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ORIGINAL RESEARCH

Loss of Type 2 Bone Morphogenetic  
Protein Receptor Activates NOD-Like  
Receptor Family Protein 3/Gasdermin  
E-Mediated Pyroptosis in Pulmonary 
Arterial Hypertension
Xiao-ting Tian, MS*; Zhou-yang-fan Peng, MS*; Yu-si Wu, PhD*; Yuan-yuan Cao, MS; Xue-chun Li, MD;  
Ying Li, MD, PhD; Si-Yuan Tang, MD, PhD; Alex F. Chen , MD, PhD; Xiao-hui Li , MD, PhD

BACKGROUND: Pulmonary arterial hypertension (PAH) is an incurable disease initiated by endothelial dysfunction, secondary 
to vascular inflammation and occlusive pulmonary arterial vascular remodeling, resulting in elevated pulmonary arterial pres-
sure and right heart failure. Previous research has reported that dysfunction of type 2 bone morphogenetic protein receptor 
(BMPR2) signaling pathway in endothelium is inclined to prompt inflammation in PAH models, but the underlying mechanism 
of BMPR2 deficiency-mediated inflammation needs further investigation. This study was designed to investigate whether 
BMPR2 deficiency contributes to pulmonary arterial hypertension via the NLRP3 (NOD-like receptor family protein 3)/GSDME 
(gasdermin E)-mediated pyroptosis pathway.

METHODS AND RESULTS: NLRP3 knockout or short hairpin RNA interference of GSDME was performed in PAH animal models 
to investigate its effect on PAH progression. In addition, the effects of BMPR2 deficiency and restoration of BMPR2 by BMP9 
(bone morphogenetic protein 9) or FK506 on pyroptosis were explored both in animal and cell models. Knockout of NLRP3 
or short hairpin RNA interference of GSDME in animal models can alleviate the development of pyroptosis, accompanied 
with improved endothelial integrity, vascular remodeling, and right ventricular systolic pressure. Blocking BMPR2 is suffi-
cient to induce NLRP3 upregulation and release of inflammatory factor IL-1β (interleukin-1β) in pulmonary arterial endothelial 
cells. Moreover, BMPR2 deficiency can induce GSDME-mediated pyroptosis through NLRP3 activation in 2 animal models, 
whereas activation of BMPR2 signaling by FK506 or BMP9 can reverse these phenotypes.

CONCLUSIONS: These findings provide evidence that loss of BMPR2 signaling promotes endothelial cell pyroptosis by enhancing 
NLRP3/GSDME signaling in PAH. Our findings may provide new insights to explore the inflammatory mechanism of PAH treatment.
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Pulmonary arterial hypertension (PAH) is a 
rare disease characterized by endothelial cell 
(EC) dysfunction and excessive smooth mus-

cle cell proliferation to induce occlusive vascular 

remodeling.1,2 These pathological changes further 
trigger pulmonary flow resistance and progressive 
right heart failure.3 Loss of type 2 bone morphoge-
netic protein receptor (BMPR2) is responsible for the 
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initiation and progression of hereditary PAH and a 
proportion of idiopathic PAH.4 Previous studies have 
shown that conditional deletion of BMPR2 in the en-
dothelium is sufficient to induce PAH5 and restoration 
of endothelial BMPR2 expression reverses experi-
mental pulmonary hypertension.6,7 Additional stud-
ies have identified a role for endothelial BMPR2 loss 
in the exacerbation of vascular permeability and the 

altered translocation of leukocytes across the vascu-
lar wall.8 Despite this evidence, the exact mechanism 
of endothelial BMPR2 signaling in the pathobiology of 
PAH remains uncertain.

PAH is strongly associated with inflammatory and 
immune components.9 Pathological examination re-
vealed that a large number of inflammatory cells infil-
trated the pulmonary vascular occlusive area of patients 
with PAH.10 Moreover, our and other previous studies 
have found that plasma levels of inflammatory factors 
such as HMGB1 (high mobility group protein B1), IL-
1β (interleukin-1β) and TNF-α (tumor necrosis factor 
α) are significantly elevated, which is closely related 
to reduced survival rates.9 Hence, anti-inflammatory 
treatment is considered to be one of the most promis-
ing approaches to treat PAH.11,12 Recent studies have 
shown that loss of BMPR2 signaling induces an inflam-
matory response leading to the development of PAH.13 
BMPR2 gene mutations are associated with higher 
levels of IL-1β and HMGB1 in patients with PAH com-
pared with patients who are nonmutated.14 However, 
the specific mechanism by which the deficiency of 
BMPR2 signaling pathway inflames the inflammatory 
response remains unclear.

The NLRP3 (NOD-like receptor family protein 3) in-
flammasome plays an important role in the pathogen-
esis of several kinds of diseases by releasing a large 
number of inflammatory factors such as IL-18, IL-1β, 
and HMGB1.15 HMGB1 and IL-1β are important inflam-
matory factors that play a role in the inflammatory re-
sponse. Hence, we speculated that NLRP3 may be a 
key target of BMPR2 to participate in the development 
of PAH.

Activated NLRP3 induces the development of pyro-
ptosis, which is a faster and more severe type of pro-
grammed cell death than apoptosis.16 Pyroptosis has 
been defined as a gasdermin-dependent cell death; the 
most important pathological feature of pyroptosis is the 
destruction of cell structure and severe inflammatory 
response.17 There are 2 main steps in the occurrence 
of pyroptosis. One is the formation of cell membrane 
pores, and another is the activation and release of in-
flammatory factors. The formation of cell membrane 
pores is mainly performed by active N-terminal frag-
ment of GSDMD (gasdermin D) or GSDME (gasdermin 
E).18 The study further found that activation of GSDME 
can rapidly transfer cells from apoptosis to pyroptosis 
and induce inflammation. When knocking down the 
GSDME expression, the cellular pyroptosis process was 
blocked.19 Therefore, the expression level of GSDME is 
a hallmark of pyroptosis. Our previous study found that 
Caspase-4/11–mediated PAEC pyroptosis contributes 
to PAH.20 However, whether blocking pyroptosis can re-
verse the development of PAH is still unknown.

Here, we speculate that knockout of NLRP3 or 
short hairpin RNA (shRNA) interference of GSDME can 

RESEARCH PERSPECTIVE

What Is New?
•	 GSDME (gasdermin E) promotes the progres

sion of pulmonary arterial hypertension (PAH)  
through pyroptosis, and GSDME knockdown  
can attenuate PAH.

•	 The NLRP3 (NOD-like receptor family protein 3) 
knockout alleviates endothelial dysfunction and 
PAH by suppressing GSDME-mediated pyrop-
tosis pathway.

•	 NLRP3/GSDME can be regulated by type 2  
bone morphogenetic protein receptor, and  
downregulation of type 2 bone morphogenetic  
protein receptor activates NLRP3/ GSDME-
mediated endothelial pyroptosis, thereby  
contributing to the promotion of PAH.

What Question Should Be Addressed 
Next?
•	 The specific regulatory interactions between 

type 2 bone morphogenetic protein recep-
tor and NLRP3/GSDME necessitate further 
investigation.

•	 Clinical translational value needs to be further 
confirmed, whether the expression of NLRP3 
and GSDME are changed in patients with PAH, 
and whether NLRP3/GSDME can be targeted 
to intervene the progression of PAH.

Nonstandard Abbreviations and Acronyms

BMP	 bone morphogenetic protein
BMPR2	 type 2 bone morphogenetic protein 

receptor
GSDME	 gasdermin E
HMGB1	 high mobility group protein B1
MCTP	 monocrotaline pyrrole
NLRP3	 NOD-like receptor family protein 3
PAECs	 pulmonary arterial endothelial cells
PAH	 pulmonary arterial hypertension
SD	 Sprague–Dawley
shRNA	 short hairpin RNA



J Am Heart Assoc. 2025;14:e034726. DOI: 10.1161/JAHA.124.034726� 3

Tian et al� BMPR2/NLRP3/GSDME Axis Induces Pyroptosis in PAH

attenuate the development of PAH in animal models. 
Downregulation of BMPR2 signaling activates PAEC 
pyroptosis via the NLRP3/GSDME pathway, thereby 
promoting endothelial injury and inflammatory re-
sponse. Our study helps to elucidate the mechanism 
by which BMPR2 deficiency leads to PAH, which fo-
cuses on endothelial dysfunction and inflammatory re-
sponse, providing a potential target for the exploration 
of anti-inflammatory treatments in PAH.

METHODS
The data supporting this study’s findings are avail-
able from the corresponding author upon reasonable 
request.

Animal Experiments
Both male Sprague–Dawley (SD) rats (weighing 180–
200 g, at age of 6–8 weeks) and C57BL/6 mice (weigh-
ing 20–22 g, at age of 8 weeks) were purchased from 
Hunan Jingdaslake Company and NLRP3−/− mice 
(weighing 22–25 g, at age of 8–12 weeks) were pro-
vided by Professor Lu Ben. These rats and mice were 
raised in the Department of Zoology of Hunan Normal 
University in accordance with the Institutional Animal 
Care and Use Committee. These animals were allowed 
free access to food and drinking water. All the animal 
experimental protocols were permitted by the Animal 
Ethics Committee of Hunan Normal University. All ani-
mals were grouped randomly, the sample size for ani-
mal experiments is based on our previous published 
articles,14,20 animals that died during the PAH modeling 
were excluded, and a blind test was conducted in the 
animal experimental procedures.

Hypoxia-PAH Rat and Mice Model
SD rats were randomly placed in the normoxia (21% 
oxygen) or hypoxic (10% oxygen) chamber (Aipu 
Instrument Equipment Co., Ltd) for 21 days respec-
tively. C57BL/6 mice and NLRP3−/− mice were ran-
domly divided into 3 groups: wild type C57BL/6 mice 
in normoxia group (WT), WT C57BL/6 mice in hypoxia 
group (WT + hypoxia), and NLRP3−/− mice in hypoxia 
group (NLRP3−/− + hypoxia); mice were exposed to 
normoxia or hypoxia for 21 days. Normoxia rats and 
mice were kept in the same room adjacent to the hy-
poxic chamber.

Monocrotaline-PAH Rat Model
Pharmacological Activation of BMPR2

FK506 (tacrolimus) is used as a BMPR2 activa-
tor. The rats were randomly divided into 3 groups: 
control group, monocrotaline group (monocrota-
line + vehicle), and monocrotaline with FK506 group 

(monocrotaline + FK506). Monocrotaline-treated rats 
were intraperitoneally injected with monocrotaline 
(60 mg/kg, Sigma-Aldrich, USA) once. After 3 weeks, 
rats in the monocrotaline + FK506 group were given 
3 weeks of daily IP injections with 0.05 mg/kg/d FK506 
(Sigma-Aldrich, USA). The control group was given in-
traperitoneal injections with solvent as vehicle control.

GSDME Lentivirus Gene Prevention

The method of lentivirus gene prevention in rat lung was 
performed as described before.21–23 The SD rats (80–
100 g) were randomly divided into 3 groups: control group, 
monocrotaline group (scramble shRNA+monocrotaline), 
monocrotaline with GSDME shRNA group (GSDME 
shRNA+monocrotaline), GSDME shRNA+monocrotaline 
group and scramble shRNA+monocrotaline group 
received lentivirus (2 × 107 Tu) containing GSDME shRNA 
(5′-GCTGGAGGAGACCTGATTTCA-3′) or scramble 
shRNA (5′-TTCTCCGAACGTGTCACGT-3′) (Genechem, 
China) in a single orotracheal dose. After 10 days, 
monocrotaline-treated rats were given intraperitoneal 
injections of MCT (60 mg/kg) to induce pulmonary 
hypertension. Control rats were given intraperitoneal 
injections with solvent as vehicle control. Animals were 
euthanized on day 21 after monocrotaline injections.

SU-5416-Hypoxia-PAH Rat Model
Pharmacological Activation of BMPR2

The SD rats were randomly divided into 3 groups: 
Control group, Sugen5416/hypoxia group (S/H + ve-
hicle), and Sugen5416/hypoxia with FK506 group 
(S/H + FK506). Sugen5416/hypoxia treated rats were 
given a single subcutaneous dose of Sugen5416 
(20 mg/kg, Selleck, USA) and then placed in hypoxic 
chamber (10% oxygen) for 3 weeks, followed by a pe-
riod of 5 weeks normoxia. At the 8-week time point, the 
rats of S/H + FK506 group were given 3 weeks of daily 
intraperitoneal injections with 0.05mg/kg/d FK506. 
The control group was given intraperitoneal injections 
with solvent as vehicle control.

GSDME Lentivirus Gene Prevention

The SD rats (80–100 g) were randomly divided into 3 
groups: Control group, Sugen5416/hypoxia group 
(scramble shRNA+S/H), and Sugen5416/hypoxia 
with GSDME shRNA group (GSDME shRNA+S/H). 
The GSDME shRNA+S/H group and scramble 
shRNA+S/H group received lentivirus (2 × 107 Tu) con-
taining GSDME shRNA or scramble shRNA in a single 
orotracheal dose. After 10 days, Sugen5416/hypoxia 
treated rats were given a single subcutaneous dose 
of Sugen5416 (20 mg/kg, Selleck, USA) and then 
placed in hypoxic chamber (10% oxygen) for 3 weeks, 
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followed by a period of 5 weeks normoxia. Control rats 
were given intraperitoneal injections with solvent as ve-
hicle control. Animals were euthanized on day 56 after 
Sugen5416 injection.

Hemodynamic Evaluation
At the end of the experiment, hemodynamic parame-
ters were evaluated. Briefly, animals were anesthetized 
with pentobarbital sodium (65 mg/kg BW i.p.). The right 
ventricular (RV) systolic pressure was detected by right 
heart catheter (Smiths Medical, UK) and recorded by 
TM-WAVE. The heart was isolated, and the RV hyper-
trophy was assessed by calculating RV weight versus 
left ventricular plus septum weight.

Immunofluorescence
The tissue sections were placed in a box containing 
EDTA antigen retrieval buffer (pH 8.0) and placed in 
a microwave oven for antigen retrieval. After cooling, 
they were washed with PBS and incubated with an 
autofluorescence quencher for 5 minutes, and then 
washed with water for 10 minutes. After BSA was 
added dropwise for 30 minutes, the primary antibody 
anti-NLRP3 (GB114320, 1:200; Servicebio, China), 
anti-CD31 (GB11063-2, 1:200; Servicebio, China) was 
dropped and the overnight incubation was carried out 
at 4 °C in a refrigerator. On the second day, the slides 
of the primary antibody were washed with PBS, and 
the sections were immersed and dried, then the sec-
ondary antibody (GB21303, 1:300; GB22303,1:400; 
Servicebio, China) was added, and the slides were 
incubated for 50 minutes at room temperature in the 
dark. After washing with PBS, the slides were coun-
terstained with DAPI (G1012-100ML; Servicebio, 
China) for 10 minutes. Finally, the antifluorescence 
quenching capsule was used for sealing. Images 
were acquired with a digital slice scanner (Panoramic 
MIDI, Panoramic 250FLASH, Panoramic DESK; 
3DHISTECH, Hungary).

Hematoxylin and Eosin Staining
The lung tissue was immersed in 4% paraformaldehyde 
for fixation, and a paraffin section having a thickness of 
about 5 μm was prepared. The sections were placed on 
a glass slide and washed 3 times with PBS for 3 min-
utes each time. The sections were then placed in xylene 
for dewaxing and then immersed in anhydrous ethanol, 

90% ethanol, 80% ethanol, and 70% ethanol at a high 
to low concentration for 5 minutes, then washed 3 times 
with distilled water. Finally, they were stained with he-
matoxylin for 5 minutes, washed with distilled water and 
1% hydrochloric acid for 3 seconds, washed with dis-
tilled water for 15 seconds, and then washed with 80% 
ethanol, 90% ethanol, and absolute ethanol for 3 sec-
onds from low to high concentration. Then, using xylene 
carbonate and xylene for 5 minutes and 2 minutes, the 
tablets were sealed with neutral gum.

Enzyme-Linked Immunosorbent Assay
The measurement of plasma concentration of in-
flammatory factor IL-1β was measured by ELISA kits 
(Proteintech, USA).

Cell Culture
The cells used in the experiment are human pulmonary 
arterial ECs (PAECs) purchased from American Type 
Culture Collection. The cells were cultured at 37 °C 
under 5% CO2 in DMEM F12 containing 10% fetal bo-
vine serum (Hyclone, USA).

Small Interfering RNA Transfection
Cells were transiently/stably transfected with BMPR2 
small interfering RNA (siRNA) (Ribobio, China). The 
siRNA lyophilized powder was dissolved in RNase-
free water to prepare a 5 nmol stock solution. The final 
transfection concentration was 50 nM. The method 
was as follows: dilute 5 μL of siRNA stock solution (20 
μM) with Opti-MEM medium 120 μL for transfection, 
add 12 μL of HiPerFect Transfection Reagent, 2 mL 
medium, mix them gently. Incubate at room tempera-
ture for 15 minutes, then discard the prepared culture 
medium of the 6-well plate, wash it 3 times with PBS, 
then add the prepared siRNA mixture, and put it into 
the incubator for 72 hours.

Lactate Dehydrogenase Release Assay
According to the description: 20 μL of the lactic acid 
solution, 20 μL of INT solution (1×) and 20 μL of enzyme 
solution were mixed in the dark. The supernatant of the 
6-well plate was separately aspirated, and after cen-
trifugation, 120 μL of the supernatant was taken in a 
96-well plate for each sample, and then 60 μL of the 
prepared LDH (lactate dehydrogenase) test solution 

Figure 1.  Pro-PAH factors hypoxia, MCTP, and TNF-α induce pyroptosis in PAECs.
A, Morphological changes of cells after the intervention of PAECs by hypoxia, MCTP, and TNF-α. Scale bar: 100 μm. B, TUNEL staining 
for apoptosis of cells after hypoxia, MCTP, and TNF-α intervention in human pulmonary arterial endothelial cells. C–E, Detection of LDH 
release after hypoxia (n=5), MCTP (n=5), and TNF-α (n=6) intervention in PAECs. F–N, Representative immunoblots of GSDME-N and 
Clev-IL-1β after treatment of PAECs with hypoxia (1% O2), MCTP (31 μM), and TNF-α (40 ng/mL), n=4. Mann–Whitney test was used. 
Clev-IL-1β indicates Cleaved-interleukin-1β; GSDME, gasdermin E; LDH, lactate dehydrogenase; MCTP, monocrotaline pyrrole; PAEC, 
pulmonary arterial endothelial cell; PAH, pulmonary arterial hypertension; and TNF-α, tumor necrosis factor alpha.
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(Beyotime, China) was added to each well. The light 
was placed on a shaker for 30 minutes and then its 
absorbance was measured at a wavelength of 490 nm.

Tunel Assay
Tunel staining was accomplished using a TUNEL kit 
(Beyotime, China). The cell supernatant was discarded 
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and washed once with PBS. The cells were fixed with 
4% paraformaldehyde for 30 minutes, washed with 
PBS, incubated with 0.3% Triton X-100 for 5 minutes at 
room temperature, washed twice with PBS, and then 
added to each well in a 6-well plate. A 100 μL Tunel 
test solution was incubated at 37 °C for 60 minutes in 

the dark. The PBS was washed 3 times and observed 
under a fluorescence microscope.

Western Blotting
Protein extraction was used by PMSF lysate 
(RIPA:PMSF: protease inhibitor cocktail = 100:1:1), 

Figure 2.  Inhibition of GSDME attenuates the development of experimental PAH in rats.
A, B, Representative immunoblots of GSDME-N in lung lysate of hypoxia-induced PAH rats, n=6. C, D, 
Representative immunoblots of GSDME-N in lung lysate of monocrotaline-induced PAH rats. E–F, Western 
blot result of GSDME after knockdown by lentivirus, n=3. G, H, RVSPmeasurements (G) and indices of RV/
(LV + S) in Control, SCR shRNA+MCT, and GSDME shRNA+MCT rats (H). n=5. I, J, Bar charts showing the 
result of RVSP (I) and indices of RV/(LV + S) in Control, SCR shRNA+S/H, and GSDME shRNA+S/H groups 
(J). n=5. Mann–Whitney test was used for(A–D). Normal distribution was confirmed by the Shapiro–Wilk 
test, statistical analysis was performed using 1-way ANOVA followed by Tukey’s test for (E–J). GSDME 
indicates gasdermin E; GSDME shRNA+MCT, gasdermin E short hairpin RNA+monocrotaline; LDH, lactate 
dehydrogenase; MCTP, monocrotaline pyrrole; PAEC, pulmonary arterial endothelial cell; PAH, pulmonary 
arterial hypertension; RV/(LV + S), right ventricle weight/left ventricle weight + ventricular septum; RVSP, 
right ventricle systolic pressure; SCR shRNA+MCT, scramble short hairpin RNA+monocrotaline; SCR 
shRNA+S/H, scramble short hairpin RNA+Sugen5416/hypoxia; and TNF-α, tumor necrosis factor alpha.
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Figure 3.  Upregulation of NLRP3 expression in PAH rat model and pro-PAH factors induced PAECs.
A, C, Expression position of NLRP3 in lung tissue sections of monocrotaline- and hypoxia-induced PAH rat models. B, D, Pearson’s 
correlation between CD31 and NLRP3. B, Control group: n=4, Hypoxia group: n=3. D, Control group: n=5, monocrotaline group: 
n=3. CD31: endothelial marker; DAPI: nuclear marker. Normal distribution was confirmed by the Shapiro–Wilk test. Statistical 
analysis was performed using Student t test. E–J, Representative immunoblots of NLRP3 after incubation with hypoxia (1% O2), 
MCTP (31 μM) and TNF-α (40 ng/mL) in PAECs; n=4. Statistical analysis was performed using Mann–Whitney test. MCTP indicates 
monocrotaline pyrrole; NLRP3, NOD-like receptor family protein 3; PAEC, pulmonary arterial endothelial cell; PAH, pulmonary 
arterial hypertension; and TNF-α, tumor necrosis factor alpha.
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protein concentrations were measured by BCA Protein 
Assay Kit (Thermo Scientific, Rockford, IL). Equal 
amounts of protein from each sample (50 μg) were sep-
arated by 8% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and 12% SDS-PAGE 
transferred to polyvinylidene fluoride membranes. After 
incubated with 5% milk for 1 hour at room tempera-
ture, the membranes were incubated with primary an-
tibodies against NLRP3 (1:1000, Abcam, UK), GSDME 
(1:1000, Abcam, UK), BMPR2 (1:1000, Proteintech, 
USA), IL-1β (1:1000, Abcam, USA), and β-actin (1:5000, 
Proteintech, USA) overnight at 4 °C, followed by horse-
radish peroxidase-conjugated secondary antibodies 
(1:5000, Jackson Immunoresearch, USA) incubation. 
Then the PVDF membrane was soaked in the illumi-
nating liquid and then exposed to the imager (BioRad, 
USA). After image scanning and processing using 
Image Lab software, the relative quantification of the 
target protein was performed by Image J software.

Statistical Analysis
Data in our study are presented as mean ± SEM. 
GraphPad prism (version 9.5.1) was used for the sta-
tistical analysis. The normality of the data distribution 
was assessed using the Shapiro–Wilk test. If the data 
conformed to a normal distribution, the comparisons 
between-group differences were calculated with 
Student’s t test (2 groups), 1-way ANOVA followed by 
Turkey’s or Newman Keuls multiple comparisons test 
(multiple groups). Kruskal–Wallis with Dunn’s multiple 
comparison tests were used for nonnormally distrib-
uted variables. The detailed statistical analysis for each 
experiment is described in the respective figure leg-
ends. Statistical significance was reported at P<0.05.

RESULTS
Pro-PAH Factors Hypoxia, Monocrotaline 
Pyrrole, and TNF-α Induce Pyroptosis in 
PAECs
To explore whether pyroptosis occurred in PAH, 
PAECs were incubated with hypoxia, monocrotaline 
pyrrole (MCTP), and TNF-α to establish a model of 
pulmonary artery endothelial injury. Microscopic pho-
tographs showed obvious cell morphogenesis, cell 

punching, swelling, blistering, and rupture (Figure 1A). 
TUNEL staining showed that a large number of deaths 
occurred in hypoxia, MCTP, and TNF-α treated PAECs 
(Figure 1B). The release of LDH was detected by the 
LDH kit, and it was found that the release of LDH in the 
intervention group was significantly higher than that 
in the control group (Figure 1C–1E), suggesting mas-
sive cell death. Western blot showed that the protein 
expression of GSDME-N and inflammatory factor IL-1β 
were significantly upregulated (Figure 1F–1N), providing 
further confirmation of the occurrence of pyroptosis in 
PAECs.

Inhibition of GSDME Attenuates the 
Development of Experimental PAH in Rats
To detect the occurrence of pyroptosis in pulmonary 
hypertension rats, Western blot was used to detect 
the expression of GSDME-N in the lung tissue of rats 
with pulmonary hypertension induced by hypoxia and 
monocrotaline. It was found that the expression of 
GSDME-N was significantly increased compared with 
the control group (Figure  2A–2D), indicating that py-
roptosis exists in hypoxic and monocrotaline induced 
pulmonary hypertension. Administration of rats with 
GSDME shRNA to clarify the role of GSDME-mediated 
pyroptosis in PAH (Figure 2E–2F). The results indicating 
that silencing GSDME is a sufficient way to block the 
development of pyroptosis. We created 2 experimen-
tal PAH models in rats after using shRNA and found 
that the GSDME shRNA group showed a significant 
reduction in RV systolic pressure and RV hypertrophy 
(Figure 2G–2J). These results support our hypothesis 
that inhibition of GSDME-mediated pyroptosis is suf-
ficient to repress PAH.

Upregulation of NLRP3 Expression in PAH 
Rat Model and Pro-PAH Factors Induced 
PAECs
We constructed 2 rat models of pulmonary hyperten-
sion using hypoxia (10% O2) and monocrotaline (60 mg/
kg) separately. Immunofluorescence was used to de-
tect the expression of NLRP3 on lung tissue sections. 
The results showed that the expression of NLRP3 on 
lung endothelial cells of rats with monocrotaline and 
hypoxic pulmonary hypertension was significantly 

Figure 4.  Knockout of the NLRP3 alleviates the progression of PAH and inhibits GSDME-mediated pyroptosis.
A, RVSP (n=5). B, RV/(LV + S) (n=6). C, ELISA result of IL-1β release in serum (WT group, n=6; WT + Hypoxia group, n=7; NLRP3−/− + Hypoxia 
group, n=5). D, E, Hematoxylin–eosin staining and the thickness of vascular wall. Arrows pointing to small and medium arteries. Scale 
bar:100 μm. F–J, Representative immunoblots of GSDME, GSDME-N, Pro-IL-1β, Clev-IL-1β, and NLRP3 in the WT group, WT + Hypoxia 
group, and NLRP3−/− + Hypoxia group. n=3. Normal distribution was confirmed by the Shapiro–Wilk test, statistical analysis was 
performed using 1-way ANOVA followed by Tukey’s or Newman test. For (J), Kruskal–Wallis with Dunn’s multiple comparison tests was 
used. Clev-IL-1β indicates cleaved interleukin-1β; GSDME, gasdermin E; NLRP3, NOD-like receptor family protein 3; PAH, pulmonary 
arterial hypertension; RV/(LV + S), right ventricle weight/left ventricle weight + ventricular septum; RVSP, right ventricle systolic pressure; 
and WT, wild type.
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upregulated (Figure 3A–3D). This result provides evi-
dence for our subsequent use of PAECs. Then PAECs 
were cultured with pro-PH factors hypoxia, MCTP, 

and TNF-α. After 24 hours, the protein was collected 
and detected by Western blot. The expression of 
NLRP3 was increased in PAECs treated with hypoxia, 
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MCTP, and TNF-α compared with the control group 
(Figure 3E–3J).

Knockout of the NLRP3 Alleviates the 
Progression of PAH and Inhibits GSDME-
Mediated Pyroptosis
To further determine the relationship between NLRP3 
and GSDME in pulmonary hypertension. We per-
formed hypoxic-induced pulmonary hypertension in 
WT and NLRP3−/− mice and found pulmonary artery 
pressure was reduced in NLRP3−/− mice (Figure 4A), 
and RV hypertrophy and pulmonary artery remodeling 
were significantly alleviated in NLRP3−/− mice under 
hypoxic conditions (Figure 4B, 4D, 4E). ELISA results 
showed that the plasma level of IL-1β was significantly 
upregulated in hypoxic WT mice, whereas in the group 
of NLRP3−/− mice decreased (Figure  4C). Western 
blot was used to detect the expression of NLRP3, 
Clev-IL-1β (Cleaved-IL-1β), and GSDME-N in lung tis-
sue of NLRP3−/− mice. It showed that the expression 
of NLRP3, Clev-IL-1β, and GSDME-N were signifi-
cantly upregulated in hypoxic WT mice, and knockout 
of the NLRP3 gene reduced the expression of those 
pyroptosis-related proteins (Figure 4F–4J).

Activated BMPR2 Signaling Inhibits 
Pyroptosis in Experimental PAH Animal 
Models
BMPR2 plays an important role in pulmonary hyperten-
sion, which can induce the release of inflammatory fac-
tors. However, whether BMPR2 affects the expression 
of NLRP3 is unknown. FK506 (tacrolimus), a BMPR2 
signaling agonist, can bind with a BMP (bone morpho-
genetic protein) signaling repressor, FKBP12 (FK-binding 
protein-12). FK506 treatment alleviates PAH in patients 
and experimental models by blocking the combination 
of FKBP12 and type I receptors activin receptor-like ki-
nase to activate the downstream of BMPR2 signaling. 
We used monocrotaline or VEGF (vascular endothelial 
growth factor) receptor blocker Sugen5416 plus chronic 
hypoxia to establish experimental models and FK506 
was administered at the indicated time point. The vehi-
cle group showed severe PAH at the end of the experi-
ment, whereas FK506 treatment significantly reduced 

PAH, as shown by the decreased RV systolic pressure 
(Figure 5A, 5C) and RV hypertrophy (Figure 5B, 5D). In 
PAH animals treated with FK506, the reversal of PAH 
progression was associated with a reduction of the 
pathological increases of N-GSDME (Figure  5E–5J). 
Immunofluorescence was used to detect the expres-
sion of NLRP3 in lung tissue. The results showed that 
the expression of NLRP3 on the pulmonary endothelial 
cells of rats with monocrotaline and hypoxic pulmonary 
hypertension was significantly upregulated. However, 
all these effects were reversed by the BMPR2 agonist 
FK506 (Figure 5K–5L). Thus, we suspect that BMPR2 
affects the activation of NLRP3 and GSDME.

Restoring the BMPR2 Signaling 
Downregulate the NLRP3/GSDME 
Pathway in PAECs
Next, we used hypoxia, MCTP, and TNF-α to stimu-
late PAECs to reduce the expression of BMPR2 and 
restore the expression of BMP signaling pathway by 
using BMP9. The results implied that BMP9 could re-
store the increase of NLRP3, Clev-IL-1β, and GSDME-N 
due to the decreased expression of BMPR2 in PAECs 
(Figure 6A–6O).

BMP9 Reverses BMPR2 Signaling to 
Inhibit NLRP3 and GSDME in PAECs
To further determine the relationship between BMPR2 
and NLRP3 signaling pathways in pulmonary hyper-
tension. We silenced the BMPR2 protein in PAECs 
with siRNA and restored the expression of BMP sign-
aling pathway using BMP9. Silencing was successfully 
compared with the negative control group, and NLRP3 
was activated after BMPR2 silencing (Figure  7A–7C). 
Meanwhile, the expression of the pyroptosis-related 
protein was also detected, and it was found that 
GSDME was cleaved and GSDME-N was significantly 
increased (Figure 7D–7F) whereas BMP9 can inhibit its 
upregulation.

DISCUSSION
Our study provides the first evidence that loss of 
BMPR2 induces endothelial cell pyroptosis through 

Figure 5.  Activated BMPR2 signaling inhibits pyroptosis in experimental PAH animal models.
A, C, RVSP. B, D, RV/(LV + S). A, Control group, n=7; S/H + Vehicle group, n=6; S/H + FK506 group, n=7, B, n=6, C, Control group, 
n=6; monocrotaline + Vehicle group, n=6; monocrotaline + FK506 group, n=7, D, Control group, n=7; monocrotaline + Vehicle group, 
n=6; monocrotaline T + FK506 group, n=7. E, G, H, Representative immunoblots of BMPR2, GSDME-N expression in lungs lysate 
isolated from Control, Su5416 + hypoxia, and Hypoxia/Su5416 + FK506 groups, n=3. F, I, J, Representative immunoblots of BMPR2, 
GSDME-N expression in lungs isolated from Control, monocrotaline, and monocrotaline + FK506 groups, n=3. K, L, Expression 
position of NLRP3 in lung tissue sections. CD31: endothelial marker; DAPI: nuclear marker. Normal distribution was confirmed by the 
Shapiro–Wilk test, statistical analysis was performed using 1-way ANOVA followed by Tukey’s or Newman test. BMPR2 indicates type 
2 bone morphogenetic protein receptor; GSDME, gasdermin E; NLRP3, NOD-like receptor family protein 3; PAH, pulmonary arterial 
hypertension; RV/(LV + S), right ventricle weight/left ventricle weight + ventricular septum; and RVSP, right ventricle systolic pressure.



J Am Heart Assoc. 2025;14:e034726. DOI: 10.1161/JAHA.124.034726� 11

Tian et al� BMPR2/NLRP3/GSDME Axis Induces Pyroptosis in PAH

the NLRP3/GSDME pathway in PAH models. These 
findings are supported by solid results: (1) pyropto-
sis occurs in experimental PAH models, and knock-
down of the pyroptosis executor GSDME can inhibit 

the development of PAH; (2) genetic ablation of NLRP3 
inhibited the development of PAH via repressing 
GSDME-mediated pyroptosis; and (3) using BMPR2 
activator FK506 or BMP9 can effectively repress 
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Figure 6.  Restoring the BMPR2 signaling downregulates the NLRP3/GSDME pathway in PAECs.
PAECs were incubated with hypoxia, MCTP, and TNF-α with or without BMP9. A, F, K, Representative immunoblots 
of BMPR2, NLRP3, GSDME-N, and Clev-IL-1β expression. B-E, G–J, L–O, Quantitative analysis results of (A, F, 
K). B, D, H, I, n=3; C, E, G, J, N, O, n=4; L, M, n=5. Normal distribution was confirmed by the Shapiro–Wilk test, 
statistical analysis was performed using 1-way ANOVA followed by Tukey’s or Newman test. BMPR2 indicates type 
2 bone morphogenetic protein receptor; BMP9, bone morphogenetic protein 9; Clev-IL-1β, cleaved interleukin-1β; 
GSDME, gasdermin E; MCTP, MCTP, monocrotaline pyrrole; NLRP3, NOD-like receptor family protein 3; PAEC, 
pulmonary arterial endothelial cell; and TNF-α, tumor necrosis factor alpha.
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NLRP3 and GSDME activation to block the develop-
ment of experimental PAH.

The NLRP3 inflammasome is an important media-
tor to release many inflammatory factors such as IL-18, 
IL-1β, and HMGB1, which have been proved to partic-
ipate in several kinds of infectious diseases.24–26 IL-1β 
and IL-18 are involved in the development of chronic 
obstructive pulmonary disease,27 and these patients 
have increased levels of caspase-1 in the lung tissue,10 
indicating a role for the inflammasomes in the patho-
genesis of obstructive pulmonary disease.9 In our 
study, we found that knockout of NLRP3 can inhibit 
the progression of PAH and reduce the release of IL-
1β, which is mediated by GSDME-mediated pyroptosis 
pathway, suggesting that knockout of NLRP3 can in-
hibit the inflammatory response via GSDME-mediated 
pyroptosis in PAH.

Pyroptosis is a newly identified type of programmed 
cell death that is mediated by gasdermin family mem-
bers, such as GSDMD28 or GSDME.29 With the defini-
tion of pyroptosis being a gasdermin-driven cell death, 

the activation of pyroptosis can no longer be limited 
to inflammasome signaling. GSDMD, GSDME, and 
other gasdermin family members can also contrib-
ute to this cell death. It is considered as a potential 
pathogenic process for atherosclerosis,30 diabetes,31 
acute lung injury,32 and ischemia–reperfusion injury.33 
Recent studies have reported that caspase-3 can also 
cleave GSDME to generate an N-terminal fragment 
(N-GSDME) that works for pyroptosis, which shows 
cleavage of GSDME by caspase-3 induced pyropto-
sis in certain GSDME-expressing cancer cells after 
chemotherapy. Our previous study demonstrated that 
inflammatory caspase-4/11 participated in the PAEC 
pyroptosis, proving that pyroptosis playing a vital role 
in the progression of PAH.20 In our study, we found 
that pyroptosis is involved in pulmonary arterial endo-
thelium and induced endothelial dysfunction. Inhibiting 
GSDME is sufficient to alleviate the pathological pro-
cess of PAH via inhibiting the pyroptosis pathway, 
which is in consistent with our previous work, strength-
ening the importance of endothelial pyroptosis in PAH. 

Figure 7.  BMP9 reverses BMPR2 signaling to inhibit NLRP3 and GSDME in PAECs.
PAECs were treated with siBMPR2 and siBMPR2 + BMP9. A, D, Representative immunoblots of BMPR2, NLRP3, GSDME and 
GSDME-N expression. B, C, E, F, Quantitative analysis results of (A and D). B, C, E, n=5; F, n=4. Normal distribution was confirmed 
by the Shapiro–Wilk test, statistical analysis was performed using 1-way ANOVA followed by Tukey’s test. BMPR2 indicates type 2 
bone morphogenetic protein receptor; BMP9, bone morphogenetic protein 9; GSDME, gasdermin E; NC, negative control; NLRP3, 
NOD-like receptor family protein 3; and PAEC, pulmonary arterial endothelial cell.
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Thus, our study illuminated that GSDME-mediated py-
roptosis participated in the progression of PAH.

To study how NLRP3/GSDME-mediated pyro-
ptosis is activated in PAH, we assumed that loss 
of BMPR2 is important for this progression. Bone 
morphogenetic proteins belong to members of the 
TGFβ super family, participating in a wide range of 
developmental processes. The BMPR2 signaling 
pathway plays a vital role in regulating pulmonary 
vascular homeostasis. Loss of BMPR2 is responsi-
ble for the initiation and progress of hereditary PAH 
and a proportion of idiopathic PAH. Previous stud-
ies have shown that conditional deletion of BMPR2 
in the endothelium is sufficient to induce PAH and 
endothelial BMPR2 expression reverses experimen-
tal pulmonary hypertension. Additional studies have 
identified a role for endothelial BMPR2 loss in the 
exacerbation of vascular permeability and the al-
tered translocation of leukocytes across the vascular 
wall.34 Overall, the dysfunction of BMPR2 signaling 
plays a critical role during the initiation and progress 
of PH35. However, the precise mechanism of the en-
dothelial BMP signaling in the pathobiology of PAH 
remains uncertain. BMPR2/smad signaling was dys-
regulated in monocrotaline-induced PAH.36 Our lab-
oratory previously demonstrated that HMGB1/TLR4 
signaling promotes pulmonary arterial smooth mus-
cle cells migration and proliferation via suppressing 
canonical BMPR2/smad signaling,37 illuminating that 
BMPR2/smad signaling functions in a large variety of 
physiopathological processes. Besides the canonical 
SMAD pathway, BMP-receptor activation can also in-
duce non-SMAD signaling. In this study, we focused 
on investigating the underlying mechanism of BMPR2 
deficiency-mediated the inflammatory process in 
PAECs, finding that BMPR2 deficiency can induce 
NLRP3 and GSDME activity in experimental PAH 
models and PAECs. However, reversed BMPR2 activ-
ity is sufficient to recover PAH progression; it inhibits 
the activation of NLRP3 and GSDME, accompanied 
with decreased IL-1β, suggesting that the NLRP3/
GSDME axis acts as downstream of BMPR2 signaling 
to mediate the inflammatory response in PAH, illus-
trating a new mechanism of BMPR2/NLRP3/GSDME 
signaling in PAH. One recent article reported that 
the lipopolysaccharide-induced pyroptosis exacer-
bates BMPR2 signaling deficiency in systemic lupus 
erythematosus-PAH, which illustrated that deficien-
cies of BMPR2 signaling and pyroptosis-pathway-
related proinflammatory factors together contribute to 
the development of PAH in systemic lupus erythema-
tosus, demonstrating a potential mechanism underly-
ing PAH penetrance in systemic lupus erythematosus. 
The environmental pathogenic lipopolysaccharide-
induced pyroptosis as “second hit” together with de-
ficient BMPR2 signaling pathway, which strengthens 

our point that BMPR2 was involved in the process of 
pyroptosis.38 Moreover, though we have verified that 
NLRP3 knockout or GSDME inhibition alleviates the 
progression of PAH in the animal models, implying 
that NLRP3/GSDME signaling-associated pyroptosis 
could also be triggered and play a pivotal role in the 
PAH, whereas in this study, we focusing on investigat-
ing the underlying mechanism of BMPR2 deficiency-
mediated inflammation. Thus, we did not use gene 
intervention of NLRP3/GSDME to illustrate whether 
that signaling has a pivotal role in the PAECs as well 
as in the PAH animal models, as to how BMPR2 in-
teracts with the NLRP3 pathway, it may involve com-
plicated biological process, which will be explored in 
depth in our future work.

Figure 8.  Schematic diagram of the mechanism of NLRP3/
GSDME promoting PAH.
BMPR2 indicates type 2 bone morphogenetic protein receptor; 
GSDME, gasdermin E; IL-1β, interleukin-1β; NLRP3, NOD-
like receptor family protein 3; and PAH, pulmonary arterial 
hypertension.
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This study revealed that increased NLRP3 and 
GSDME were detected in pulmonary hypertension 
animal models and endothelial cell models with PAH. 
This indicates that NLRP3 and GSDME potentially act 
as diagnostic biomarkers and therapeutic targets for 
PAH. Meanwhile, downregulation of BMPR2 activates 
NLRP3/GSDME-mediated endothelial pyroptosis, 
thereby contributing to the promotion of PAH, which 
authenticates that targeting BMPR2 such as use of 
FK506 or BMP9 can act as novel therapeutic targets 
for PAH. Nevertheless, there are some limitations 
would be taken into account in this study. First, PAH is 
a complicated disease with different kinds of manifes-
tations. The contribution of NLRP3 and GSDME to the 
development and progression of human PAH remains 
largely unknown. Thus, to extrapolate the observations 
from PAH models to human PAH is still difficult. It is 
necessary to elucidate the effect of those markers in 
patients with PAH before considering them as diagnos-
tic biomarkers of PAH. Second, NLRP3 gene systemic 
knockout mice were used in this study. Endothelial 
cell-specific NLRP3 knockout mice may help us fur-
ther understand the role and mechanism of NLRP3 in 
PAH. Moreover, as the female sex presents a clinically 
significant risk factor for the development of pulmonary 
hypertension,38 considering the difference in the phys-
iological structure of men and women and the differ-
ent effects sex has on PH, we used only male animals 
in our study. Third, the specific regulatory interactions 
between BMPR2 and NLRP3/GSDME necessitate fur-
ther investigation. Moreover, in the statistic part, some 
of the group sizes are small, and Shapiro–Wilk test was 
used for normality, it may be underpowered. This is a 
limitation of this work; we will enlarge the sample size 
in our next study.

Conclusions
In summary, the present study shows NLRP3 knock-
out or inhibition of GSDME attenuates the develop-
ment of PAH (Figure 8). Meanwhile, it demonstrates for 
the first time that loss of BMPR2 promotes NLRP3/
GSDME-meditated pyroptosis to induce inflammatory 
response in PAH, which provides a novel mechanistic 
view into BMPR2 deficiency and may offer new targets 
for PAH treatment.
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