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Abstract. Pulmonary arterial hypertension (PAH) is a 
common vascular disease, and pulmonary vascular remod‑
eling is a pivotal pathophysiological mechanism of PAH. 
Major pathological changes of pulmonary arterial remodeling, 
including proliferation, hypertrophy and enhanced secre‑
tory activity, can occur in pulmonary artery smooth muscle 
cells (PASMCs). Multiple active factors and cytokines play 
important roles in PAH. However, the regulatory mechanisms 
of the active factors and cytokines in PAH remain unclear. 

The present study aimed to reveal the crucial role of PASMC 
pyroptosis in PAH and to elucidate the intrinsic mechanisms. 
To establish the PAH rat models, Sprague‑Dawley rats were 
injected intraperitoneally with monocrotaline (MCT) at a dose 
of 60 mg/kg. The expression of proteins and interleukins were 
detected by western blotting and ELISA assay. The results indi‑
cated that the pyroptosis of PASMCs is significantly increased 
in MCT‑induced PAH rats. Notably, pyroptotic PASMCs 
can secret IL‑1β and IL‑18 to promote the proliferation of 
PASMCs. On this basis, inhibiting the secretion of IL‑1β and 
IL‑18 can markedly inhibit PASMC proliferation. Collectively, 
the findings of the present study indicate a critical role for 
PASMC pyroptosis in MCT‑induced PAH rats, prompting a 
new preventive and therapeutic strategy for PAH.

Introduction

Pulmonary arterial hypertension (PAH) is a refractory 
cardiovascular disease accompanied by varying degrees of 
inflammation, which currently lacks a curative treatment 
method  (1). The major pathological features of PAH are 
pulmonary vascular remodeling and progressive obstruction, 
leading to increased pulmonary artery pressure, and ulti‑
mately severe heart failure and death (2). Previous research 
has shown that the 10‑year survival rate of patients is only 
45‑66% (3). Although there are various drugs that can alleviate 
the clinical symptoms of patients with PAH to a certain extent, 
the mortality rate remains high, and death from failure of the 
right ventricle occurs in ~40% of patients within 5 years of 
diagnosis (4,5). However, the specific pathogenesis of PAH has 
not been fully elucidated (6,7). Therefore, there is an urgent 
need to explore the pathogenesis of PAH and identify effective 
targets for its diagnosis and treatment.

Pulmonary vascular remodeling is a key pathophysiolog‑
ical mechanism in PAH progression and is often accompanied 
by pathological changes such as injury and migration of 
vascular endothelial cells, thickening of the pulmonary 
artery media [mainly pulmonary artery smooth muscle cells 
(PASMCs)], and pathological deposition of the extracellular 
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matrix (8). Pulmonary arterioles (diameter, <100 µm) are key 
remodeling vessels during PAH (9). Importantly, PASMC 
proliferation and hypertrophy are considered significant path‑
ological characteristics of pulmonary vascular remodeling in 
PAH (10,11). An increasing number of studies have revealed 
that senescence, apoptosis and pyroptosis of PASMCs may 
participate in PAH progression, and are accompanied by 
changes in various cytokines and inflammatory factors 
(such as IL‑1β and IL‑6) that regulate the proliferation and 
phenotypic transformation of PASMCs (12‑14). However, the 
mechanisms that regulate inflammatory factors to promote 
PASMC proliferation in PAH remain unclear. Therefore, 
identifying a novel pathophysiological mechanism that 
inhibits PASMC proliferation is important for the prevention 
and treatment of PAH.

Pyroptosis is a specialized form of programmed cell death 
accompanied by a pro‑inflammatory response (15). Nod‑like 
receptor protein 3 (NLRP3) is a typical pyroptotic protein. The 
NLRP3 inflammasome, a cytosolic protein complex for early 
inflammatory responses, is composed of apoptosis‑associated 
speck‑like protein containing a caspase recruitment domain, 
NLRP3 and Caspase‑1  (16). After NLRP3 is activated, 
pro‑caspase‑1 is cleaved into activated Caspase‑1 (17). After 
the activation of cysteine protease by NLRP3, the activation 
and self‑digestion of Caspase‑1 leads to the cleavage of the 
substrate gasdermin D (GSDMD). GSDMD initiates the 
formation of membrane pores. Several pores are formed on 
the membrane, allowing inflammatory factors (such as IL‑1β 
and IL‑18) to be cleaved into mature forms (18). Subsequently, 
pyroptotic cells swell, and the cell membrane ruptures, further 
promoting inflammatory factor release, activating a strong 
inflammatory stress response, and eventually accelerating the 
development and progression of PAH (19). Previous studies 
have demonstrated that inhibiting pyroptosis in vascular 
smooth muscle cells (VSMCs) is crucial for preventing the 
occurrence and progression of vascular diseases. Xu et al (20) 
confirmed that VSMC pyroptosis accelerates atherosclerotic 
plaque formation and aggravates plaque instability (20). In 
addition, when a high‑fat diet is used in vivo in an animal 
study or the VSMCs are treated with oxidized low‑density 
lipoprotein in vitro, VSMC pyroptosis promotes abnormal 
proliferation and migration of VSMCs, leading to the progres‑
sion of arteriosclerosis (21,22). Studies have confirmed that 
VSMC pyroptosis is involved in pathological processes such 
as acute lung injury, atherosclerosis and vascular remod‑
eling (23‑25). These studies suggest that VSMC pyroptosis 
plays a significant role in cardiovascular disease. However, the 
pivotal role and mechanism of VSMC pyroptosis in rats with 
monocrotaline (MCT)‑induced PAH remains unclear. MCT 
is a macrocyclic pyrrolizidine alkaloid that causes a pulmo‑
nary vascular syndrome in rats characterized by pulmonary 
hypertension (26). The GSDM protein family oligomerizes 
to form large pores in the membrane that drive swelling and 
membrane rupture  (27), with various researchers defining 
pyroptosis as a form of GSDMD‑mediated programmed cell 
death (28,29). In our preliminary experiments, it was found 
that GSDMD protein expression was significantly upregulated 
in vivo. Hence, it was hypothesized that PASMC pyroptosis 
may be a novel pathophysiological mechanism for promoting 
PAH, and its molecular mechanisms may be related to the 

formation of GSDMD membrane pores and the secretion of 
interleukins in MCT‑induced PAH rats.

In the present study, PAH rats were treated with MCT. The 
aim of this study was to demonstrate the role of pyroptosis 
in pulmonary hypertension. With regard to the mechanism, 
this study would show whether pyroptotic PASMCs promote 
PASMC proliferation by secreting IL‑1β and IL‑18 in 
MCT‑induced PAH. The present study provides new insights 
into the pathophysiological mechanisms of PAH, as well as a 
new direction for developing a targeted and novel therapeutic 
option against PAH.

Materials and methods

Animals. Male Sprague‑Dawley (SD) rats, aged 6‑8 weeks, 
weighing 185‑205 g, were purchased from Hunan Silaike Jingda 
Laboratory Animal Co., Ltd. and housed at the Laboratory 
Animal Center of Hengyang Medical School (University 
of South China; Hengyang, China). Rats were labelled and 
allowed to drink freely. The ambient temperature was set 
to 18‑22˚C and the humidity was 50‑60%, with a 12‑h light 
and 12‑h darkness cycle. All experiments were performed in 
strict accordance with the ARRIVE guidelines and approved 
by The Animal Ethics Committee of the University of South 
China (Hengyang, China; approval no. 446).

Animal experiments. A total of 30 male SD rats were accli‑
matized for one week. After which, the rats were randomly 
divided into three groups (n=10/group) including: i) Control 
group; ii) vehicle group; and iii) MCT group. To establish 
the PAH rat models, SD rats in the MCT group were injected 
intraperitoneally with MCT (cat. no. C2401; Millipore Sigma) 
at a dose of 60 mg/kg. The rats in the vehicle group were 
intraperitoneally injected with the same volume of the vehicle 
(10% DMSO + 40% PEG400 + 50% saline), while the rats in 
the control group were not treated.

A total of 40 male SD rats were acclimatized for one week. 
The second batch of rats were randomly divided into four 
groups (n=10/group) including: i) Control group; ii) vehicle 
group; iii) MCT group; and iv) disulfiram‑treated PAH group 
(MCT + disulfiram group). The rats in the MCT + disulfiram 
group were treated with disulfiram (cat.  no.  HY‑B0240; 
MedChem Express) injected intraperitoneally at a dose 
of 20 mg/kg, 24 h before MCT treatment and 5, 10, 15 and 
20 days after MCT treatment (the same dose of MCT was 
used for these rats). Simultaneously, vehicle rats were intra‑
peritoneally injected with the same volume of the vehicle. The 
MCT‑induced and the control rats were treated in the same 
manner as aforementioned.

The rats were weighed separately over seven days and 
fed a normal diet. Rats were monitored closely for any severe 
impairment in physiological or neurological function and were 
euthanized when these signs became apparent. Each rat was 
anesthetized via intraperitoneal injection with pentobarbital 
(40 mg/kg), and the right ventricular systolic pressure (RVSP) 
and mean pulmonary arterial pressure (mPAP) were measured 
through the jugular vein using a transvenous catheter, as 
previously described  (30). Subsequently, a total of 1.5 ml 
blood was collected from the right ventricle and placed in a 
tube to determine the serum level of IL‑1β and IL‑18, and the 
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rats were sacrificed by exsanguination via the jugular vein 
and carotid artery. Animal death was confirmed by the cessa‑
tion of heart rate and a lack of breathing. The right ventricle 
(RV), left ventricle (LV) and interventricular septum (S) were 
isolated and weighed. The tibial length of the right leg was also 
monitored. The RV/(LV + S) and RV/tibial length ratios were 
assessed as they are considered essential for evaluating right 
ventricular hypertrophy. Finally, the pulmonary tissues were 
collected to detect differential protein expression.

Hematoxylin‑eosin (HE) staining. Lung tissues were used to 
assess pathological alterations in pulmonary artery remod‑
eling through HE staining. Pulmonary arteries were evaluated 
by an experienced pathologist and the isolated rat lung tissues 
were stained with HE to assess the degree of pulmonary 
vascular remodeling. The samples were fixed in 10% formalin 
for 12 h at 4˚C, and then embedded in paraffin for subsequent 
sectioning. The 5‑µm specimens were first placed in distilled 
water and then in an aqueous solution of hematoxylin for 
staining for ~10 min at room temperature. After which, the 
slices were placed into ammonia and acid water for several 
sec, and then rinsed in running water for 1 h. The sections 
were placed in distilled water for several sec, and after which, 
dehydrated in alcohol at concentrations of 90 and 70% for 
10 min each. Subsequently, the sections were stained with 
eosin staining solution for 2‑3 min at room temperature. After 
staining, the samples were dehydrated with 100% alcohol and 
placed in xylene. The sections were sealed and placed in an 
incubator for drying. Images were obtained and collected 
using a ZEISS LSM 880 Confocal Microscope (Carl Zeiss 
AG). Image J (version 1.43; National Institutes of Health) was 
used to analyze the images. The ratio of the intima‑media 
thickness to the outer diameter was calculated as a percentage 
of the intima‑media thickness (30‑32). The areaext (AE) repre‑
sented the areas surrounded by external elastic plates, while 
the areaint (AI) represented the areas surrounded by internal 
elastic plates. The pulmonary artery wall thickness (WT) was 
calculated as follows: (AE‑AI)/AE x100.

Immunofluorescence. Paraffin sections of lung tissue from rats 
were obtained from the embedded samples. The 5‑µm paraffin 
sections were heated at 60˚C oven for 1 h, dewaxed twice in 
xylene solutions for 15 min each and rehydrated in a descending 
alcohol series. Antigen retrieval was performed with sodium 
citrate buffer (cat.  no. C1031; Beijing Solarbio Science & 
Technology Co., Ltd.) at 100˚C for 10 min. After which, the 
5‑µm sections were incubated with 0.5% Triton X‑100 and 5% 
BSA (cat. no. A8850‑5; Beijing Solarbio Science & Technology 
Co., Ltd.) for 30 min at room temperature. The samples were 
incubated with the following primary antibodies at 4˚C over‑
night: Ki‑67 (cat. no. ab92742; 1:200; Abcam) and α‑SMA 
(cat. no. BM0002; 1:100; Boster Biological Technology). After 
which, the samples were incubated the following secondary 
antibodies: CoraLite488‑conjugated Goat Anti‑Mouse IgG 
(H + L; cat. no. SA00013‑1; 1:100; Proteintech Group, Inc.) 
and CoraLite594‑conjugated Goat Anti‑Rabbit IgG (H + L; 
cat. no. SA00013‑4; 1:100; Proteintech Group, Inc.) for 1 h at 
37˚C. Finally, the nuclei were stained with DAPI for 10 min 
at 37˚C. Images were visualized and captured using a Nikon 
fluorescence microscope (Zeiss AG).

Detection of interleukin expression by ELISA. The levels of 
IL‑1β and IL‑18 in rat serum were determined using a Rat IL‑18 
ELISA Kit (cat. no. EK0592; Boster Biological Technology) 
and a Rat IL‑1β/IL1B ELISA Kit (cat. no. EK0393; Boster 
Biological Technology). Experiments were performed 
according to the manufacturer's instructions. The OD value 
was determined, a standard curve was drawn and the sample 
concentration was calculated.

Protein extraction and quantification. Pulmonary arteries 
were isolated from SD rats. PBS was added to the blank 
culture dish, and the isolated pulmonary artery tissue was 
spread out in the culture dish. The adventitia of the pulmonary 
artery tissue was scraped with forceps. The pulmonary artery 
tissue was cut with ophthalmic scissors to expose the intima. 
The tunica intima of the pulmonary artery tissue was scraped 
with curved forceps, and the tunica media of the pulmonary 
artery, termed pulmonary artery smooth muscle cells, were 
obtained. Pulmonary artery smooth muscle cells were added 
to the lysate, homogenized with a homogenizer, diluted in 
lysate and centrifuged (at 4˚C for 15  min at 10,464  x  g). 
The supernatant was used for the subsequent analyses. 
Protein concentrations were determined using a BCA kit 
(cat. no. AR1189; Boster Biological Technology) and sample 
volumes were calculated. The SDS‑PAGE loading buffer 
(cat. no. CW0027S; CoWin Biosciences) was added and the 
sample was denatured for 6‑10 min at 100˚C. After cooling, 
the protein was stored at ‑80˚C.

Western blotting. Samples were loaded at 20  µg per lane 
and electrophoresed by 10% SDS‑PAGE. After partitioning 
by gel electrophoresis, the proteins were transferred onto 
polyvinylidene difluoride membranes (MilliporeSigma). The 
membranes were blocked in 5% non‑fat milk for 2 h at room 
temperature and incubated for ~7 h at 4˚C with primary anti‑
bodies, including anti‑GSDMD antibody (cat. no. sc‑81868; 
1:1,000; Santa Cruz Biotechnology, Inc.), anti‑proliferating 
cell nuclear antigen (PCNA) antibody (cat.  no.  13110S; 
1:1,000; Cell Signaling Technology, Inc.), anti‑NLRP3 anti‑
body (cat.  no.  ab263899; 1:1,000; Abcam), anti‑caspase‑1 
antibody (cat. no. NB100‑56565; 1:2,000; Novus Biologicals, 
LLC), anti‑GAPDH antibody (cat.  no.  BM3876; 1:2,000; 
Boster Biological Technology) and anti‑β‑actin antibody 
(cat. no. BM5422; 1:2,000; Boster Biological Technology). 
Stable protein references were selected based on the molecular 
weight of the target proteins. GAPDH (molecular weight, 
36 kDa) was selected as the reference for NLRP3 (118 kDa), 
caspase‑1 (53 kDa) and GSDMD (45 kDa), and β‑actin (molec‑
ular weight, 42 kDa) was selected as the reference for PCNA 
(molecular weight, 36 kDa). Furthermore, the membranes were 
incubated with the appropriate secondary antibodies: HRP 
Conjugated AffiniPure Goat Anti‑rabbit IgG (cat. no. BA1054; 
1:5,000; Boster Biological Technology) and HRP Conjugated 
AffiniPure Goat Anti‑mouse IgG (cat. no. BA1050; 1:5,000; 
Boster Biological Technology) for ~1 h. Thereafter, the bands 
were visualized using the Chemiluminescent Substrate kit 
(cat.  no. PE0010; Beijing Solarbio Science & Technology 
Co., Ltd.) combined with a Tanon 5200 (Tanon Science and 
Technology Co., Ltd.), and densitometry analysis was performed 
using Image J (version 1.43; National Institutes of Health).

https://www.spandidos-publications.com/10.3892/etm.2024.12683
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Statistical analysis. All data were analyzed using SPSS 
Statistics 21 (IBM Corp.) and graphics were generated using 
GraphPad Prism  8.0.2 (Dotmatics). Statistical values are 
expressed as the mean ± SEM and all experiments were repeated 
three times. One‑way ANOVA with Tukey's post hoc test was 
used to compare multiple groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Increased vascular remodeling and PASMC pyroptosis in 
MCT‑induced PAH rats
Significant changes in characteristics of rats and hemody‑
namic changes. In the present study, a classical rat model of 
MCT‑induced PAH was used to explore the specific mechanism 

Figure 1. Hemodynamic changes and right ventricular remodeling in MCT‑induced PAH rats. Images showing characteristics of (A) control rats, (B) vehicle 
rats and (C) MCT‑induced PAH rats. (D) Weights of rats from the different groups. (E) mPAP. (F) RVSP. (G) Ratio of RV/(LV + S). (H) Ratio of RV weight 
to tibia length. Data are represented as the mean ± SEM (n=10). **P<0.01 vs. control group, and *P<0.05 vs. control group. MCT, monocrotaline; PAH, 
pulmonary arterial hypertension; mPAP, mean pulmonary artery pressure; RVSP, right ventricular systolic pressure; RV, right ventricle; LV, left ventricle; S, 
interventricular septum.
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of PASMC pyroptosis in pulmonary vascular remodeling. 
Compared with the control rats, MCT‑treated rats showed 
notable mental distress, slow response, loss of appetite, rough 
hair, shortness of breath and emaciation (Fig. 1A‑C). In addi‑
tion, the weight of the MCT‑induced rats significantly decreased 
during the final two weeks (Fig. 1D). To verify whether the 
modelling was successful, the hemodynamic changes in 
different groups were analyzed. The results demonstrated that 
RVSP, mPAP, RV/(LV + S) and RV weight/right tibial length 
were significantly higher in the MCT group than in the control 
group (P<0.01; Fig. 1E‑H). Therefore, as aforementioned, the 
MCT‑induced PAH rat model was successfully established.

Signif icant proliferation in PASMCs. Pulmonary 
artery smooth muscle cell proliferation obviously reflects 
the pulmonary vascular remodeling. The proliferation 
of PASMC was assessed by HE staining of lung tissues 
and PCNA protein expression. The results indicated that 
PCNA expression in PASMCs was significantly upregu‑
lated in the MCT group compared with the control group 
(Fig. 2A and B). It was found that the medial membrane 
of the pulmonary artery was thickened in the MCT group 
(Fig. 2C‑E), and the percentage of WT in the MCT group was 
significantly higher than that in the control group (P<0.01; 
Fig. 2F). Furthermore, immunofluorescence showed that 

Figure 2. Pulmonary vascular remodeling was observed in MCT‑induced PAH rats. (A) Western blotting and (B) quantification of the protein expression levels 
of PCNA from extracts of the lung tissue amongst the different groups. Pulmonary vascular remodeling was observed using HE staining in (C) control rats, 
(D) vehicle rats and (E) MCT rats (scale bar, 100 µm; magnification, 200x). The arrows show the pulmonary arterioles. (F) Quantitative analysis of the WT. 
Data are represented as the mean ± SEM (n=10), **P<0.01 vs. control group. MCT, monocrotaline; PAH, pulmonary arterial hypertension; PCNA, proliferating 
cell nuclear antigen; WT, pulmonary artery wall thickness.

https://www.spandidos-publications.com/10.3892/etm.2024.12683
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the protein expression of Ki‑67 in PASMCs in MCT‑PAH 
rats was increased compared with that in the control rats 
(Fig. 3). These results indicated that PASMC proliferation 
increased after treatment with MCT (60 mg/kg) for 28 days. 

Based on these results, a rat model of MCT‑induced PAH 
was successfully established. In addition, the vehicles had 
almost no impact on PASMC proliferation or pulmonary 
artery remodeling.

Figure 3. Increased expression of Ki‑67 and pulmonary vascular remodeling were observed in MCT‑induced PAH rats by immunofluorescence. Rats were 
treated with MCT or vehicle. The lung tissues were stained by immunofluorescence with α‑SMA (α‑smooth muscle actin) (green) used to label smooth muscle 
cells, and Ki‑67 (red) used to reflect the degree of proliferation. Nuclei were stained with 4',6‑diamidino‑2‑phenylindol (scale bar, 75��������������������� µ�������������������m). MCT, monocrota‑
line; PAH, pulmonary arterial hypertension.

Figure 4. Increased pyroptosis of PASMCs, and IL‑1β and IL‑18 in MCT‑induced PAH rats. (A) Western blotting and quantification of the protein expression 
levels of (B) NLRP3, (C) GSDMD and (D) caspase‑1 from extracts of the lung tissue amongst the different groups. Levels of (E) IL‑1β and (F) IL‑18 were 
detected using ELISA. Data are represented as the mean ± SEM (n=10). **P<0.01 vs. control group. MCT, monocrotaline; PAH, pulmonary arterial hyperten‑
sion; GSDMD, gasdermin D; NLRP3, Nod‑like receptor protein 3.
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Figure 5. Disulfiram reverses the upregulation of GSDMD and inhibits IL‑1β and IL‑18 paracrine in MCT‑induced PAH rats. (A) GSDMD expression was 
measured by western blotting. Levels of (B) IL‑1β and (C) IL‑18 were detected using ELISA. Data are represented as the mean ± SEM (n=10). **P<0.01 vs. control 
group and ##P<0.01 vs. MCT group. MCT, monocrotaline; PAH, pulmonary arterial hypertension; GSDMD, gasdermin D.

Figure 6. Inhibiting IL‑1β and IL‑18 paracrine attenuates PASMC proliferation and vascular remodeling in MCT‑induced PAH rats. mPAP (A), RVSP (B), 
RV/(LV + S) (C) and RV/tibia length (D) in the disulfiram‑induced rats were significantly decreased than those in the MCT‑induced PAH rats. Pulmonary 
vascular remodeling was observed using HE staining in (E) control rats, (F) vehicle rats, (G) MCT rats and (H) MCT + disulfiram rats (scale bar, 100 µm; 
magnification, 200x). The arrows show the pulmonary arterioles. (I) Quantitative analysis of WT. (J) PCNA protein expression was measured by western 
blotting. Data are represented as the mean ± SEM (n=10) **P<0.01 vs. control group; #P<0.05, ##P<0.01 vs. MCT group. MCT, monocrotaline; PAH, pulmonary 
arterial hypertension; mPAP, mean pulmonary artery pressure; RVSP, right ventricular systolic pressure; RV, right ventricle; LV, left ventricle; S, interven‑
tricular septum; WT, pulmonary artery wall thickness; PCNA, proliferating cell nuclear antigen; PASMC, pulmonary artery smooth muscle cell.

https://www.spandidos-publications.com/10.3892/etm.2024.12683
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MCT induces PASMC pyroptosis. To determine whether 
PASMC pyroptosis is involved in the regulation of pulmonary 
vascular remodeling in MCT‑induced PAH rats, the protein 
expression levels of NLRP3, GSDMD and caspase‑1 were 
measured. As shown in Fig. 4, the protein expression levels 
of NLRP3, GSDMD and caspase‑1 in PASMCs in the MCT 
group were significantly upregulated (P<0.01; Fig. 4A‑D). 
These results indicated a significant increase in MCT‑induced 
pyroptosis of PASMCs in rats with PAH.

PASMC pyroptosis promotes the proliferation of PASMCs 
via the paracrine effects of IL‑1β and IL‑18. To explore the 
regulatory mechanisms responsible for MCT‑induced PASMC 
pyroptosis, the concentrations of interleukins were determined 
using ELISA. The levels of IL‑1β and IL‑18 in the MCT 
group were significantly higher than those in the control 
group (Fig. 4E and F). The results indicated that pyroptotic 
PASMCs could secrete IL‑1β and IL‑18. Therefore, PASMC 
pyroptosis may play a crucial role in promoting pulmonary 
vascular remodeling in MCT‑induced PAH, and its molecular 
mechanism may be closely related to IL‑1β and IL‑18.

Disulfiram, a pyroptosis inhibitor, reverses the upregulation 
of GSDMD and inhibits the secretion of IL‑1β and IL‑18. 

To further clarify the important role of PASMC pyroptosis 
in pulmonary vascular remodeling and its molecular mecha‑
nisms, disulfiram, an inhibitor of GSDMD pore membrane 
and pyroptosis, was used to treat PAH rats. The present study 
revealed that GSDMD expression in disulfiram‑treated PAH 
rats was significantly downregulated compared with that 
in MCT‑induced rats (P<0.01; Fig. 5A). Increasing evidence 
suggests that IL‑1β and IL‑18 are involved in cell prolif‑
eration; however, it is unclear whether they influence PASMC 
proliferation in PAH. To determine the underlying mecha‑
nism through which PASMC pyroptosis indirectly promotes 
PASMC proliferation, the levels of interleukins in the serum 
of MCT‑induced PAH rats were determined using ELISA. The 
results demonstrated that disulfiram lowers the concentrations 
of IL‑1β and IL‑18 in the serum of MCT‑induced PAH rats 
(P<0.01; Fig. 5B and C). These results suggest that disulfiram 
can reduce the concentrations of IL‑1β and IL‑18 by inhibiting 
PASMC pyroptosis in MCT‑induced PAH rats.

Inhibiting IL‑1β and IL‑18 paracrine signaling attenuates 
PASMC proliferation and vascular remodeling. To explore 
whether inhibiting IL‑1β and IL‑18 paracrine signaling can 
attenuate pulmonary artery remodeling, the hemodynamic 

Figure 7. Pyroptosis inhibitor alleviates the expression of Ki‑67 and pulmonary vascular remodeling in MCT‑induced PAH rats. Rats were treated with MCT, 
MCT + disulfiram or vehicle. The lung tissues were stained by immunofluorescence with α‑SMA (green) used to label smooth muscle cells and Ki‑67 (red) 
used to reflect the degree of proliferation. Nuclei were stained with 4',6‑diamidino‑2‑phenylindole (scale bar, 75 µm). MCT, monocrotaline; PAH, pulmonary 
arterial hypertension.
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changes and the degree of cardiac and vascular remodeling in 
each group of rats were further compared. It was found that the 
RVSP, mPAP, RV/(LV + S) and RV weight/right tibia length in 
the disulfiram‑treated PAH rats were significantly lower than 
those in the MCT‑induced PAH rats (Fig. 6A‑D). The afore‑
mentioned results revealed that inhibiting IL‑1β and IL‑18 
paracrine signaling significantly attenuates right ventricular 
remodeling and inhibits pulmonary arterial thickening in 
MCT‑induced PAH rats. To further prove that inhibiting IL‑1β 
and IL‑18 paracrine signaling attenuated PASMC hyperplasia, 
an inhibitory group model was established for comparative 
analysis. The results suggested that PCNA expression in 
PASMCs in the MCT‑induced rats was significantly upregu‑
lated compared with that in the control rats. By contrast, it was 
significantly downregulated in the disulfiram‑treated PAH rats 
compared with that in the MCT‑induced rats (Fig. 6J). It was 
found that the pulmonary arterioles were significantly thicker 
in MCT‑treated rats, and the percentage of WT was also 
significantly increased. Numerous inflammatory cells, such 
as lymphocytes and neutrophils, infiltrated the lung tissues 
of MCT‑induced PAH rats. However, the opposite results 
were observed in disulfiram‑treated PAH rats (Fig. 6E‑I). 
In addition, it was found that disulfiram downregulated the 
protein expression of Ki‑67 in PASMCs compared with that in 
MCT‑induced PAH rats by immunofluorescence (Fig. 7). The 
aforementioned results suggest that inhibiting IL‑1β and IL‑18 
paracrine signaling can attenuate PASMC proliferation and 
reverse vascular remodeling in MCT‑induced PAH rats.

Discussion

PAH is a vascular disease characterized by pulmonary artery 
remodeling, increased afterload and cardiac hypertrophy (33). 
The proliferation of PASMCs significantly contributes to the 
occurrence and progression of PAH  (11). The mechanism 
underlying pulmonary artery remodeling induced by PASMC 
proliferation has not yet been fully elucidated. Therefore, 
identifying new pathogenic and effective targets for PASMC 
proliferation is important for discovering preventative and 
early treatment therapies for PAH. The present study revealed 
the significant effect of PAMSC pyroptosis in PAH induced by 
MCT and clarifies that pyroptotic PASMCs can secrete IL‑1β 
and IL‑18, promote the proliferation of PASMCs and further 
facilitate pulmonary vascular remodeling. Furthermore, it was 
demonstrated that disulfiram can attenuate the progression of 
pulmonary hypertension, and the mechanisms may involve the 
secretion of IL‑1β and IL‑18.

Pyroptosis manifests as a form of pro‑inflammatory 
cell death, accompanied by the formation of cell membrane 
pores and the secretion of various pro‑inflammatory factors, 
especially the NLRP3 inflammasome and its downstream 
effector inflammatory factors IL‑1β and IL‑18 (15). Pyroptosis 
is widely associated with the progression of atherosclerosis, 
liver fibrosis, renal ischaemia/reperfusion injury and nervous 
system diseases (34‑38). However, whether pyroptosis occurs 
in the PASMCs of MCT‑induced PAH rats has not yet been 
reported. In the present study, it was found that pyroptosis 
significantly increased following MCT treatment in rats. 
Notably, PASMC pyroptosis was accompanied by the secre‑
tion of interleukins such as IL‑1β and IL‑18. GSDMD is a 

direct effector of pyroptosis and is an important target for the 
release of IL‑1β and IL‑18 (39). As aforementioned, PASMC 
pyroptosis may be crucial for MCT‑induced pulmonary 
arterial remodeling. However, the regulatory mechanisms 
underlying the PASMC proliferation are unclear. Studies 
have indicated that the paracrine effects of IL‑18 and IL‑1β 
can promote human aortic smooth muscle cell migration and 
proliferation  (40). Furthermore, a study on atherosclerotic 
mice showed that IL‑1β can promote the proliferation, remod‑
eling and structural maintenance of smooth muscle cells and 
fibrous caps (41). Importantly, reducing the level of IL‑1β can 
inhibit smooth muscle cell proliferation and migration (42). 
Additionally, clinical studies have found that the levels of the 
interleukins IL‑1β and IL‑18 in the serum of patients with PAH 
are significantly increased (43‑45). Pyroptosis of PASMCs 
is significantly increased in PAH rats, and interleukins play 
crucial roles in cardiovascular diseases. Thus, it would be 
useful to explore whether pyroptotic PASMCs can indirectly 
promote PASMC proliferation by secreting IL‑18 and IL‑1β.

The pore‑forming activity of GSDMD directly determines 
the manner of death of cells, and GSDMD is the most direct 
and necessary executor of pyroptosis (46,47). The formation of 
membrane pores caused by GSDMD is a necessary step for the 
occurrence of pyroptosis. Disulfiram is a newly developed drug 
and Hu et al (48) found that disulfiram specifically inhibits the 
formation of the GSDMD pore membrane to prevent the secre‑
tion of inflammatory factors, and inhibit pyroptosis. IL‑18 and 
IL‑1β play important roles in cardiovascular disease (49,50). 
Notably, receptors for IL‑1β and IL‑18 are expressed at high 
levels on VSMCs (51,52). Moreover, high expression levels of 
IL‑1β and IL‑18 promote the proliferation and migration of 
VSMCs (53). To investigate whether pyroptosis can directly 
or indirectly promote PASMC proliferation and whether its 
mechanism is closely related to IL‑1β and IL‑18, disulfiram 
(a pyroptosis inhibitor) was used to explore its potential in 
reducing PASMC proliferation by inhibiting GSDMD pore 
formation and interleukin secretion. In the current study, it 
was confirmed that disulfiram can markedly downregulate the 
GSDMD protein expression and the concentrations of serum 
IL‑1β and IL‑18, reduce PASMC proliferation and reverse 
pulmonary vascular remodeling in PAH rats. Therefore, it is 
hypothesized that PASMC pyroptosis, a recently discovered 
mechanism of cell death, plays a vital role in promoting 
PASMC proliferation and facilitating pulmonary vascular 
remodeling. Notably, pyroptosis promotes PASMC prolifera‑
tion and aggravates pulmonary vascular remodeling, possibly 
through paracrine IL‑1β and IL‑18.

PAH is a rare but fatal disease (1), and as the burden of PAH 
continues to increase, the prevention, treatment and research 
of PAH must be continuously strengthened. Increased pulmo‑
nary vascular resistance in PAH is driven by vasoconstriction, 
inflammation and proliferative remodeling of the intima and 
media of the pulmonary arteries  (8). The strengths of the 
present study could be that experiments were carried out in an 
in vivo model and indicated a critical role for PASMC pyrop‑
tosis in MCT‑induced PAH rats. In particular, an important 
strength could be that the experiments showed the crucial role 
of IL‑1β and IL‑18 in PASMC proliferation. The findings of 
the present study indicate that targeted inhibition of PASMC 
pyroptosis could effectively suppress PASMC proliferation 
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and relieve pulmonary vascular remodeling in PAH. It is also 
hypothesized that IL‑1β and IL‑18 could be used as novel 
targets for the prevention and treatment of PAH in the further 
research, and blocking the secretion of IL‑1β and IL‑18 may 
reduce and delay the development of PAH and improve the 
therapeutic effect of PAH. Therefore, this research could 
provide a new preventive and therapeutic strategy for PAH.

However, the present study had several limitations that 
must be addressed further. Firstly, the study confirmed that 
pyroptosis in PASMCs promotes their proliferation through the 
secretion of inflammatory factors in vivo. However, its role and 
mechanism of action have not been verified in vitro. At present, 
the primary culture of PASMCs is being performed with the 
intention of providing further evidence to reveal the effect of 
IL‑1β and IL‑18 on PASMC proliferation. In addition, a stain that 
specifically and targeted PASMC cells and their proliferation 
was not used in the present study. Moreover, the lack of female 
rats could be a limitation of the present study as estrogen may 
play a unique pathogenic or protective role in pulmonary hyper‑
tension (54,55). Male rats were used in the present study for a 
variety of reasons, such as to reduce variability due to hormonal 
differences between males and females, or to avoid potential 
complications related to the estrous cycle in female animals. IN 
addition, at present, researcher investigating the pathogenesis of 
PAH have exclusively used male SD rats (56‑58). Finally, further 
studies with greater samples are required.

In conclusion, the present study confirmed the new patho‑
genesis of MCT‑induced PAH in rats. Pyroptosis of PASMCs 
plays an important role in MCT‑induced PAH in rats. PASMC 
pyroptosis is significantly increased in PAH rats and can 
markedly promote PASMC proliferation, possibly by secreting 
IL‑1β and IL‑18, which could be useful for identifying novel 
therapeutic strategies against PASMC pyroptosis to reverse 
PAH. Targeting the inhibition of GSDMD pore membrane 
formation can markedly reduce the concentrations of IL‑1β 
and IL‑18, inhibit PASMC proliferation and further reverse 
pulmonary artery remodeling in MCT‑induced PAH rats. The 
present study demonstrated the crucial role and mechanism 
of PASMC pyroptosis in pulmonary artery remodeling and 
provided an important basis for developing new therapeutic 
strategies for PAH. Blocking the pyroptosis of PVSMCs 
provides a novel therapeutic strategy of PAH. With the 
advancing of related research and the improvement of detection 
technology, treatment of anti‑PASMC pyroptosis has potential. 
In the future, exploring the inhibition of pyroptosis and their 
intrinsic mechanisms, will make significance contributions to 
the discovery of novel therapeutic targets and the development 
of new drugs for PAH.
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