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ORIGINAL RESEARCH

GSDMD-Mediated Cardiomyocyte Pyroptosis 
Promotes Myocardial I/R Injury
Huairui Shi ,* Yang Gao,* Zhen Dong,* Ji’e Yang, Rifeng Gao, Xiao Li, Shuqi Zhang, Leilei Ma, Xiaolei Sun, Zeng Wang,  
Feng Zhang, Kai Hu, Aijun Sun, Junbo Ge

RATIONALE: Pyroptosis is a morphologically and mechanistically distinct form of cell death and is characterized by GSDMD 
(gasdermin D) or GSDME (gasdermin E)-mediated necrosis with excessive inflammatory factor release. Cardiomyocyte 
necrosis and inflammation play key roles in the pathophysiology of myocardial ischemia/reperfusion (I/R) injury. However, 
whether cardiomyocytes undergo pyroptosis and the underlying mechanism in myocardial I/R injury remain unclear.

OBJECTIVE: We aimed to investigate the role of pyroptosis in myocardial I/R injury.

METHODS AND RESULTS: In vivo and in vitro experiments were used to investigate pyroptosis of cardiomyocyte and the associated 
mechanisms during I/R injury. Wild-type, Myh6-Cre, and cardiomyocyte-specific GSDMD-deficient male mice were subjected 
to I/R. Human peripheral blood samples were collected from patients with acute ST-segment–elevation myocardial infarction or 
control patients at 0, 1, and 24 hours after percutaneous coronary intervention in our department. The serum levels of GSDMD 
were measured by ELISA. Hypoxia/reoxygenation induced cardiomyocyte pyroptosis and the release of mature IL (interleukin)-18 
but not IL-1β, which mechanistically resulted from GSDMD cleavage by caspase-11 in cardiomyocytes. Furthermore, GSDMD 
gene deletion blocked hypoxia/reoxygenation-induced cardiomyocyte pyroptosis and IL-18 release. GSDMD and its pyroptosis-
inducing N-terminal fragment were upregulated in myocardial tissues after I/R injury. Immunofluorescence analysis showed 
that GSDMD was mainly localized in cardiomyocytes. GSDMD deficiency in cardiomyocytes significantly reduced the I/R-
induced myocardial infarct size. Moreover, increased GSDMD serum levels were detected in patients exhibiting I/R injury 1 hour 
after percutaneous coronary intervention for ST-segment–elevation myocardial infarction.

CONCLUSIONS: Our results show that GSDMD-mediated cardiomyocyte pyroptosis is a key event during myocardial I/R injury 
and that the caspase-11/GSDMD pathway may be essential to this process. Additionally, GSDMD inhibition significantly 
reduces cardiomyocyte pyroptosis and I/R-induced myocardial injury.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Myocardial infarction is one of the leading causes of 
death worldwide.1,2 Timely restoration of blood flow 
(reperfusion) in ischemic myocardial tissue remains 

the standard treatment for patients with myocardial infarc-
tion.3 However, a large amount of clinical evidence and 
experiments have confirmed that the beneficial effects of 

mailto:sun.aijun@zs-hospital.sh.cn;
mailto:jbge@zs-hospital.sh.cn
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.318629
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0003-0805-3759
https://orcid.org/0000-0002-9360-7332
http://dx.doi.org/10.1161/CIRCRESAHA.120.318629
https://circres.ahajournals.org/content/129/3/397
https://circres.ahajournals.org/content/129/3/345
https://circres.ahajournals.org/content/129/3/346


Original





 R
esearch






384    July 23, 2021� Circulation Research. 2021;129:383–396. DOI: 10.1161/CIRCRESAHA.120.318629

Shi et al Cardiomyocyte Pyroptosis Aggravates MI/R Injury

reperfusion therapy could be counteracted to some extent 
by myocardial ischemia reperfusion (I/R) injury.4–7

Cardiomyocyte necrosis and inflammation play key roles 
in the pathophysiology of myocardial I/R injury. Myocardial 
I/R injury is mainly related to the death of terminally differ-
entiated cardiomyocytes.8 The forms of cell death include 
apoptosis and necrosis, which occur during I/R injury. 
Apoptosis is considered to be a strictly controlled and 
well-established regulatory process, whereas cell necrosis 
has long been viewed as an uncontrollable mode of cell 
death,9–11 However, recent studies indicate that some types 
of cell necrosis, including necroptosis, pyroptosis, ferropto-
sis and oncosis, can also be regulated.12,13 Pyroptosis has 
typical morphological features, such as prominent bubble-
like formations, pore formation in the plasma membrane 
by GSDMD (gasdermin D) or GSDME (gasdermin E), cell 
swelling, membrane rupture, and the release of inflamma-
tory factors such as IL (interleukin)-1β and IL-18.14,15

According to recent studies, GSDMD and GSDME are 
key proteins involved in the pathogenesis of pyroptosis.16,17 

GSDMD belongs to the gasdermin family and is highly 
conserved in mammals. Gasdermins are composed of 
≈480 amino acids and can be cleaved into gasdermin-N 
and gasdermin-C domains,18 GSDMD-N oligomerizes and 
perforates the plasma membrane to trigger pyroptosis 
and promote the secretion of IL-1β and IL-18 in macro-
phages.19,20 Previous studies have demonstrated the crucial 
role of pyroptosis in many human diseases, and excessive 
pyroptosis may be detrimental to the host.21,22 The occur-
rence of cardiomyocyte pyroptosis and the related mecha-
nisms in myocardial I/R injury are not fully understood.

In this study, we investigated the effect of pyropto-
sis on myocardial I/R injury and revealed the underly-
ing mechanism. Our study showed that cardiomyocyte 
pyroptosis contributes to myocardial I/R injury, and the 
noncanonical inflammasome pathway, including cas-
pase-11 and GSDMD, may be the major signaling path-
way involved in cardiomyocyte pyroptosis.

METHODS
Data Availability
The detailed experimental materials and methods are available 
in the Data Supplement. The authors declare that the majority 
of supporting data are presented within this article and in the 
Data Supplement. The source data for the figures and the data 
that are not shown are available from the corresponding author 
upon reasonable request.

RESULTS
H/R-Induced Cardiomyocyte Pyroptosis 
Through a GSDMD-Dependent Pathway.
Pyroptosis has distinct morphological features and is 
characterized by multiple bubble-like protrusions formed 

Nonstandard Abbreviations and Acronyms

GSDMD	 gasdermin D
GSDME	 gasdermin E
H/R	 hypoxia/reoxygenation
I/R	 ischemia reperfusion
IL	 interleukin
MLKL	 mixed lineage kinase domain-like
NAC	 N-acetyl-L-cysteine
NLRP3	 NLR family pyrin domain containing 3
PI	 propidium iodide
RIPK	 receptor-interacting protein kinase

Novelty and Significance

What Is Known?
•	 The beneficial effects of reperfusion in ischemic myo-

cardial tissue are mitigated to some extent by myocar-
dial ischemia reperfusion (I/R) injury.

•	 Cardiomyocyte death and inflammation play key roles 
in the pathophysiology of myocardial I/R injury.

What New Information Does This Article  
Contribute?
•	 Cardiomyocytes undergo GSDMD (gasdermin D) 

dependent pyroptosis in myocardial I/R injury.
•	 Cardiomyocyte-specific conditional GSDMD knockout 

mice are more resistant to myocardial I/R injury.
•	 Oxidative stress and caspase-11 are vital in cleaving 

cardiomyocyte GSDMD in myocardial I/R injury.

In this study, we demonstrated pyroptosis of cardiomy-
ocytes undergoing oxidative stress, which plays a piv-
otal role in the pathogenesis of myocardial I/R injury. 
Cardiomyocyte conditional GSDMD knockout mice 
had significantly reduced I/R-induced myocardial 
infarct size. Knockdown of GSDMD blocked oxida-
tive stress-induced pyroptosis of cardiomyocytes and 
IL-18 release in vitro. The CASP11-GSDMD path-
way acts as an essential signaling pathway involved 
in pyroptosis of cardiomyocytes. What is more, our 
study found that GSDMD could be released during 
pyroptosis of cardiomyocytes into the periphery, and 
GSDMD levels were also increased in the serum of 
patients after reperfusion by percutaneous coronary 
intervention.
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by GSDMD- or GSDME-induced plasma membrane rup-
ture.13,14 To determine whether hypoxia/reoxygenation 
(H/R) induced cardiomyocyte pyroptosis, we performed 
continuous live cell imaging experiments to document the 
morphological changes in adult cardiomyocytes. As shown 
in Figure  1A and Movie I in the Data Supplement, car-
diomyocytes produced large numbers of balloon-shaped 
vesicles and took up propidium iodide (PI), which are 
typical characteristics of pyroptosis,13,14 as well as exhib-
ited decreased ATP levels and the loss of cell membrane 
integrity (as assessed by LDH [lactate dehydrogenase] 
release) compared with those of the nontreatment group 
Figure 1F through 1I. Notably, cardiomyocyte H/R induced 
the release of the inflammatory factor IL-18, which is asso-
ciated with pyroptosis, in the cell culture supernatant, but 
there was no IL-1β release (not detected in the cell cul-
ture supernatant). To further confirm cardiomyocyte pyrop-
tosis, we examined the key pyroptotic proteins GSDMD 
and GSDME. Immunoblot analysis revealed significantly 
increased levels of GSDMD and GSDMD-N after H/R 
in adult cardiomyocytes in a time-dependent manner, but 
GSDME showed no statistical difference (Figure 1B and 
1C). Consistent with these observations, immunofluores-
cence revealed that GSDMD was also expressed in adult 
cardiomyocytes (Figure 1D).

To fully verify the key role of GSDMD in cardiomyocyte 
pyroptosis, we generated GSDMD-CKO mice and iso-
lated adult and neonatal cardiomyocytes from the heart. 
The depletion of GSDMD protein in cardiomyocytes was 
verified by Western blotting (Figure I in the Data Supple-
ment). In adult cardiomyocytes, the absence of GSDMD 
markedly blocked H/R-induced cardiomyocyte pyropto-
sis (Figure 1E, Movie II in the Data Supplement). Con-
sistent with these observations, deletion of the GSDMD 
gene abolished cardiomyocyte pyroptosis, as evidenced 
by the loss of cell membrane integrity (as assessed by 
PI-positive cardiomyocytes and LDH release in Fig-
ure 1F and 1G), decreased ATP levels (Figure 1H) and 
IL-18 release (Figure 1I). Moreover, H/R-induced neo-
natal mouse ventricular cardiomyocytes (Figure IIA and 
Movie III in the Data Supplement) and AC16 cells pyrop-
tosis (Movies IV and V in the Data Supplement) that 
were subjected to hypoxia followed by reoxygenation. 
Immunofluorescence results showed that GSDMD was 
also expressed in neonatal mouse ventricular cardio-
myocytes (Figure IIB in the Data Supplement). Deletion 
of the GSDMD gene abolished pyroptosis in neonatal 
mouse ventricular cardiomyocytes (Figure IIC and Movie 
VI in the Data Supplement), as evidenced by PI-positive 
cardiomyocytes and LDH release (Figure IID and IIE in 
the Data Supplement), ATP levels (Figure IIF in the Data 
Supplement) and IL-18 release (Figure IIG in the Data 
Supplement) in neonatal mouse ventricular cardiomyo-
cytes. These data showed that H/R could induce car-
diomyocyte pyroptosis, and GSDMD played a key role 
in this process.

The N-Terminal Fragment of GSDMD Is 
Required for Cardiomyocyte Pyroptosis
GSDMD-N oligomerizes and perforates the plasma 
membrane to trigger pyroptosis.16,17 To further confirm the 
effect of GSDMD on cardiomyocyte pyroptosis, we over-
expressed full-length GSDMD, GSDMD-N, or GSDMD-C 
in adult cardiomyocytes (Figure 2A through 2C). Overex-
pression of GSDMD-N in cultured cardiomyocytes led to 
robust pyroptosis, while similar effects were not observed 
after the overexpression of full-length GSDMD or 
GSDMD-C in adult cardiomyocytes (Figure 2D through 
2G). These findings showed that the N-terminal fragment 
was the direct effector of GSDMD and confirmed the key 
role of GSDMD in cardiomyocyte pyroptosis.

The CASP11-GSDMD-N Pathway Mediates 
Pyroptosis in H/R-Stimulated Cardiomyocytes
Recent studies have shown that GSDMD cleavage 
is mediated by caspase-1/11, which can specifically 
cleave the linker between the GSDMD-N and GSDMD-
C domains in macrophages.12 To further define how 
GSDMD was cleaved to generate GSDMD-N and 
execute pyroptosis in cardiomyocytes during H/R, the 
expression of caspase-1 and caspase-11 was measured 
by immunoblotting. Our results showed that H/R (0.5/24 
hours) selectively activated caspase-11 (Figure 3A) but 
not caspase-1 or the canonical inflammasome (Figure 
III in the Data Supplement) in cardiomyocytes. To fur-
ther determine which caspase cleaves GSDMD in car-
diomyocytes during H/R stimulation, caspase-11 and 
caspase-1-knockdown cardiomyocytes were generated 
(Figures IV and V in the Data Supplement). Knockdown 
of caspase-11 by adenoviral transfection markedly 
reduced the generation of GSDMD-N, while caspase-1 
knockdown had no significant effect on GSDMD-N (Fig-
ure  3B). Consistent with the immunoblot analysis, the 
knockdown of caspase-11 also abrogated pyroptosis 
in cardiomyocytes, as indicated by PI uptake (Figure 3C 
and 3D), LDH release (Figure  3E), cellular ATP levels 
(Figure 3F), and IL-18 secretion (Figure 3G). Moreover, 
to confirm the interaction between GSDMD and cas-
pase-11, flag-tagged GSDMD was expressed in adult 
mouse cardiomyocytes. Coimmunoprecipitation revealed 
interactions between caspase-11 and GSDMD in adult 
cardiomyocytes subjected to H/R (0.5/24 hours; Figure 
VIA in the Data Supplement). In addition, immunofluores-
cence costaining of GSDMD and caspase-11 in adult 
cardiomyocytes after H/R (0.5/24 hours) confirmed 
the colocalization of GSDMD and caspase-11 in car-
diomyocytes (Figure VIB in the Data Supplement), while 
GSDME was no colocalized with caspase-11 (Figure VII 
in the Data Supplement). Taken together, these results 
suggested that the caspase-11-GSDMD pathway medi-
ated H/R-induced cardiomyocyte pyroptosis.
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Figure 1. Hypoxia/reoxygenation (H/R) induces cardiomyocyte pyroptosis through GSDMD (gasdermin D) activation.
Adult cardiomyocytes from the ventricles of Myh6-Cre GSDMD +/+ mice (controls) or GSDMD-CKO (cardiomyocyte-specific GSDMD-deficient) 
male mice were isolated, and (A) H/R for 0.5/24 h induced the pyroptotic morphological manifestations of prominent bubble-like formations, 
as well as propidium iodide (PI)-positive staining of adult cardiomyocytes (black indicates necrotic cardiomyocytes and prominent bubble-like 
formations). B and C, GSDMD (n=5) and GSDME (gasdermin E) protein levels (n=5) and cleavage were (Continued )
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Pyroptosis of Cardiomyocytes Stimulated by 
I/R Injury In Vivo
To investigate the involvement of myocardial pyroptosis in 
I/R injury in vivo, we generated a mouse myocardial I/R 
injury model (30 minutes of ischemia followed by reper-
fusion for 3, 12, or 24 hours). The expression of related 
proteins was determined by Western blot analysis of pro-
tein samples extracted from the left ventricular myocar-
dium. The results showed that GSDMD and GSDMD-N 
levels were significantly upregulated in the myocardium 
after 3 hours of reperfusion and further increased after 
24 hours of reperfusion (Figure  4A), while GSDME 
was no statistical difference (Figure 4B). Moreover, the 
levels of caspase-11 were markedly upregulated after 
24 hours of reperfusion (Figure 4C). In addition, immu-
nofluorescence analysis revealed that GSDMD and 
caspase-11 accumulation also mainly occurred in cardio-
myocytes (Figure 4D). GSDME rarely expressed during 
this process (Figure VIII in the Data Supplement). Taken 
together, these results suggest that caspase-11- and 
GSDMD-mediated cardiomyocyte pyroptosis is involved 
in myocardial I/R injury.

GSDMD Deficiency Reduced I/R-Induced 
Myocardial Injury In Vivo
To further confirm the involvement of GSDMD-dependent 
myocardial pyroptosis in vivo, we generated cardiac-spe-
cific knockout (GSDMDflox/flox; CreαMHC [GSDMD-CKO]) 
male mice, and myocardial I/R injury was induced as 
described above. These mice had depleted levels of 
GSDMD protein in the myocardium but not in other tis-
sues tested (Figure IX in the Data Supplement). The 
infarct size/area at risk ratio of GSDMD-CKO mice 
(19.8%) was significantly decreased following 30 min-
utes of ischemia and 24 hours of reperfusion compared 
with that of Myh6-Cre mice (36.5%), (P<0.05; Figure 5A 
through 5C). Consistent with the triphenyl tetrazolium 
chloride/Evans blue staining results, I/R-induced LDH 
(Figure 5D) release and myocardial necrosis as shown by 
Evans blue dye-positive staining (Evans blue dye uptake) 
after I/R were also reduced in the GSDMD-CKO mice 
(Figure  5E and 5F). However, there were no statisti-
cal difference in apoptotic cardiomyocytes, as shown 
by TUNEL staining (Figure X in the Data Supplement). 
Collectively, our results clearly demonstrated the role of 
GSDMD-mediated pyroptosis in myocardial I/R injury.

Oxidative Stress Is a Key Factor in the Induction 
of Cardiomyocyte Pyroptosis During I/R Injury
Oxidative stress is thought to be one of the main patho-
genic mediators of myocardial I/R injury. H2O2 is widely 
used to mimic the pathophysiological effects of oxidative 
stress during reperfusion.2 In our study, similar to H/R, 
H2O2 treatment induced cardiomyocyte pyroptosis (Fig-
ure 6A), as indicated by increased numbers of PI-positive 
cardiomyocytes and decreased cellular ATP levels and 
LDH release (Figure  6B through 6D). These changes 
were attenuated by knockout of GSDMD. Furthermore, 
GSDMD-N was activated in cardiomyocytes stimulated 
with H2O2 (Figure 6E).

N-acetyl-L-cysteine (NAC) is commonly used as an 
antioxidant to eliminate the effect of oxidative stress. 
Our results demonstrated that NAC decreased the 
H/R-induced upregulation of GSDMD and GSDMD-
N protein levels in adult mouse cardiomyocytes (Fig-
ure XI in the Data Supplement). In addition, Myh6-Cre, 
GSDMD+/+ and GSDMD-CKO mice treated with PBS 
or NAC (400 mg/kg) were subjected to myocardial 
I/R injury (30 minutes of ischemia followed by reper-
fusion for 24 hours). The results showed that the 
infarct size/area at risk ratios and serum LDH con-
centrations were significantly reduced in Myh6-Cre 
mice treated with NAC (Figure XII in the Data Supple-
ment). Moreover, the protein levels of GSDMD and 
caspase-11 were markedly reduced after 24 hours 
of reperfusion in the hearts of mice treated with NAC 
(Figure XIII in the Data Supplement). Taken together, 
these results suggested that oxidative stress-induced 
cardiomyocyte pyroptosis via a GSDMD-dependent 
pathway and that the elimination of oxidative stress 
alleviated GSDMD-mediated pyroptosis induced by 
myocardial I/R injury.

GSDMD Can be Released From Pyroptotic 
Cardiomyocytes
Interestingly, GSDMD release in the culture super-
natants of cardiomyocytes that underwent H/R was 
measured by Western blotting and ELISA (Figure 7A 
and 7B). GSDMD levels were measured in the serum 
of ST-segment–elevation myocardial infarction and 
stable coronary artery disease (CAD) patients at 0, 
1, and 24 hours after percutaneous coronary inter-
vention by ELISA. Serum GSDMD levels were also 

Figure 1 Continued. assessed in cell lysates and supernatants from adult Myh6-Cre mouse cardiomyocytes that underwent H/R for different 
times. The target band was first normalized with β-actin and then calculated as fold changes vs H/R for 0 h (control groups). D, Representative 
GSDMD expression was detected in adult cardiomyocytes (subjected to H/R 0.5/24 h) by confocal laser scanning immunofluorescence. E, 
GSDMD-CKO adult mouse cardiomyocytes were isolated, subjected to the same H/R (0.5/24 h) treatment, and were photographed at the same 
time points as cardiac myocytes. F–I, PI-positive cardiomyocyte proportions (n=5), LDH (lactate dehydrogenase) release (n=5), cellular ATP 
levels (n=5), and IL (interleukin)-18 (n=5) as release measured by ELISA in adult mouse cardiac myocytes that underwent H/R 0.5/24 h, LDH 
and ATP levels were calculated as fold changes vs control group. Data are mean±SEM. P values were determined by using 1-way ANOVA with 
Bonferroni multiple comparisons test (B and C; P values adjusted for 5 comparisons), 2-way ANOVA with Bonferroni multiple comparisons test 
(F–I). cTnT indicates cardiac troponin T; NS, not significant; and WT, wild-type.
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Figure 2. GSDMD (gasdermin D) triggers cardiomyocyte pyroptosis due to the intrinsic pore-forming activity of its N-terminal domain.
A–C, The full-length GSDMD (OV-GSDMD-FL, n=5), the GSDMD-N (OV-GSDMD-N, n=5) and GSDMD-C (OV-GSDMD-C, n=5) fragments, was 
transiently expressed in adult cardiomyocytes via plasmid transfection. The target band was first normalized with β-actin and then calculated as fold 
changes vs control groups. D, Hoechst 33342 (blue) and PI were added to detect the loss of plasma membrane integrity, and fluorescent images were 
obtained by confocal microscopy. Black arrows indicate pyroptosis in cardiomyocytes and prominent bubble-like formations. E (n=5), Propidium iodide 
(PI)-positive and total (Hoechst-positive) cells were counted in 5 randomly selected fluorescence microscopic visual fields. F and G, Cellular ATP levels 
(n=5) and LDH (lactate dehydrogenase) release (n=5) in the supernatants of adult mouse cardiac myocytes (subjected to hypoxia/reoxygenation [H/R] 
0.5/24 h, LDH and ATP levels) were calculated as fold changes vs control group. Vector group (control plasmid), OV-GSDMD-FL (overexpressing 
plasmid pcDNA3.1-GSDMD), OV-GSDMD-N (overexpressing plasmid pcDNA3.1-GSDMD-N), OV-GSDMD-C (overexpressing plasmid pcDNA3.1-
GSDMD-C). The data are expressed as the means±SEMs. P values were determined by using 1-way ANOVA with Bonferroni multiple comparisons test 
(A, B, and C, P values adjusted for 5 comparisons; E, F, and G, P values adjusted for 6 comparisons). NS indicates not significant.
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significantly higher after percutaneous coronary inter-
vention in patients with ST-segment–elevation myo-
cardial infarction than in age-matched stable CAD 
patients (Figure 7C). Collectively, these findings sug-
gested that GSDMD could be released from pyrop-
totic cardiomyocytes in a time-dependent manner.

DISCUSSION
To the best of our knowledge, this is the first report to 
describe cardiomyocyte pyroptosis and the associated 
signaling pathway in myocardial I/R injury. The present 
study demonstrated that H/R could induce cardiomyocyte 

Figure 3. CASP11 (caspase-11) cleaves GSDMD (gasdermin D) in cardiomyocytes undergoing hypoxia/reoxygenation [H/R]-
induced pyroptosis.
Cardiomyocytes were stimulated with H/R for the indicated times. A (n=5), Western blot (WB) analysis was performed to measure caspase-11. 
Quantitative analysis of the WB results of CASP-11. B, Representative WB analysis of GSDMD and GSDMD-N in cardiomyocytes infected with 
Ad-β-gal (used as the control, n=5), Ad-CASP11 or Ad-CASP1 for 48 h and then treated with H/R for 0.5/24 h. C, Propidium iodide (PI) was 
added to detect the loss of plasma membrane integrity, and fluorescent images were obtained by confocal microscopy. D, n=5; PI-positive and total 
(Hoechst-positive) cells were counted in 5 randomly selected fluorescence microscopic visual fields. E–G (n=5), LDH (lactate dehydrogenase) 
release, cellular ATP levels, and IL (interleukin)-18 levels in supernatants as measured by ELISA (LDH and ATP levels were calculated as fold 
changes vs control group). The data are expressed as the means±SEMs. Fold changes in protein levels in the treatment groups compared with the 
control groups were determined (the target band was first normalized with β-actin and then calculated as fold changes vs control groups). P values 
were determined by using 1-way ANOVA with Bonferroni multiple comparisons test (A and B, P values adjusted for 4 comparisons), 2-way ANOVA 
with Bonferroni multiple comparisons test (D–G, P values adjusted for 4 comparisons). NS indicates not significant; and WT, wild-type.
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pyroptosis. Moreover, GSDMD knockdown significantly 
reduced cardiomyocyte pyroptosis, which is a driving 
force in myocardial I/R injury and alleviated I/R-induced 
myocardial injury in mice. Pyroptosis has been previously 
considered to be a mode of caspase-1-mediated death 
in monocytes; however, we found that cardiomyocyte 
pyroptosis was mainly regulated via the caspase-11/
GSDMD signaling pathway under H/R conditions, and 
this process was accompanied by the release of mature 
IL-18 but not IL-1β.

Apoptosis and necrosis are forms of cell death that 
are involved in the process of myocardial I/R injury. 
Apoptosis is characterized by cell shrinkage, mem-
brane blebbing, and the formation of apoptotic bod-
ies.23,24 Apoptosis is usually noninflammatory in nature, 

is initiated by caspases -2, -8, and -9 and requires effec-
tor caspases -3, -6, and -7.25 Necroptosis is a form of 
necrosis that is similar to cellular eruption and involves 
the activation of the RIPK (receptor-interacting protein 
kinase) 1/RIPK3/MLKL (mixed lineage kinase domain-
like) pathway.26,27 Pyroptosis is a form of necrosis that 
is highly inflammatory and characterized by various 
morphological and mechanistic distinctions. The mor-
phological features of pyroptosis include the formation 
of bubble-like protrusions, the formation of pores in the 
plasma membrane, cell swelling, membrane rupture, 
and the release of inflammatory factors, such as IL-1β 
and IL-18.28,29 Our results confirm that cardiomyocytes 
undergo pyroptosis in response to myocardial I/R injury. 
Genetic screening studies have identified GSDMD as a 

Figure 4. The levels of proteins associated with pyroptosis in myocardial ischemia/reperfusion (I/R) injury in vivo. 
A–C, Myh6-Cre GSDMD+/+ mice (n=5 mice per group) were subjected to 30 min of ischemia followed by reperfusion for different times, 
and Western blot analysis was used to measure the levels of GSDMD (gasdermin D), GSDME (gasdermin E), and CASP11 (caspase-11). The 
target band was first normalized with β-actin and then calculated as fold changes vs sham groups. D, Representative GSDMD and caspase-11 
expression and colocalization in cardiomyocytes as shown by immunofluorescence analysis in murine hearts after 30 min of ischemia followed by 
reperfusion for 24 h. The data are expressed as the means±SEMs, P values were determined by Kruskal-Wallis test (A–C, P values adjusted for 
4 comparisons). cTnT indicates cardiac troponin T; and NS, not significant. 
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key mediator of pore formation in macrophages during 
pyroptosis.19,21,30–33 Our in vitro experiments revealed that 
H/R or oxidative stress caused cardiomyocyte pyroptosis, 
resulting in the production of large numbers of balloon-
shaped vesicles, which are characteristic of pyroptosis, 
and increased cardiomyocyte necrosis, as well as the 
release of LDH and IL-18. GSDMD deficiency reversed 
these pyroptotic effects in cardiomyocytes in response to 
H/R or oxidative stress. Our in vivo experiments showed 
that the levels of pyroptosis-associated proteins, includ-
ing GSDMD, GSDMD-N and caspase-11, were mark-
edly increased after myocardial I/R injury. Furthermore, 
GSDMD deficiency significantly reduced I/R-induced 
myocardial infarct size. Our findings suggest that cardio-
myocyte pyroptosis is a major determinant of the extent 
of myocardial I/R injury and that GSDMD may be a 
potential therapeutic target to alleviate myocardial I/R 

injury. Sex might affect I/R-induced myocardial injury in 
vivo, as female mice, rats, or rabbits showed reduced I/R 
injury compared with males in several experiments.34,35 
The difference can be partly explained by the impact of 
estrogen and estrogen receptors.35,36 Therefore, to avoid 
the impact of female sex on the experimental results, 
only male mice were used in animal experiment. Future 
studies are warranted to observe if our finding in male 
mice could be validated in female mice or not.

GSDMD plays an effector role in pyroptosis,37 and 
our results indicate that GSDMD gene deletion sig-
nificantly suppresses H/R-induced cardiomyocyte 
pyroptosis. Specifically, GSDMD-N is sufficient to drive 
pyroptosis, regardless of the cellular system. Further-
more, overexpression of GSDMD-N but not full-length 
GSDMD causes pyroptosis in cardiomyocytes. Our find-
ings are consistent with those of a previous study,38 in 

Figure 5. GSDMD (gasdermin D) deficiency in cardiomyocytes blocks myocardial ischemia/reperfusion (I/R) injury.
Wild-type (WT; n=10 per group), Myh6-Cre GSDMD +/+ (n=10 per group), GSDMDF/F (n=10 per group), and GSDMD-CKO (cardiomyocyte-
specific GSDMD-deficient; n=10 mice per group) mice were subjected to I/R injury (30 min of ischemia/24 h of reperfusion). A, Representative 
photographs of cross-sections stained with triphenyl tetrazolium chloride (TTC) and Evans blue (EB) to determine the extent of I/R injury. B and C, The 
ratios (right) of infarct size (IF, n=10) to area at risk (AAR, n=10) in the hearts. D, Serum LDH (lactate dehydrogenase) levels (n=10) of mice with I/R 
injury (30 min of ischemia/24 h of reperfusion). E, Representative photographs and quantitative analysis of myocardial Evans blue dye (EBD, n=10) 
uptake, which shows infarcted cardiomyocytes; viable cardiomyocytes were labeled by cTnT antibodies in WT, Myh6-Cre, GSDMDF/F, and GSDMD-
CKO (cardiomyocyte-specific GSDMD-deficient) mice (n=10 mice per group) subjected to I/R injury. The data are expressed as the means±SEM, 
the normal distribution was checked by the Shapiro-Wilk test, all P values were >0.05 indicated that the data were approximately normally distributed 
for each group. P values were determined by using 1-way ANOVA with Bonferroni multiple comparisons test (B, C, and F, P values adjusted for 3 
comparisons), 2-way ANOVA with Bonferroni multiple comparisons test (D). cTnT indicates cardiac troponin T; and NS, not significant. 
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which the N-terminal domain of GSDMD was demon-
strated to be essential for pyroptosis. GSDMD is a sub-
strate of inflammatory caspases; however, the cleavage 
mechanism of GSDMD activation is not well defined 
in cardiomyocytes. Therefore, we wanted to determine 
whether GSDMD was directly cleaved by inflammatory 
caspases. Our study revealed that caspase-11 expres-
sion was strongly induced in cardiomyocyte pyroptosis 
under H/R conditions. The inflammasome-related pro-
teins NLRP3 (NLR family pyrin domain containing 3) 
and apoptosis-associated speck-like protein containing 
are both required for caspase-1 activation; however, we 

found that these canonical inflammasome components 
were hardly expressed in cardiomyocytes, which was con-
sistent with previous findings.39 Thus, our results suggest 
that caspase-11 may be the only pathway available in 
cardiomyocytes to trigger pyroptosis. Our data show that 
caspase-11 knockout prevents the formation of GSDMD-
N and subsequent pyroptosis in cardiomyocytes, whereas 
caspase-1 knockout does not affect GSDMD-N avail-
ability. Thus, caspase-11/GSDMD-dependent pyroptosis 
in cardiomyocytes in response to H/R may be the main 
mechanism triggered by the noncanonical inflammasome 
in the context of myocardial I/R injury. In addition, oxidative 

Figure 6. Oxidative stress-induced pyroptosis in cardiomyocytes is mediated by GSDMD (gasdermin D). 
Adult cardiomyocytes from the ventricles of Myh6-Cre GSDMD+/+ mice (controls) or GSDMD-CKO (cardiomyocyte-specific GSDMD-deficient) 
mice were isolated. A, Representative adult cardiomyocytes treated with PBS or H2O2 (final concentration 200 μmol/L) for 2 h exhibited the 
pyroptotic morphological manifestations of prominent bubble-like formations, as well as propidium iodide (PI)-positive staining (black arrows 
indicate necrotic cardiomyocytes and prominent bubble-like formations). PI (red) was added to detect the loss of plasma membrane integrity, and 
fluorescent images were obtained by confocal microscopy. B (n=5), PI-positive and total (Hoechst-positive) cells were counted in 5 randomly 
selected fluorescence microscopic visual fields. C (n=5) and D (n=5), Cellular ATP levels and LDH (lactate dehydrogenase) (n=5) release in 
cardiomyocytes with the same treatment (LDH and ATP levels were calculated as fold changes vs control group). E (n=5), Adult cardiomyocytes 
were treated with vehicle or H2O2 (200 μmol/L) as indicated, and Western blot analysis was performed to measure GSDMD. The data are 
expressed as the means±SEMs, fold changes in protein levels in the treatment groups compared with the control groups were determined (the 
target band was first normalized with β-actin and then calculated as fold changes vs control groups). P values were determined by using 2-way 
ANOVA with Bonferroni multiple comparisons test (B, C, and D); 1-way ANOVA with Bonferroni multiple comparisons test (E); (E, P values 
adjusted for 4 comparisons). NS indicates not significant.
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stress is a major apoptotic and necrotic stimulus in the 
progression of I/R injury.7,40 Similar to H/R, H2O2 treat-
ment (mimicking the pathophysiological effects of oxida-
tive stress) also induced cardiomyocyte pyroptosis. NAC 
(an antioxidant that eliminates the effects of oxidative 
stress) decreased H/R-induced cardiomyocyte pyropto-
sis and upregulation of GSDMD-N and caspase11 pro-
tein levels in adult mouse cardiomyocytes. Taken together, 
these results suggested that oxidative stress may induce 
the interaction between C11 and GSDMD during pyrop-
tosis in H/R-induced cardiomyocytes.

A large amount of evidence indicates the importance 
of inflammation in the pathophysiology of myocardial I/R 
injury.39,41 IL-18 is a pleiotropic cytokine that belongs to 
the IL-1 family, and its expression is upregulated in various 
immune and infectious diseases, as well as in response to 
myocardial I/R. IL-18 further amplifies the inflammatory 
cascade by inducing additional cytokines, adhesion mol-
ecules, and chemokines.42–46 Neutralization of IL-18 sig-
nificantly attenuates I/R-induced tissue damage in vivo.31 
Our findings also showed that H/R markedly increased 
the expression of the proinflammatory cytokine IL-18 
and its release into the cell culture supernatant, but these 

effects were not observed for IL-1β. Additionally, GSDMD 
deletion blocked I/R-induced IL-18 release from car-
diomyocytes. Our findings are consistent with those of 
Chandrasekar et al,47 who showed that IL-18 mRNA and 
protein expression levels were upregulated and that the 
release of IL-18 into the cell culture supernatant was 
increased by oxidative stress in cardiomyocytes. IL-1β is 
the master switch in the inflammatory response and plays 
an important role in inflammatory cardiovascular dis-
eases48,49; however, IL-1β expression is low in cardiomyo-
cytes under oxidative stress. Our findings are consistent 
with the results of Kawaguchi et al,39 who showed that 
the expression of IL-1β was mainly derived from fibro-
blasts and that IL-1β was not significantly altered in car-
diomyocytes under oxidative stress conditions. Therefore, 
cardiomyocyte pyroptosis and release of the proinflam-
matory cytokine IL-18 may activate cardiac fibroblasts to 
induce the secondary production of cytokines.

The most important result of our study is that GSDMD 
is released into the peripheral culture media after car-
diomyocyte pyroptosis in response to H/R. Additionally, 
GSDMD levels are detectable after percutaneous coro-
nary intervention and I/R injury in patient sera. These 

Figure 7. GSDMD (gasdermin D) levels in the culture supernatants of cardiomyocytes and serum samples of patients after 
percutaneous coronary intervention (PCI).
Hypoxia/reoxygenation (H/R)-induced GSDMD release in adult cardiomyocytes, and cardiomyocytes were stimulated with H/R for 0.5/24 h. 
A, Culture supernatants were concentrated and analyzed by Western blotting. B (n=5), GSDMD levels in the culture supernatants at different 
reoxygenation times were measured by ELISA. C, GSDMD levels in the serum of patients with ST-segment–elevation myocardial infarction at 
different timepoints after PCI or in stable patients with coronary artery disease (CAD) by ELISA. The data are expressed as the means±SEMs. 
Data were analyzed using 1-way ANOVA with Bonferroni multiple comparisons test (B), repeated measures 2-way ANOVA with Bonferroni 
multiple comparisons test statistics obtained by ANOVA (C). MIRI indicates myocardial ischemia reperfusion injury.
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levels are significantly increased 1 hour after percutane-
ous coronary intervention compared with the preoperative 
levels and those of control patients without coronary artery 
disease, as determined by coronary angiography. These 
findings suggest that serum GSDMD levels may also be 
used for the diagnosis of myocardial I/R injury. However, 
further studies are warranted to investigate the details and 
elucidate the underlying associated mechanisms.

In conclusion, our data demonstrate that GSDMD-
induced pyroptosis plays a pivotal role in the pathogen-
esis of myocardial I/R injury and that cardiomyocyte 
pyroptosis is mainly regulated via the caspase-11/
GSDMD signaling pathway under oxidative stress condi-
tions (Figure 8). These findings provide new insights into 
the treatment of myocardial I/R injury.

Furthermore, GSDMD may be a potential biomarker and 
therapeutic target for the identification and treatment of car-
diomyocyte pyroptosis and subsequent myocardial I/R injury.
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