as
above).

2.4.3. Assessment of cell permeability of INF195 and 5

HO9c2 cells were plated in 10-cm dishes (1 x 108 cells/dish) and then
serum starved for 24 h in DMEM containing 1% FBS. Confluent cells
were incubated for 2 h in fresh medium containing 10 pM compound 5
or INF195, washed twice in ice-cold PBS and detached with scraper.
Cells were centrifuged for 5 min at 200 g (4 °C) and resuspended in 0.5
mL of lysis buffer (TRIS 50 mM; KCl 100 mM; MgCl, 5 mM; EDTA 1
mM). After centrifugation for 3 min at 3000 g (4 °C), the supernatant
(cytosolic fraction) was collected. The amount of cell proteins was
measured by the Brgnsted-Lowry method in 50 pL of supernatant, the
remaining part was stored at —80 °C until analysis. The mitochondria
pellet was washed and resuspended in 320 pL of resuspension buffer
(Sucrose 250 mM; K;HPO4 15 mM; MgCl, 2 mM; EDTA 0.5 mM); the
amount of cell proteins was measured in 40 pL of supernatant, the
remaining part was stored at —80 °C until analysis. Before analysis, the
samples were treated with CH3CN 1:1, filtered and then analyzed by
HPLC/MS/MS.

All analyses were performed using a Shimadzu LC40 X3 UHPLC
System (Shimadzu, Dusseldorf Germany), equipped with SCIEX Zen-
oTOF 7600 LC-MS/MS System (Sciex Pte Ltd., MA 01701 USA). UHPLC
conditions: Fortis C1g CPS Analytical column (150 x 4.6 mm, 5 pm) was
used, eluted with ACN 0.1% HCOOH/water 0.1% HCOOH, 70/30, v/v at
a flow rate of 0.5 mL/min. The column eluate was monitored by Zen-
oTOF 7600 LC-MS/MS with ESI Twinsprayer Probe. The injection vol-
ume was 10 pL. MS and MS/MS data were collected for each sample.
Fragmentation was performed using collision-induce dissociation (CID).
Data acquisition consisted of a TOF MS scan to collect accurate mass
precursor ions from 80 to 500 Da, followed by a TOF MS/MS full scan
ranging from 80 to 500 Da to ensure all fragments were captured for
identification. Data was acquired using SCIEX OS software 3.1. Com-
pound 5 [M + H]" 296.1047, Rt 4.51; INF195 [M + H] " 324.1366, Rt
7.84. Calibration curves were obtained with standard solutions of the
compounds, analyzed under the same conditions as the samples; in
particular, calibration curves were set up for quantification of stability
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experiments in a concentration range of 0.001-5 pM (? > 0.99). The
data were processed with GraphPad Prism version 7.0. The amount of
compounds in the mitochondrial and cytosolic fractions was expressed
as ng/mg protein.

2.5. Ex vivo cardiac model studies

Twenty-five male FVB mice (Harlan Laboratories, Udine, Italy)
10-12 weeks old and weighing 25-35 g, were maintained following the
European Directive 2010/63/EU about the protection of animals being
used for research reasons (n 285/2019 — PRE 669C-44).

2.5.1. Ex vivo protocol

Mice were injected with 500 U of heparin before getting anesthetized
with zoletyl and xylazine (40 mg/kg and 5 mg/kg, respectively) [24].
Then, just before heart explantation, cervical dislocation was performed
[25]. Hearts were quickly retrogradely perfused at 80 mmHg with
Krebs-Henseleit buffer comprising NaCl (127), KCl (5.1), NaHCOs3
(17.7), MgCl, (1.26), CaCls (1.5), p-glucose (11), pH 7.4 The buffer was
gassed with either a 95% O3 and 5% CO, mixture and the perfusion
system’s temperature was kept constant at 37 °C.

2.5.2. Experimental ischemia-reperfusion protocol

For all hearts, coronary perfusion pressure reached 80 mmHg and it
was maintained throughout the procedure. The inhibitor, INF195, was
solubilized in DMSO (Sigma, St. Louis, MO) at a concentration of 10 mM.
The final concentration of DMSO (0.02%) used is not toxic in our model,
as also reported in the literature [26,27]. The standard solutions were
dissolved in the Krebs-Henseleit perfusion buffer to a final concentration
of 5,10, and 20 pM and used in the following groups (B, C and D; Fig. 1):

Group A, IR (n = 8): after stabilization (30 min), the hearts were
subjected to 30 min of global, normothermic, no-flow ischemia followed
by 60 min of reperfusion [28].

Group B, INF195-5 pM: At the end of 20 min of stabilization the
hearts were pretreated with INF195 at a concentration of 5 pM (n = 5)
for 10 min and then subjected to IR protocol.

Group C, INF195-10 pM: At the end of 20 min of stabilization the
hearts were pretreated with INF195 at a concentration of 10 pM (n = 5)
for 10 min and then subjected to IR protocol.

Group D, INF195-20 pM: At the end of 20 min of stabilization the
hearts were pretreated with INF195 at a concentration of 20 pM (n = 4)
for 10 min and then subjected to IR protocol.

Three hearts were discarded because after 20 min of stabilization
they were not stable and received a higher flow than that considered
normal (2-3 mL/min) for this experimental preparation [28].

2.5.3. Measurement of the Infarct Size

At the end of reperfusion, the hearts were removed from the perfu-
sion apparatus and were dissected into two sections along a transverse
line (orthogonally to a longitudinal plane). The apical portion (about
one-third of the left ventricular mass) was quickly placed in liquid ni-
trogen and kept at —80 °C before being utilized for ELISA KIT analysis
(see below), while the other half was used to measure infarct size. In
particular, the left ventricles were frozen for 2 h at —20 °C at the end of
each experiment. Following freezing, the hearts were sliced into 2 mm
thick circumferential slices. The ventricle slices were immersed in a
0.1% nitro-blue tetrazolium solution with phosphate buffer for 20 min at
37 °C. The ImageJ processing tool was employed to determine the
infarct size for every heart, slice by slice [29]. The white-colored
infarcted tissue was separated from the blue area and expressed as a
proportion of the total left ventricular mass, representing the risk area.
Uninformed observers examined the data.

2.5.4. Determination of IL-1/ and Caspase-1 in Hearts Homogenates
Heart apices, previously frozen, were lysed in a RIPA lysis buffer
supplemented with protease and phosphatase inhibitors (concentration
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A Ischemia / Reperfusion
Krebs 30 min _ Krebs 60 min
Stabilization Ischemia 30 min Reperfusion
- INF195 5uM
Krebs 20 min |10 Krebs 60 min
Stabilization * II\:‘I;I:S Ischemia 30 min Reperfusion
c INF195 10uM
Krebs 20 min Krebs 60 min
Stabilization +11(I)\I£11\25 Ischemia 30 min Reperfusion
D
INF195 20uM
Krebs 20 min Krebs 60 min
Stabilization * INF195 Ischemia 30 min Reperfusion
20 uM

Fig. 1. The red boxes indicate the ischemic period, while the white boxes indicate the stabilization and reperfusion with the Krebs solution. Group A (IR): 30 min of
stabilization, and 30 min of ischemia, followed by 60 min of reperfusion; Groups B-D: 30 min of stabilization with the infusion of INF195 at concentrations 5, 10 and
20 pM in the last 10 min; then 30 min of ischemia / 60 min of reperfusion. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

1:1000), then we quantified the total protein with the Bradford method.
Commercially available Mouse IL-1p ELISA kit (FineTest, Catalogue No
EMO0109-CM Wuhan, Hubei, China) and Mouse CASP1(Caspase-1)
ELISA kit (FineTest, Catalogue No EMO0897 Wuhan, Hubei, China)
were used to measure concentrations of IL-18 and caspase-1 in tissue
homogenates, according to the manufacturer’s instructions [30].

2.6. Data Analysis

Dose-response curves were analyzed using a log (agonist/inhibitor)
vs normalized response model using GraphPad Prism 9.0. ECs( and ICsp
for each compound were calculated using the same program. Where
indicated, the results are given as the mean + SEM (standard error of
mean). Statistical analyses were performed by one-way ANOVA using
Dunnett’s post hoc test (GraphPad).

The cardiac model studies data are presented as mean + SEM and
were analyzed using the ANOVA followed by Dunnett’s and Tukey’s
multiple comparisons test. Statistical analyses were conducted using
GraphPad Prism 8.0 software. Statistical significance was defined as a
value in the p < 0.05 range.

3. Results and discussion
3.1. Design of novel NLRP3 inhibitors

Since 2014, our research group has been involved in the search for
novel NLRP3 inhibitors. First, we explored the design of covalent NLRP3

inhibitors generating INF4E [31] and INF39 [32] that proved active, ex
vivo, in a model of cardiovascular damage following ischemia and
reperfusion [12] and in vivo in a model of DNBS-induced colitis [33],
respectively. Later, we turned our attention to the generation of non-
covalent NLRP3 inhibitors. We discovered a series of 1-(piperidin-4-yl)
1,3-dihydro-2H-benzo[d]imidazole-2-one derivatives [34] and of 1,3,4-
oxadiazol-2-one derivatives [35] able to dampen NLRP3 activation
(Fig. 2). Among the 1,3,4-oxadiazol-2-one derivatives, compound
INF200 proved able to efficiently reduce cardiac and metabolic com-
plications in an in vivo model of diet-induced metaflammation [35].
Taking advantage from the recently published binding site of
sulfonylurea-based NLRP3 inhibitors [13,36], in this work, we applied a
pharmacophore simplification approach in order to identify the minimal
structural requirements capable of conferring affinity to this site in the
target protein. Our working hypothesis was that the benzimidazol-2-one
substructure in compound A (Fig. 2) could be dispensable for the
binding to the target protein, while the presence of a terminal polar

Cl (0] cl

A o

N™ *\H ~
v )

A INF200

Fig. 2. Structure of compound A, a prototype benzimidazol-2-one NLRP3 in-
hibitor [34] and INF200, a 1,3,4-oxadiazol-2-one NLRP3 inhibitor [35].
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function as in INF200 could be important to establish interactions with
Arg351, a key residue in the allosteric site of the NACHT domain in
NLRP3. In agreement with these considerations, molecular docking
studies performed in the allosteric pocket of NLRP3 NACHT domain,
evidenced that the benzimidazole-2-one moiety in compound A could
engage Arg578 and Glu629, but not Arg351 (Fig. 3A). Thus, we envi-
sioned that the insertion of an acidic or polar group on the piperidinyl
ring in 3- or 4- position could lead to the desired interaction with
Arg351, without changing the overall putative binding mode (Fig. 3B).

Based on this assumption, we designed a short series of “proof of
concept” compounds lacking the benzimidazol-2-one residue to verify
whether they were still able to inhibit NLRP3 activation. The structures
of the proof of concept compounds synthesized in the present work are
depicted in Fig. 4A. All the designed compounds bear a 3-(2-chlor-
ophenyl)-(piperidin-1-yl)-propanamide scaffold. The piperidine ring
was substituted with a carboxylic acid in position 4 (compound 4) or in
position 3 (compound 5). This polar group can act as a hydrogen bond
acceptor (HBA) in physiological conditions, while the carboxamido
group, introduced in position 3 of the piperidine ring (compound 3), can
behave also as hydrogen bond donor (HBD), being not ionized at
physiological pH (7.4), and less efficiently as HBA compared to the
carboxylate. The ethyl ester-substituted compounds 1 and 2 (INF195)
were also synthesized because of their enhanced lipophilicity and ability
to cross biological membranes with respect to the corresponding acids.
These esters act as the prodrug for the corresponding carboxylic acids 4
and 5 conferring some advantages in term of cell permeability as evi-
denced from previous work by different groups [35,37]. In derivatives
10-13, the polar group was moved away from the piperidine ring by
insertion of aminoacidic spacers through the formation of an amide
bond in position 3 or 4 of the piperidine ring.

The insertion of the carboxylic acid (or its ester precursor) on the
piperidinyl ring was designed in order to add an interaction with Arg351
in the NLRP3 NACHT domain. Induced-fit docking analysis of model
compound 5 was conducted to substantiate this hypothesis. Indeed, as
shown in Fig. 4B-C for compound 5, the 2-chlorophenyl moiety retained
its orientation, sandwiched between the side chain of Ile411 and
Phe579, in a lipophilic sub-pocket lined by residues Ile230, Met408,
Phe410, Leu411, Leu413, Tyr443, Thr524, Phe575, Phe579, Met661.
Notably, the amide linker can establish hydrogen bonds with either the
backbone of Ala228 or the sidechain of Arg578 while the acidic group
binds to Arg351.

A 1413 - N B

occupies
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3.2. Synthesis of designed NLRP3 inhibitors

The designed compounds were synthesized according to the route
reported in Scheme 1.

The 2-chlorophenyl propanoic acid was coupled with ethyl iso-
nipecotate, ethyl nipecotate or piperidin-3-carboxamide, using carbon-
yldiimidazole (CDI) as the activating agent, to give compounds 1-3 in
good yields. The hydrolysis of the ethyl esters in 1 and 2 (INF195) was
performed using 2.5 M NaOH in EtOH at room temperature (rt) to obtain
the corresponding acid derivatives 4 and 5. The carboxylic acid 4 was
coupled with benzyl L-alaninate or with tert-butyl L-phenylalaninate
using hydroxybenzotriazole (HOBt) and N,N,N,N-Tetramethyl-O-(1H-
benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) as the acti-
vating agents and diisopropyethylamine (DIPEA) as the base to afford
compounds 6 and 7. The same protocol was used for the coupling of 5
with tert-butyl glycinate and benzyl L-alaninate to afford 8 and 9,
respectively. The obtained intermediates 6-9 were deprotected using
classical trifluoroacetic acid-promoted deprotection (for the removal of
tert-butyl group) or Pd-catalyzed hydrogenation (for the benzyl group)
to afford the final compounds 10-13.

3.3. Invitro biological characterization of the synthesized compounds and
selection of compound INF195

The compounds obtained from the modulation of the piperidinamide
scaffold were first evaluated at fixed concentration (10 uM) for the in-
hibition of NLRP3-dependent pyroptosis and IL-1f release in phorbol
myristate acetate (PMA; 50 nM; 24 h)-differentiated THP-1 cells, primed
with LPS (10 pg/mL; 4 h) and pulsed with ATP (5 mM; 1.5 h). Cyto-
toxicity was also evaluated by MTT assay in THP-1 cells treated with
increasing concentration of the tested compounds (0.1-100 pM) for 72
h. The obtained results are reported in Table 1. The compounds showed
a very heterogeneous efficacy, ranging from very low activity for com-
pounds 4, 11 and 13 to a significant inhibition of pyroptosis and IL-1b
release for compounds INF195 (2) and 5. Most of the compounds
showed negligible toxicity in THP-1 cells with the partial exception of 10
(Table 1; Fig. S2).

Among the compounds with the polar group inserted directly on the
piperidine ring (1-5) only those with the polar group in position 3 of the
piperidine ring (compounds INF195, 3, 5) showed a significant inhibi-
tion of NLRP3-dependent pyroptotic cell death and IL-1p release
(Table 1). The maximal inhibition was measured for compounds bearing
the carboxylic ester (INF195) and the carboxylic acid (5) in this position

can be modulated in
lenght and flexibility

polar or

N—Alkyl linker acidic group
confers flexibility binds to
allowing proper Arg 351

positioning
of 2-chlorophenyl
and amide moieties

lipophilic

pocket

Fig. 3. Molecular docking of compound A (yellow). Protein is depicted as grey cartoon, residues lining the inhibitor binding site are shown as sticks and labelled with
one-letter code. Inhibitors and ADP cofactors are reported as sticks, distances and angles compatible with hydrogen bonds are highlighted with black dashes. (B)
General strategy used in the design of proof of concept compounds: the general structure of the designed compounds with the predicted role of each molecular
portion is represented. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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1 R=4-COOEt 10 R;=CHs Ry=H
2 R=3-COOEt (INF195)
3 R=3-CONH,

4 R=4-COOH

5 R=3-COOH

11 Ry =CH,Ph, Ry = H

12 Ry=H,R,=H
13 R;=CH3 R,=H

F410 (yLa13

Fig. 4. (A) Detailed structures of the designed compounds 1-5, 10-13. Molecular docking of (B) 5 (cyan, R-stereoisomer) and (C) 5 (green, S-stereoisomer). Protein
is depicted as grey cartoon, residues lining the inhibitor binding site are shown as sticks and labelled with one-letter code. Inhibitors and ADP cofactors are reported
as sticks, distances and angles compatible with hydrogen bonds are highlighted with black dashes. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Scheme 1. Reagents and conditions: (a) (i) CDI (1 eq), CHCly, rt., 30 min; (ii)
substituted piperidine (1 eq), rt., 18 h. (b) NaOH 2.5 M (2.5 eq), EtOH, rt., 18 h.
(c) aminoacid (1.1 eq), HBTU (1.5 eq), HOBt (0.1 eq), DIPEA (3 eq), DMF, 18 h.
(d) TFA (10 eq), CHCly, rt., 18 h. (e) Pd/C 10% (0.1 eq), H,, MeOH, rt., 18 h.

with inhibition in the 30-40% range for both pyroptosis and IL-1p
release. The piperidine-3-carboxyamide (compound 3), devoid of acidic
properties, revealed a reduced activity profile, compared to the corre-
sponding ester or acid at the tested concentration of 10 uM (pyroptosis
reduction: 22.7 + 10.3%; IL-1p inhibition: 13.24 + 1.14%). When an
aminoacidic spacer was inserted between the piperidine ring and the
polar residue the activity dropped dramatically, regardless of the

Table 1

Inhibitory effect of synthesized compounds on pyroptotic cell death and IL-1f
release in differentiated THP-1 cells and cytotoxicity in THP-1 cells. * Pyroptosis
of differentiated THP-1 cells was triggered using LPS/ATP. Data are reported as
the % inhibition of pyroptosis of cells treated with 10 pM conc of test compounds
vs vehicle-treated cells. Data are the mean + SEM of three to five experiments
run in triplicate. ® IL-1p inhibition was measured in the cell supernatants form
the same experiments. Data are reported as % inhibition - SEM of three to five
experiments run in triplicate. ¢ Cytotoxicity was determined after 72 h treatment
of THP-1 cells with increasing conc (0.1-100 pM) of test compounds. Data are
reported as TCsq + SEM of three experiments. 9 p < 0.05 vs vehicle-treated cells;
€ p < 0.01 vs vehicle-treated cells; NT = not tested.

Compound Pyroptosis decrease® Cytotoxicity®
IL-1p inhibition®
% inhibition at 10 uM % inhibition at 10 pM TCso(pM)

1 11.0 £ 9.0 NT > 100

2 (INF195) 32.9 + 3.4¢ 38.0 + 7.5¢ > 100

3 22.7 +10.3 13.2+ 1.1 > 100

4 <10 NT > 100

5 40.4 +11.9° 40.5 + 5.5¢ > 100

10 11.4+6.2 <10 743+ 1.5
11 <10 NT > 100

12 22.8 + 7.09 24.4 + 8.2 > 100

13 <10 NT > 100

position of the spacer on the piperidine ring. The only partial exception
was represented by compound 12, bearing a glycine residue, which was
still able to exert little antipyroptotic and anti-IL-1p effects. From the
first phenotypic screening, compound 5 and its ethyl ester prodrug
INF195, able to generate 5 in physiological conditions (Fig. S3),
emerged as the most interesting NLRP3 inhibitors of the series.

3.4. INF195 and its predicted metabolite 5 inhibit NLRP3-driven
pyroptosis and IL-1 f release in a concentration-dependent manner

Compounds INF195 and 5 were then tested to verify the dose-
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dependency of the effect and to determine an ECs( value for pyroptosis
inhibition and IL-1f release (Fig. 5). The maximum inhibition of
pyroptosis induced by compound 5 was about 70%, with an ECsq of 7.47
+ 3.97 pM. Compound INF195 inhibited pyroptosis only by about 40%,
with an ECsg of 0.15 + 0.14 pM. Both compounds inhibited IL-1f release
in a dose-dependent manner. The ECso were 3.63 + 1.37 uM for INF195
and 6.45 + 3.94 pM for 5.

3.5. Compounds INF195 and 5 do not inhibit TNF-a release from human
macrophages

To verify the absence of an effect on NF-kB signaling, the amount of
TNF-a released from differentiated THP-1 triggered with LPS/ATP was
measured. Both compounds INF195 and 5, tested at 10 pM, were not
able to significantly modify TNF-«a release, either if incubated before or
after LPS stimulation (Fig. 6).

3.6. INF195 permeates H9c2 cardiomyoblasts where it is hydrolyzed to
active metabolite 5

In order to select one compound for ex vivo studies, we verified the
ability of INF195 and 5 to penetrate inside cardiac cells by incubating
both compounds (10 pM) with H9c2 cells. After 2 h, the cells were
treated with lysis buffer to isolate cytosolic and mitochondrial fractions.
The fractions were then analyzed using UHPLC/MS/MS to detect
INF195 and compound 5. As could be expected on the basis of their
molecular properties (INF195 ClogP = 3,34; compound 5 ClogP = 2,35,
ClogD”* = —0.61), compound 5 was not detected inside the cell while
INF195 was indeed able to permeate the cell membrane and was largely
hydrolyzed to its active metabolite in the cytosol. The amount of parent
INF195 and its active metabolite 5, expressed as ng/mg proteins, is re-
ported in Table 2. After 2 h, the molar ratio 5/INF195 is approximately
6.6, this indicate that the hydrolysis of INF195 to its active metabolite 5
inside H9c2 takes place in a time comparable to that used in the IRI
experiments. Notably, none of the compounds was detected in the
mitochondrial fraction.

On the basis of these results, we selected compound INF195 for
further studies.

3.7. Low doses of INF195 protect mice hearts after myocardial IRI in ex
vivo heart model

Compound INF195, the ethyl ester prodrug of 5, was selected for ex
vivo experiments owing to its cell permeability.

First, the cytotoxicity exerted by INF195 was evaluated using the
MTT assay in H9c2 cells at increasing concentrations (INF195 0.1-1-5-
10-20-50 pM) for 24 h. No effects on cardiomyoblast viability were
observed even for the highest concentration of INF195 tested (data not
shown). The stability of INF195 in the perfusion fluid (KHB) was then
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Fig. 6. - Effect of compounds 2 (INF195) and 5 (10 pM) on TNF-a release from
differentiated THP-1 stimulated with LPS/ATP. Post: compounds are incubated
for 1 h after LPS treatment; pre: compounds are incubated for 10 min before
LPS treatment. Data are the mean + SEM of three independent experiments.

Table 2

Cellular permeation of INF195 (2) and 5 in H9¢c2 cardiomyoblasts. * Compounds
were incubated at 10 uM concentration in fresh medium for 2 h. ® Compounds
were detected by UHPLC/MS/MS in cytosolic and mitochondrial fractions.

Mitochondrial fraction® (ng/
mg prot)

Compound  Conc Cytosolic fraction” (ng/
(uv) 2 mg prot)

5 10

Not detected Not detected

5:17.4

INF195(2) 10 INF195 (2): 2.88

Not detected

checked by incubating INF195 for 24 h in the perfusion buffer. The
amount of remaining compound was detected by UHPLC/MS/MS. In this
condition, INF195 was completely stable for 2 h. The hydrolyzed com-
pound 5 was detected in traces (<1%) after 4 h while a 10% of this
metabolite was measured after 24 h of incubation (Fig. S4). These results
indicated that INF195 is stable in the perfusion fluid for the time
employed in IRI experiments.

To explore the potential protective effect against myocardial injury,
we evaluated the decrease in infarct size (IS) after pre-treatment with

100
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% IL-1 release inhibition

-8 -7 6 5 -4 3
concentration [M]

Fig. 5. Concentration-response curves for compounds 2 (INF195) and 5. (A) prevention of pyroptotic cell death evoked by increasing concentration (0.01-100 pM) of
tested compounds; (B) inhibition of IL-1f release evoked by increasing concentration (0.01-100 pM) of tested compounds. Data are the mean + SEM of three in-

dependent experiments.
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different concentration of INF195.

The IS of the IR group was 64,8 + 1,9% of the risk area, the infusion
of INF195 at 5 pM reduced significantly IS to 38.1 + 1.3% of the risk
area (p < 0,0001 vs IR). Also, the infusion of INF195 at 10 pM reduced IS
significantly to 48.5 & 2.9% of the risk area (p < 0,001 vs IR; p = n.s. vs
INF195-5 pM) (Fig. 7). However, INF195 at 20 pM did not reduce IS,
which resulted similar to the IR group being 66.6 + 3.5 of the risk area.

In line with previous studies showing the efficacy of NLRP3 in-
hibitors in the cardiovascular field [10,20-23,38-40], we observed a
significant reduction in infarct size using the 5 and 10 pM concentrations
of INF195. Of note, the higher used dose did not produce any protective
effect: in this case, the amount of necrotic tissue was comparable to that
of hearts from the untreated group. The ex vivo enabled us to study the
inhibitor’s intra-organ effects, excluding any blood cell interference.
Indeed, the isolated heart is considered an appropriate model for
assessing treatment efficacy in reducing myocardial IRI [28,41].

Data are mean + SEM. *** p < 0.001 vs IR; **** p < 0.0001 vs IR; §558
p < 0.0001 vs INF195 5 pM; #*## p < 0.001 vs INF195 10 pM.

3.8. Pre-treatment with INF195 Reduces Downstream Signaling of the
NLRP3 Inflammasome

Triggering signals in cardiovascular disorders result in NLRP3
inflammasome assembly, caspase-1 activation and cleavage of pro-IL-1f
into mature IL-1p [6,7,15,42]. Therefore, we investigated the levels of
active caspase-1 and IL-1p in the hearts treated or not with the devel-
oped inhibitor INF195. The data relative to the release of IL-1p and
cleaved caspase-1 (indices of NLRP3 activation) are reported in Fig. 8.
The analysis of post-ischemic myocardial tissue revealed that isolated
hearts treated with INF195 at 5 and 10 pM showed a significant
reduction in IL-1f levels compared with the IR group (p < 0.05 vs IR for
both) (Fig. 8A). Of note, at the highest tested dose (20 pM), the reduction
in IL-1p expression levels did not reach statistical significance. The
reduction of cleaved caspase-1 observed in the INF195-treated groups
was not significant with respect to IR (Fig. 8B), although a clear trend
toward reduction can be seen in all the treatment groups. Given that
decreased IL-1p release and caspase-1 cleavage indicate diminished
pyroptosis [7,15,31], it follows that effective doses might reduce infarct
size by stopping cell death through pyroptosis.

#itth
$3$%
°

IR

.

10uM 20uM

5uM

%]Infarct size/area at risk

Fig. 7. Infarct size in hearts from mice exposed to 30 min of ischemia followed
by 60 min of reperfusion, pretreated (INF195) or not (IR) with 5, 10 or 20 pM
INF195 in the perfusate 10 min before ischemia. A) Infarct size after IR expo-
sition is expressed as a percentage of area at risk of mice hearts. Black circles
depict individual hearts, whereas colored bars show group means and SEM. B)
Representative pictures of left ventricle slices of mice of the different experi-
mental groups. The area at risk is indicated in red, while the infarct area in
white. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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3.9. Correlation between levels of IL-1f and cleaved caspase-1 in
infarcted heart tissues and Infarct Size

Surprisingly, we only found a significant correlation between IL-1f
and infarct size (Fig. 9A; p = 0.0298). Caspase-1 did not show a strong
correlation with infarct size (Fig. 9B). The lack of a significant correla-
tion between levels of cleaved caspase-1 and infarct size, despite the
expected association between caspase-1 activation and pyroptosis-
mediated cell death, suggests the influence of various potential fac-
tors. This absence of correlation could stem from differences in spatial
distribution, temporal dynamics, and/or regulatory mechanisms gov-
erning caspase-1 activation and its role in myocardial infarction pro-
gression. Future studies could clarify this issue.

According to the literature, the triggering of pro-inflammatory cas-
pase-1 induces the maturation of IL-1f [43]. This latter evidence is
confirmed in our study, which reveals a large amount of IL-1p in IR
hearts group. The level of this cytokine is significantly reduced in hearts
treated with 5 or 10 pM of INF195. On the contrary, the 20 pM con-
centration does not induce a significant decrease with respect to the IR
group. Notably, based on our hypothesis, in INF195-treated hearts, the
levels of cleaved caspase-1 remain approximately 50% lower than IR
group, although not reaching statistical significance. Nevertheless, the
trend in reduction of these factors is inversely related to the dose used
(Fig. 9), suggesting a dual role of the inhibitor. We cannot rule out the
influence of INF195 in other pathways at the maximum employed dose.
Indeed, several pathways can lead to caspase-1 and IL-1f expression,
including the activation of the STAT signaling pathway [44], which is a
pathway with multiple protective and/or damaging facets in the IR
scenario [45]. In future studies, it will be necessary to ascertain whether
INF195 interferes with STAT signaling and whether it does so in a
protective or deleterious way. The current study focused primarily on
the efficacy of INF195 in reducing NLRP3-dependent pyroptosis and IL-
1p release in vitro and its effects on myocardial infarct size in murine
hearts. However, extrapolating these findings to clinical settings re-
quires further investigation into the drug’s pharmacokinetic properties
and long-term safety profile in human subjects.

4. Conclusion

The activation of the NLRP3 inflammasome has been strongly linked
to various cardiovascular diseases [7,46,47]. In acute scenarios, inhib-
iting NLRP3 inflammasome activity holds promise for preserving viable
cardiac tissue, offering significant therapeutic benefits [47]. In our
study, we utilized advanced computational techniques to design a novel
series of NLRP3 inhibitors, leading to the discovery of INF195, a non-
covalent inhibitor. INF195 has shown remarkable efficacy in reducing
NLRP3-dependent pyroptosis and IL-1p release in human macrophages.
We demonstrated that even low doses of INF195 reduces IL-1 formation
ex vivo after ischemia-reperfusion, reflecting in reduced infarct size area
in isolated murine hearts. However, a dual effect of INF195 has emerged
at higher dose, resulting in a loss of cardioprotective efficacy. Notably,
the structural diversity of INF195 compared to sulfonylurea-based in-
hibitors [48] opens the possibility for further modulation of this phar-
macophore to optimize and improve its activity. Indeed, targeting the
NLRP3 inflammasome with INF195 emerges as a promising strategy for
tissue preservation in the myocardial IRI scenario. Importantly, the
administration of low doses of INF195 significantly reduces IL-1p for-
mation post-reperfusion, correlating with diminished myocardial infarct
size and suggesting a potential mitigation of inflammatory processes.
While having a drug that is effective at low doses is advantageous, the
observed dual effect of INF195 at higher doses underscores the need for
thorough investigation to fully understand its implications. Specifically,
further studies are needed to fully clarify whether the reduced effec-
tiveness at higher doses of INF195 is due to off-target effects, which may
counteract its protective action, or stems from the dual role (deleterious
and protective) of NLRP3. Future investigations exploring the effects of
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Fig. 8. IL-1p (A) and caspase-1 (B) concentrations evaluated by ELISA in extracts of left ventricular apex from mice exposed to IR pretreated or not with INF195. Data

are presented as the means + SEM. Statistical significance: *p < 0.05 vs IR.
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Fig. 9. Correlation graphs between A) cardiac IL-1p and infarct size and B) cardiac caspase-1 and infarct size in mice exposed to IR, pretreated or not with INF195.

the NLRP3 inhibitor on a broader spectrum of cytokines and inflam-
matory mediators beyond IL-1f could provide valuable insights into its
mechanism of action and potential therapeutic applications.
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