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A B S T R A C T

An increased production of reactive oxygen species and elevated levels of free fatty acids are linked to inflam
mation and vascular endothelial dysfunction. Here, we investigated the effects of two pharmacological inhibitors 
of the NLRP3 inflammasome, INF150 and INF195, on Human Coronary Artery Endothelial Cells (HCAECs) 
exposed to hydrogen peroxide (H2O2) and palmitic acid (PA), to mimic the oxidative and lipotoxic stress un
derlying endothelial dysfunction.

HCAECs were pre-treated for 15 min with either INF150 or INF195, followed by exposure to increasing 
concentrations of H2O2 or PA staring from doses that induce endothelial dysfunction without causing cell death. 
Cell viability was assessed by MTT assay, while in vitro angiogenesis was evaluated through pseudo-capillary 
formation. NLRP3, caspase-1, and IL-1β levels were quantified by ELISA and pyroptosis by LDH release and 
gasdermin D cleavage. Additionally, we evaluated the protective effects of the two inhibitors in HCAECs primed 
with TNF-α and subsequently challenged with PA.

Both inhibitors preserved cell viability under oxidative stress conditions, with INF195 showing greater effi
cacy. Notably, only INF195 significantly protected HCAECs from both PA and TNF-α + PA-induced injury. 
Exposure to PA, with or without TNF-α, markedly increased caspase-1 expression and pyroptosis which were 
rescued by INF195. Furthermore, H2O2 and PA significantly impaired in vitro pseudocapillary formation by 
HCAECs and HUVECs, considered the gold standard for in vitro angiogenesis assays, an effect counteracted by 
INF195.

These findings suggest that, under oxidative and lipotoxic stress, NLRP3 inflammasome inhibition 
− particularly via INF195 − supports the maintenance of vascular endothelial homeostasis by preserving cell 
viability and angiogenic function.

Abbreviations: CVD, cardiovascular disease; DAMPs, damage-associated molecular patterns; ECs, endothelial cells; ED, Endothelial dysfunction; FBS, foetal bovine 
serum; FFAs, free fatty acids; GSDMD, gasdermin D; H2O2, hydrogen peroxide; HCAECs, Human Coronary Artery Endothelial Cells; HUVECs, human umbilical vein 
endothelial cells, IL-1β, Interleukin-1 beta; LDH, Lactate dehydrogenase; NADPH, nicotinamide adenine dinucleotide phosphate; NLRP3, NOD-like receptor pyrin 
domain-containing 3; PA, palmitic acid; PAMPs, pathogen-associated molecular patterns; PRRs, Pattern recognition receptors; ROS, reactive oxygen species; TNF-α, 
Tumor necrosis factor alpha.
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1. Introduction

Endothelial dysfunction (ED) is a key early event in the pathogenesis 
of various cardiovascular diseases (CVDs), including atherosclerosis, 
heart failure, and ischaemia/reperfusion injury [1–3]. It is characterized 
by impaired endothelial responses to physiological stimuli. This 
dysfunction combined with upregulated pro-inflammatory state, pre
disposes the vasculature to a pro-atherogenic phenotype [4,5]. One of 
the major contributors to ED is oxidative stress, a condition caused by 
the excessive generation of reactive oxygen species (ROS), such as 
hydrogen peroxide (H2O2), exceeding the capacity of endogenous anti
oxidant defences [6]. This imbalance promotes inflammation and con
tributes to both microvascular and macrovascular injury.

Elevated levels of triglyceride-rich lipoproteins and lipid accumula
tion in non-adipose tissues are recognized risk factors for vascular 
inflammation and lipotoxicity. Particularly, in endothelial cells (ECs), 
which are poorly equipped to store lipids, high circulating levels of 
saturated free fatty acids (FFAs) lead to intracellular lipid overload and 
dysfunction [7]. FFAs strongly correlate with metabolic syndrome and 
are well-known contributors to CVDs [8]. Experimental evidence shows 
that FFAs induce the transcription of genes involved in oxidative stress 
and inflammation in ECs, increase ROS production, and exacerbate ED 
[9–11]. Palmitic acid (PA), one of the most abundant FFAs in human 
plasma, has been closely linked to lipotoxicity in diabetes [12]. It is also 
known to impair endothelial function through multiple mechanisms, 
including ROS generation and activation of the Ca2+/protein kinase C- 
alpha/NADPH oxidase 4 (PKCα/NOX4) pathway [13].

The innate immune system represents the first line of defence against 
infections and cellular damage. Pattern recognition receptors (PRRs) 
detect pathogen-associated molecular patterns (PAMPs) and damage- 
associated molecular patterns (DAMPs), triggering inflammatory re
sponses [14]. Among the PRRs, inflammasomes are cytosolic multi
protein complexes that mediate strong pro-inflammatory signalling. In 
particular, the NLRP3 (NOD-like receptor pyrin domain-containing 3) 
inflammasome is the most extensively studied and includes the sensor 
NLRP3, the adaptor ASC, and the effector caspase-1 [15,16]. The 
NACHT domain is a conserved nucleotide-binding and oligomerization 
domain essential for NLRP3 activation. It mediates ATP-dependent self- 
oligomerization, a critical step in inflammasome assembly and caspase-1 
recruitment [17]. Upon activation, NLRP3 drives the autocatalytic 

activation of caspase-1, which in turn promotes the maturation and 
release of IL-1β and IL-18, as well as gasdermin D (GSDMD)-mediated 
pyroptosis [5]. Pyroptosis is a form of cell death involved in athero
sclerosis [18] and endothelial cells are both targets and producers of IL- 
1β, amplifying inflammation through the release of secondary cytokines 
(e.g., IL-6 and C-reactive protein) and adhesion molecules [19].

Interestingly, ROS and FFAs can both function as DAMPs, activating 
the NLRP3 inflammasome and promoting endothelial inflammation and 
dysfunction. H2O2 activates the SIRT1/NF-κB/NLRP3 pathway in ECs, 
inducing pyroptosis [20]. Similarly, PA induces pyroptosis via NLRP3 
activation in human umbilical vein endothelial cells (HUVECs) [21] and 
has been shown to contribute to ED via NLRP3-dependent mechanisms 
[22]. Overall, aberrant NLRP3 activation is increasingly recognized as a 
pathogenic factor in CVD [23,24].

Given the central role of NLRP3 in promoting low-grade inflamma
tion, ED and CVD, we developed a novel series of small-molecule in
hibitors targeting its NACHT domain, aiming to stabilize the inactive 
conformation of the complex [25,26]. Among these, INF195 and its 
active metabolite INF150 exhibit distinct cell-penetrating properties and 
differential cardioprotective and anti-inflammatory effects in both in 
vitro and ex vivo models [26,27]. Notably, INF150 is efficiently taken up 
by macrophages but shows limited penetration in cardiomyocytes, 
whereas INF195 is active in both cell types. Since ECs share features 
with both immune and parenchymal cells [28], we hypothesized that 
their capacity to internalize INF150 may be intermediate. Therefore, we 
investigated the ability of INF195 and INF150 to counteract oxidative 
stress and lipotoxicity in human coronary artery endothelial cells 
(HCAECs).

2. Materials and methods

2.1. Human endothelial cell cultures

Adult human coronary artery endothelial cells (HCAECs) and human 
umbilical vein endothelial cells (HUVECs) (ATCC, Manassas, VA, USA), 
were cultured in Endothelial Basal Medium supplemented with endo
thelial cell growth factors, following the manufacturer’s instructions 
(Endothelial Cell Growth Kit-VEGF, ATCC, Manassas, VA, USA) and 5 % 
FBS (Euroclone, Milan, Italy), on gelatin-coated dishes (complete me
dium) [29]. Cells were grown in a humidified atmosphere with 5 % CO2 

Fig. 1. Experimental protocol. HCAECs, either untreated or primed for 24 h with TNF-α, were treated with INF195 or INF150 for 15 min and subsequently 
stimulated with H2O2 or PA to induce oxidative stress or lipotoxicity. Then, cell viability, angiogenesis, IL-1β, and caspase-1 levels were measured.
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in air, and the medium was refreshed every 2 days.

2.2. Experimental procedures

To assess the protective role of INF195 and INF150 on oxidative 
stress and lipotoxicity, HCAECs were pre-treated for 15 min with the 
inflammasome inhibitors and then stimulated with H2O2 (250 or 500 
µM) or PA (100 or 250 µM) for 15–18 h (overnight). In some experi
ments, cells were primed with the inflammatory cytokine TNF-α (50 ng/ 
mL) [30,31] for 24 h and then stimulated with PA (100 or 250 µM); this 
priming induces a heightened inflammatory state and increased stress 
responses in the cells (Fig. 1). In the pseudocapillary formation assay, 
HCAECs were treated for 3 h with H2O2 or with palmitate overnight, 
then cells were recovered and seeded on GeltrexTM for in vitro angio
genesis assay.

2.3. Bovine serum albumin (BSA)-Conjugated palmitate Preparation

Sodium palmitate (Sigma-Aldrich, St. Louis, MO, USA) was conju
gated with bovine serum albumin (BSA, essentially fatty acid free; 
Sigma-Aldrich, St. Louis, MO, USA) to make a water-soluble fatty acid 
complex. First, 1.66 mM BSA in 150 mM NaCl was stirred at 37 ◦C. The 
sodium palmitate (PA) was solubilized in a BSA-H2O (1:1) solution and 
heated to 70 ◦C for 1 h [32].

2.4. Cell viability assay

MTT assay was employed to measure cellular metabolic activity as an 
indicator of cell vitality [26]. HCAECs were plated in 96-well culture 
plates (5.000 cells/well/100 μL) in complete EGM-2 medium. After 24 h 
complete medium was replaced with medium without growth factor and 
supplemented with 5 % FBS. Then, cells were treated with increasing 
concentrations (1, 10, 20 μM) of each compound in the presence of H2O2 
(250 or 500 μM) or sodium palmitate (PA, 100 or 250 μM) overnight. 
MTT (at a final concentration of 5 mg/mL) was added to each well, 
followed by 4 h of incubation at 37 ◦C. Formazan crystals were dissolved 
by adding 150 μL of Isopropanol per well, followed by measurement of 
the absorbance at 570 nm by a microplate reader (Victor Nivo 2F, 
Revvity Italia SpA, Milan, Italy). BSA 0.1 % was chosen as a control for 
the highest PA concentration (20 μM).

2.5. Oil red O staining

Cellular lipid deposition was assessed by oil red O staining. HCAECs 
stimulated with 250 µM PA overnight were fixed with 4 % para
formaldehyde for 30 min. Cells were washed gently twice with dH2O, 
and isopropanol (60 %) was added to each well and incubated for 5 min. 
Oil red O working solution was added and incubated for 10–20 min and 
then washed twice with dH2O. Finally, cells were stained with hema
toxylin, and pictures were taken under a bright field microscope.

2.6. GeltrexTM pseudo capillary formation

In vitro capillary morphogenesis was performed in tissue culture 
wells coated with Geltrex™ matrix (ThermoFisher Scientific, Milan, 
Italy) [33]. HCAECs were plated (18 × 103/well) in EGM-2 medium 
without growth factors, supplemented with 2 % FBS and incubated at 
37◦C-5 % CO2. Pictures were acquired at regular intervals with an EVOS 
optical microscope (Thermo Fisher Scientific, Monza, Italy). Results 
were quantified at 6 h using the Angiogenesis Analyzer in ImageJ (v1.9), 
followed by statistical analysis of each experimental condition. “Nodes” 
are identified as pixels that have at least three neighbours, corre
sponding to a bifurcation. “Junctions” are elements composed of several 
nodes. “Segments” are elements delimited by two junctions. “Meshes” 
are the polygon structures reinforced with more than one layer of cells in 
their walls and have also been referred to by other authors as a 

‘Honeycomb formation’. Six to nine photographic fields from three 
plates were scanned for each point.

2.7. ELISA assays

Caspase-1, NLRP3, and IL-1β levels were measured by ELISA assays. 
Briefly, HCAECs were plated in 6-well culture plates (40.000 cells/well/ 
1 mL) in complete medium and allowed to grow until they reached 80 % 
confluence. Then cells were pre-treated with INF195 and INF150 for 15 
min following PA for 24 h or H2O2 for 6 and 24 h. Media were collected, 
clarified by centrifugation at 14,000 rpm for 10 min at 4 ◦C, and su
pernatants were stored at − 80 ◦C. NLRP3, caspase-1 and IL-1β were 
measured by ELISA assays (FineTest, Wuhan, 430074, Hubei, China) 
according to the manufacturer’s instructions.

2.8. Cytotoxicity assay

The pyroptotic cell death was evaluated after PA and H2O2 stimu
lation by measuring the lactate dehydrogenase (LDH) released in the cell 
supernatants according to the published procedure (Cytotoxicity 
detection kit, Roche Diagnostics GmbH, Mannheim Germany) [25]. In 
total, 50 μL of supernatants were added to a 96-well flat-bottom plate in 
triplicate samples. Then, 50 μL of reaction mixture was added to each 
well, and the plate was incubated for 30 min in the dark at room tem
perature. Following incubation, 50 μL of the supplied stop solution was 
added to each well. Optical density values were determined by 
measuring the absorbance at 492 nm using a plate-reading (Victor Nivo 
2F, Revvity Italia SpA, Milan, Italy).

2.9. Nitrates levels

HCAECs were stimulated for 6 h with 100 µM PA or 250 µM H2O2, 
then supernatants were recovered, clarified by centrifugation at 14,000 
rpm for 10 min at 4 ◦C and stored at − 80 ◦C. Nitrates were measured by 
nitric oxide (NO2/NO3) detection kit (Enzo Life Science, cat # ADI- 
917–010).

2.10. Western blot analysis

After harvesting the cells, the samples were resuspended in RIPA 
buffer (20 mM, pH 7.4) (Merk Millipore, Vimodrone, MI, Italy) con
taining proteinase inhibitors (Calbiochem, Merck, Darmstadt, Ger
many). After centrifugation at 14000 rpm for 7 min at 4◦ C, the 
supernatants were collected. Equal amounts of protein (30 μg), diluter in 
Laemmli buffer, were separated on Bolt® Bis-Tris Plus gels 4–12 % 
precast polyacrylamide gels (Biorad Laboratories, Italy) and transferred 
as previously reported [33]. Blots were blocked for 1 h at room tem
perature with 5 % milk in PBS 0.1 % containing Tween-20. Then, 
membranes were incubated overnight at 4 ◦C with the following primary 
antibodies: rabbit anti-gasdermin D (total and cleaved), L60 and 
(E5O4N) (1:1000, Cell Signaling Technology Leiden The Netherlands, 
cat#69469), and mouse anti-human HSP90 (sc-69703, 1:1000, Santa 
Cruz Biotecnology, Heidelberg, Germany). Subsequently, membranes 
were incubated with anti-rabbit IgG (whole molecule)–Peroxidase 
antibody (1:1000, Cat#7076S) or anti-mouse IgG (whole molecule)– 
peroxidase antibody (1:1000, Cat#7074S, Cell Signaling Technology, 
Leiden The Netherlands) as secondary antibodies. Protein bands were 
visualized using an enhanced chemiluminescence (ECL) detection 
system.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.00 
(GraphPad Software, San Diego, CA, USA). Parametric data were re
ported as Means ± SEM, and differences between groups were tested 
with the ANOVA test (followed by Bonferroni’s and Dunnett’s Multiple 
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Comparison Test). For comparisons between two groups, Student’s un
paired t-test was applied. The alpha value was set at 0.05.

3. Results

3.1. INF195 is more effective than INF150 in protecting against oxidative 
stress-induced cytotoxicity and palmitate-induced lipotoxicity

To investigate whether inflammasome inhibitors can protect 
HCAECs from H2O2-induced oxidative stress, cells were stimulated 
overnight with 250 µM H2O2 in the presence of increasing concentra
tions of inflammasome inhibitors, ranging from 1 to 20 µM. Exposure to 
H2O2 significantly reduced HCAEC viability by 29.1 ± 3.7 % compared 
to untreated controls (Fig. 2). The addition of NLRP3 inhibitors 

significantly protected HCAECs from H2O2-induced damage, with 
INF195 being more effective than INF150. Notably, INF195 was pro
tective at a concentration of 10 µM, restoring cell viability to 88.6 ± 2.9 
% (vs. 70.8 ± 3.7 % with 250  µM H2O2 alone). At the same time, INF150 
protected HCAECs only at the highest concentration, 20 µM, by restoring 
cell vitality to 88.8 ± 4.6 % (Fig. 2).

Higher H2O2 concentration (500 µM) showed similar results: cell 
viability was 43 ± 5 % and 60 ± 5 % in the absence and presence of 10 
µM INF195 (P < 0.05 vs H2O2 alone), respectively, while 10 µM INF150 
was less effective. At the highest concentration (20 µM), the two in
hibitors were well tolerated and did not affect cell viability, as demon
strated by trypan blue exclusion observations (data not shown).

Since saturated fatty acid PA induces endothelial dysfunction, the 
effects of inflammasome inhibitors were assessed on PA-induced lip
otoxicity. HCAECs were stimulated overnight with 250 μM PA, then 
lipid droplets were stained with Oil Red O. As shown in Fig. 3A, PA 
treatment significantly increased lipid droplets in HCAECs compared 
with the untreated cells, indicating lipid loading. This lipotoxicity 
reduced cell viability by 44.6 ± 7.3 % (Fig. 3B). When the endothelium 
was pre-treated with different concentrations of INF195, the percentage 
of viable cells significantly increased, starting from 1 µM (79.2 ± 3.8 %) 
and reaching a maximal effect at 10 µM (83.8 ± 8 %). INF150 protected 
cells only at the highest concentration, 20 μM, which restored cell 
viability to 80.5 ± 2.6 % (Fig. 3B). BSA (0.25 %), corresponding to 250 
µM PA, did not modify cell viability (data not shown).

A lower PA concentration (100 µM) still induced lipotoxicity, 
resulting in a decrease of cell viability by 24.9 ± 4.7 %. Consistently, 
INF195 was able to counteract lipotoxicity with maximal effect at 1 μM, 
while INF150 protected endothelial cells only at the highest concen
tration used (20 μM) (Fig. 3C).

Since redox stress may be counteracted by nitric oxide (NO) [34], we 
measured nitrate levels as an index of NO availability. Both H2O2 and PA 
reduced nitrate levels, whereas treatment with INF195, at protective 
concentrations (Figs. 2 and 3), restored nitrate levels to values compa
rable to controls (Fig. 4). In contrast, INF150 did not restore nitrate 

Fig. 2. Cell viability in response to oxidative stress. HCAECs were stimu
lated overnight with 250 μM H2O2 in the presence or absence of either INF195 
or INF150, each tested at three separate concentrations. Results are expressed 
as mean ± SEM (n = 7). §P < 0.05 vs control (untreated cells); *P < 0.05 ** P <
0.01 vs H2O2.

Fig. 3. Cell viability in response to lipotoxicity. HCAECs were stimulated overnight with 250 μM (A, B) or 100 μM PA (C) in the presence or absence of either 
INF195 or INF150. A) Intracellular lipid deposition was observed using oil red O (orange-red, scale bar: 20 μm). Results are expressed as mean ± SEM (n = 7). §§§P <
0.001, §§P < 0.01, vs control (untreated cells); *P < 0,05 **P < 0,01 vs PA.
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levels to the same extent as INF195 (Fig. 4). These findings suggest that 
the protective effect of INF195 may involve nitric oxide-mediated 
mechanisms, an effect not observed with INF150.

Fig. 4. Effect of Nitrates levels. HCAECs were stimulated for 6 h with 100 µM PA (A) or 250 µM H2O2 (B) in the presence of NLRP3 inhibitors, then nitrates levels 
were measured in the supernatants. Results are expressed as mean ± SEM (n = 3). §§P < 0.01 vs control untreated cells; *<P0.05 vs H2O2.

Fig. 5. Effect of inflammasome inhibitors on TNF-α þ PA-induced endothelial stress. MTT assay. HCAECs without (A, D) or with a 24-h (B, C) or 48-h (E, F) 
priming with 50 ng/ml TNF-α, were stimulated overnight with 100 µM PA in the presence or absence of NLRP3 inhibitors. Mean ± SEM, n = 5. §P < 0.05, vs control 
untreated cells; §§P < 0.01vs TNF-α alone; *P < 0.05 vs PA.
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Fig. 6. NLRP3 expression in HCAECs. HCAECs were untreated or pretreated for 24 h with TNF-α, then stimulated with 100 µM PA (A) or 250 µM H2O2 (B), in the 
absence or presence of INF195 or INF150. Media were recovered, clarified, and used to measure NLRP3 expression by ELISA assay. Mean ± SEM, n = 3. §§§P < 0.001 
vs control (untreated cells).

Fig. 7. Levels of caspase-1 (A-C) and IL-1β release (D-F). HCAECs were untreated (A, D) or pretreated for 24 h with TNF-α (B-C, E-F), then stimulated with 100 µM 
PA, in the absence or presence of INF195 and INF150. Media were recovered, clarified, and used to measure caspase-1 and IL-1β levels by ELISA assay. Mean ± SEM, 
n = 3. §P < 0.05 vs control (untreated cells) (A-B, D-E,) or TNF-α (C, F); *P < 0.05 vs PA.
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3.2. INF195 protects endothelial cells primed with TNF-α and stimulated 
with PA

The potential protective effects of INF195 and INF150 were also 
evaluated in an experimental condition that increased endothelial 
dysfunction. HCAECs were primed for 24 h with the inflammatory 
cytokine TNF-α (50 ng/mL) [30,31] and then stimulated overnight with 
100 µM PA to assess cell viability in the presence or absence of 
inflammasome inhibitors, at the concentration most effective against PA 
and H2O2-induced effects. PA reduced HCAEC viability by approxi
mately 25 %, and this effect was significantly prevented by INF195 1 µM 
(Fig. 5A), while INF150 at the same concentration was less effective. 
TNF-α priming alone did not affect cell viability (Fig. 5B), but it 
enhanced the cytotoxic effect of PA. Cell viability resulted in 75.9 ± 4 % 
without TNF-α priming and 69 ± 4 % with TNF-α priming (Fig. 5C). 
Again, INF195 was more effective than INF150 in protecting endothelial 
cells from the two inflammatory stimuli, with the maximal effect 
observed at the lowest concentration (1 µM, Fig. 5C). Similar results 
were obtained following 48 h-priming with TNF-α, where a protective 
trend was also observed with INF195 (P < 0.060, Student’s T test, 
Fig. 5F).

3.3. The protective effect of INF195 is linked to NLRP3 inhibition without 
affecting its expression

NLRP3 expression was significantly increased after cell priming with 
TNF-α and stimulation with PA or H2O2, and this enhanced expression 
was unaffected by INF195 or INF150 (Fig. 6). These data suggest that the 
protective effect of INF195 involves inhibition of NLRP3 activity rather 
than changes in its expression.

3.4. INF195 reduces downstream signalling of the NLRP3 inflammasome

Lipotoxicity and oxidative stress lead to NLRP3 inflammasome as
sembly, caspase-1 activation, and cleavage of pro-IL-1β into mature IL- 
1β [35]. We assessed the levels of caspase-1 and IL-1β in the medium of 
endothelial cells, either untreated or treated with NLRP3 inhibitors (1 
μM), following stimulation with PA (100 µM). The priming with TNF-α 
(50 ng/ml, 24 h) was also investigated. PA significantly increased 
caspase-1 levels, and INF195 significantly prevented this increase, while 
INF150 at the same concentration was ineffective (Fig. 7A). Addition
ally, 24 h-priming of cells with TNF-α significantly enhanced caspase-1 
level (Fig. 7B), which was further increased by PA, and was significantly 
inhibited by 1 µM INF195 (Fig. 7C). INF150 did not counteract the in
crease of caspase-1 in response to PA (Fig. 7C).

We next measured IL-1β levels as a downstream consequence of 

Fig. 8. LDH release. HCAECs without (A, C) and with a-24 h priming with TNF-α (B, D) were stimulated with 100 µM PA for 24 h (A, B) or 48 h (C, D) in the absence 
or presence of 1 µM INF195. Media were recovered, clarified, and used to measure LDH release, which is reported as % of control unstimulated cells, in the absence of 
TNF-α priming (A, C), and as % of TNF-α treated cells (used as control) (B, D). Mean ± SEM, n = 4. §P < 0.05, §§P < 0.01 vs control untreated; §§§P < 0.001 vs TNF-α 
alone; *P < 0.05 vs PA.
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caspase-1 activation. Exposure to high PA concentration (250 µM) for 
24 h increased IL-1β levels, an effect that was significantly inhibited by 
1 µM INF195. Baseline IL-1β concentration was 23 ± 1.4 pg/ml, which 
increased to 33 ± 4 pg/ml in response to PA and returned to basal levels 
in the presence of INF195 (21.7 ± 1.08 pg/ml).

We then stimulated HCAECs with a lower concentration of PA (100 
µM) with or without 24 h TNF-α priming. INF195 did not prevent IL-1β 
release induced by a low PA concentration in the absence of the TNF-α 
priming (Fig. 7D). Instead, TNF-α priming enhanced IL-1β levels to 185 
± 50 % vs unstimulated (Fig. 7E), and 1 µM INF195 significantly 
reduced IL-1β levels in response to the combined TNF-α + PA treatment, 
decreasing the response induced by TNF-α by 33 ± 10 % (Fig. 7F). IL-1β 
levels elevated by PA were not reduced by the same concentration of 
INF150 (Fig. 7F).

3.5. INF195 inhibits NLRP3-induced endothelial cell pyroptosis

Since LDH is released during pyroptosis [36], we assessed the LDH 
release in response to 100 µM PA stimulation, with or without the TNF-α 
priming. As expected, 100 µM PA for 24 h did not induce pyroptosis, 
since it did not significantly enhance LDH release (Fig. 8A). Also, the 24 
h-priming of cells with TNF-α did not increase LDH release (Fig. 8B), in 
agreement with MTT data (Fig. 5B), suggesting a decrease in cell func
tion without complete cell death. An increase in LDH production was 
observed when endothelial cells were stimulated for 48 h with 100 µM 
PA, which consistently decreased cell viability, with an enhanced LDH 
release, suggesting cell pyroptosis (Fig. 8C). INF195 was able to inhibit 
pyroptosis even in cells exposed to both TNF-α priming and PA stimu
lation for 48 h (Fig. 8D). The expression of cleaved gasdermin D 

confirmed the occurrence of cell pyroptosis after 48 h of PA stimulation, 
particularly in TNF-α primed cells, and INF195 reduced gasdermin D 
activation (Fig. 9).

3.6. INF195 and INF150 differentially protect HCAECs and HUVECs 
from angiogenic dysfunction induced by oxidative and lipotoxic stress

Based on data showing that inflammasome inhibitors protect the 
endothelial cells from established stressors, we aimed to assess the po
tential protective effect of the most effective inhibitor, INF195, on the 
impairment of endothelial function induced by low concentrations of PA 
and H2O2. We aimed to promote endothelial dysfunction, without 
causing cell death. Cultured endothelial cells were pretreated with 
INF195 for 15 min, then exposed either to 250 µM H2O2 for 3 h or to 100 
µM PA overnight. Following treatment, cells were harvested from the 
culture dish and seeded on GeltrexTM to assess their angiogenic poten
tial. Within 6 h, the endothelium organized itself into tubular structures. 
Although the 3-hour treatment with H2O2 did not induce cell death 
(Fig. 10A), it impaired functional behaviour, since cells could not form 
pseudocapillaries (Fig. 10B). H2O2 promoted a significant reduction in 
the number of nodes, master junctions, master segment length, and total 
segment length (Fig. 9C). Moreover, endothelial cells displayed a 
stressed morphology (Fig. 10B). INF195 (10 µM) significantly restored 
endothelial cell ability to form in vitro preucocapillaries (Fig. 10C).

The effect of INF195 was also assessed on PA-induced angiogenesis 
impairment. HCAECs were pretreated with INF195 (10 µM) for 15 min, 
stimulated overnight with the lowest PA concentration (100 μM), then 
were recovered to evaluate pseudocapillaries formation. PA reduced the 
pseudocapillary network by HCAECs, as evidenced by the formation of 

Fig. 9. Western blot analysis for Gasdermin D expression. HCAEC without and with a-24 h priming with TNF-α were stimulated with 100 µM PA for 48 h in the 
absence or presence of 1 µM INF195. Cell lysates were used to perform Western blot analysis for evaluating total (A) and cleaved (B) gasdermin D expression. Mean 
± SEM, n = 3. C) Representative experiment.
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fewer tubular structures (Fig. 11B). INF195 significantly inhibited PA- 
induced damage by increasing the number of junctions, segments, 
total master segment length, and total segment length (Fig. 11A).

The protective effect of INF195 was confirmed in HUVECs, which are 
widely used and historically regarded as the gold standard for in vitro 
angiogenesis assays. HUVEC viability decreased by 16 ± 4 % and 46.9 
± 3.0 % in response to 100 µM and 250 µM PA, respectively (Fig. 12 A, 
B). INF195 counteracted PA effects with maximal protection obtained 
with the concentration of 1 µM, which completely prevented cell dam
age. INF150 protected cells only at the highest concentration, 20 μM, 
which completely prevented cell injury in response to 100 μM PA and 
restored cell viability to 78.2 ± 5.6 % when cells were treated with 250 
μM PA (Fig. 12 A, B).

INF195 also protected endothelial cells from H2O2-induced oxidative 
stress, with the lowest concentration (1 μM) being the most effective, as 
it completely prevented cell damage (Fig. 12 C, D). Once again, INF195 
significantly prevented angiogenic damage even when HUVECs showed 
a severely compromised ability to form tubular structures in response to 
high H2O2 concentrations (500 μM). H2O2 reduced the number of 
junctions by 72 ± 5.3 % of control levels, whereas the INF195 treatment 
restored this parameter to 58 ± 8 % (42 % reduction of the unstimulated 
control, P < 0.05). Similarly, the number of nodes decreased by 73 ± 5 
% following 500 μM H2O2 exposure and was restored to 55 ± 9 % by 
INF195 (P < 0.01). At lower H2O2 concentrations (250 μM) the pro
tective effect of INF195 was complete (Fig. 12E). Likewise, exposure of 
HUVECs to 100 μM PA significantly impaired the angiogenesis process, 
reducing it by approximately 25–30 % of control levels. INF195 almost 
completely protected the endothelium from this injury (Fig. 12F).

4. Discussion

In the present study, we compared the efficacy of INF195 and its 
active metabolite INF150 in different models of endothelial dysfunction. 
We found that INF195 exhibits greater efficacy than INF150 in pro
tecting HCAECs against oxidative stress and lipotoxicity. While INF150 
shows some protective effects, these are only evident at higher con
centrations, suggesting a reduced ability to penetrate endothelial cells 
compared to INF195. This observation aligns with previous findings 
indicating that INF150 is efficiently taken up by macrophages but does 
not penetrate cardiomyocytes, whereas INF195 is active in both cell 
types at low concentrations [26,27]. Given that HCAECs share features 
with both immune and parenchymal cells [28], our results support the 
idea of an intermediate capacity for INF150 uptake, which may explain 
its lower efficacy in this cell type.

Oxidative stress and lipotoxicity are highly responsible for endo
thelial dysfunction. They are recognized as DAMPs leading to NLRP3 
activation, exacerbating endothelial dysfunction and promoting CVD 
[12,37]. The pivotal role of the inflammasome in CVD is also demon
strated by the beneficial effects of statins, and other anti-inflammatory 
or antioxidant drugs on vascular dysfunction, by inhibiting NLRP3 
inflammasome pathway [38–40]. Recently, liraglutide has been 
demonstrated to mitigate apoptosis of HUVECs induced by high glucose, 
oxidative stress and inflammasome activation via regulating the TRIB3/ 
NF-κB/IκB-α signaling pathway [41], corroborating the role of the 
NLRP3 pathway in endothelial dysfunction.

In our study, we demonstrate that INF195 significantly protects 
HCAECs against oxidative stress and lipotoxicity. INF195 enhances 
HCAEC survival exposed to H2O2 and PA. Most notably, INF195 

Fig. 10. Effect of INF195 on angiogenesis damage induced by oxidative stress. Cultured HCAECs were pretreated for 15 min with 10 µM INF195, stimulated for 
3 h with 250 µM H2O2 (A, representative pictures), then recovered from the dishes and seeded on GeltrexTM matrix. After 6 h, the pseudocapillaries formed were 
observed under a light microscope (4X magnification) and photographed (B, representative pictures). C) Images were analyzed with the Image J program to quantify 
angiogenesis, as the number of nodes, master junctions, master segment length, and total segment length. Data are expressed as a percentage of untreated cells 
(control). Mean ± SEM n = 3. §P < 0.05, §§P < 0.01 §§§P < 0.001 vs control (untreated cells); *P < 0.05, **P < 0.01 vs H2O2.
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significantly reduces the detrimental effects of H2O2 and PA on in vitro 
pseudocapillary formation. The protective effect of INF195 is, at least in 
part, attributable to nitric oxide production, as suggested by restored 
nitrate levels after NLRP3 inhibition.

NLRP3 was previously reported to be activated in human endothelial 
cells in response to oxidative stress and FFA. FFA was reported to acti
vate NLRP3 inflammasome in HUVECs and induce IL-1β release through 
AMP-activated protein kinase, both in vitro and in vivo on aorta of mice 
fed with a high-fat diet [22]. Liu and collaborators showed that high 
H2O2 concentrations up to 400 µM significantly increased intracellular 
ROS, which contributed to the induction of NLRP3 expression and 
pyroptosis. Through the downregulation of NLRP3 and the use of 
caspase-1 inhibitor VX-765, the occurrence of cell pyroptosis decreased 
[20]. We confirm that INF195 effectively inhibits NLRP3 activation and 
its downstream signaling, while also limiting pyroptosis.

Numerous studies have investigated the cardioprotective effects of 
direct NLRP3 inhibitors. However, limited data are reported on endo
thelial function. MCC950 has been shown to attenuate HUVEC senes
cence induced by the S protein of SARS-CoV2 [42]. Additionally, the 
inflammasome inhibitor INF39 significantly reduced monocyte and 
platelet adhesion to HUVEC as well as IL-1 overexpression in response to 
high glucose levels [43]. Some naturally derived substances have also 
demonstrated protective effects on HUVEC viability in response to 
oxidative stress and inflammation, possibly through NLRP3 inhibition. 
Procyanidin B2, a naturally occurring flavonoid found in dietary sour
ces, exhibited robust inhibitory effects on NLRP3 inflammasome acti
vation in rat lung tissue models and significantly suppressed the 
activation of NLRP3 inflammasome and caspase-1 activation in HUVECs 
[44]. Puerarin, an isoflavone derivative isolated from Pue, has been 
reported to protect from ischemia-reperfusion injury [45] and restored 

HUVECs from apoptosis and pyroptosis mediated by NLRP3 [46]. Our 
present study demonstrates, for the first time, that a direct NLRP3 in
hibitor can protect human coronary artery endothelial cells from 
dysfunction induced by low PA and H2O2 concentrations, under condi
tions that did not cause cell death. We further evaluated the effect of 
INF195 on endothelial cells exposed to inflammatory stimuli, by priming 
HCAECs with TNF-α, followed by stimulation with low dose of PA. We 
demonstrate that short-term exposure to low concentration of PA does 
not induce pyroptosis, as evidenced by unmodified LDH release, but 
results in impaired cell function, suggesting the presence of endothelial 
cell dysfunction. Notably, IL1-β levels were reduced in the presence of 
INF195, supporting its anti-inflammatory effects.

An interesting finding is the effective concentration of INF195 in 
protecting human coronary endothelial cells. INF195 is active at 
micromolar concentrations, and lower concentrations are more effective 
than the higher ones, particularly when endothelial cells were exposed 
to a dual inflammatory stimulus. These findings are in line with previous 
studies, in which low doses of INF195 protected against myocardial 
ischemia/reperfusion injury in ex vivo mouse models [26]. This non- 
dose-dependent activity of INF195 is under investigation. It may 
reflect a dual role of this inhibitor or the activation of distinct pathways 
in response to higher INF195 concentrations [26].

INF150, the active metabolite of INF195, is less effective than 
INF195 in protecting endothelial cells. This result is in line with our 
previous one, where INF150 did not demonstrate cardioprotective ef
fects in the ex vivo ischemia–reperfusion model, although it modulated 
macrophage function. An explanation can be the different permeability 
of this compound in cells. We demonstrated, indeed, that INF150 did not 
penetrate naïve and differentiated H9c2 cells, while it reduced NLRP3- 
driven pyroptosis and IL-1β release in a macrophage cellular model [26].

Fig. 11. Effect of INF195 on angiogenesis injury induced by lipotoxicity. HCAECs were pretreated for 15 min with 10 µM INF195, stimulated with 100 µM PA 
overnight, recovered from the plate and seeded on GeltrexTM matrix. After 6 h, the pseudocapillaries formed were observed under a light microscope (4X 
magnification) and photographed. A) Representative pictures (10x). B) The images were analyzed with the Image J program to quantify angiogenesis, as the number 
of junctions, segments, total master segment length and total segment length. Data are expressed as a percentage of untreated cells (control). Mean ± SEM n = 5. §§P 
< 0.01 §§§P < 0.001 vs control (untreated cells); *P < 0.05, vs PA.
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Fig. 12. INF195 protected HUVECs from oxidative stress and lipotoxicity. A-D) Cell viability in response to PA (100–250 μM) and H2O2 (250–500 μM). Mean ±
SEM, n = 3. §§P < 00.1, §§§P < 0.001 vs control untreated cells; *P < 0.05, **P < 0.01, ***P < 0.001 vs PA or H2O2. E-F) Effect of INF195 on in vitro angiogenesis. 
HUVECs were stimulated for 3 h with 250 μM H2O2 (E) or 100 µM PA (F), then recovered from the plate and seeded onto a GektrexTM matrix. After 6 h, the 
pseudocapillaries formed were observed under a light microscope (4X magnification) and photographed. The images were analyzed with the Image J program to 
quantify angiogenesis. Mean ± SD n = 2. §P < 0.0, §§§P < 0.001 vs control (untreated cells) (control, C); *P < 0.05 **P < 0.01 vs H2O2 or PA.
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Our present data demonstrate that INF195 restored the ability of 
HCAECs to form pseudocapillares, a process that was impaired by PA 
and H2O2. Notably, the exposure of cells to low PA and H2O2 concen
trations did not induce cell death, as demonstrated by LDH release, but 
significantly impaired their capacity to form tubular structures. INF195 
partially reduced this cellular impairment in HCAECs and also in 
HUVECs, considered the gold standard for in vitro angiogenesis assay.

Inflammasome inhibition by INF195 is confirmed by experiments 
showing reduced caspase-1 levels and decreased release of IL-1β, the 
latter being a marker of caspase-1 activity, in cells exposed to low 
concentrations of PA. Consistently, INF150 is unable to protect endo
thelial cells under the same conditions. Furthermore, exposure to high 
PA concentrations leads to a significant increase in LDH, suggesting 
pyroptosis. Notably, INF195 is able to partially, but significantly, 
counteract this effect.

4.1. Conclusions

In conclusion, our study demonstrates for the first time that the 
direct NLRP3 inhibitor INF195 provides significant protection to human 
coronary endothelial cells against oxidative and lipotoxic stress, pre
serving cell viability and angiogenic function, and limiting pyroptosis. 
These findings support the potential of INF195 as a therapeutic candi
date for preventing or limiting endothelial dysfunction in cardiovascular 
diseases.
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