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Background: Gasdermin D (GSDMD) plays an essential role in the pathway of

pyroptosis. However, whether GSDMD participates in myocardial ischaemia/

reperfusion injury (MI/RI) remains poorly understood.

Methods: Serum levels of GSDMD and IL-18 in ST-segment elevation

myocardial infarction (STEMI) patients were measured by ELISA. The

expression of GSDMD and GSDMD N-terminal (GSDMD-NT) in vivo and in

vitro was assessed by western blot and immunofluorescence staining.

GSDMD-/- mice and wild type (WT) mice were induced MI/RI, followed by

cardiac ultrasound and histological analysis.

Results: Clinically, patients suffering from STEMI after percutaneous coronary

intervention (PCI) exhibited higher levels of GSDMD and IL-18 than that in the

controls. In vitro, the cleavage of GSDMD was significantly upregulated in

macrophages exposed to hypoxia/reoxygenation or H2O2. In vivo, the levels of

GSDMD and GSDMD-NT increased notably after MI/RI, especially in

macrophages infiltrating in the infarct area. Moreover, compared with WT

mice, GSDMD-/- mice showed reduced infarct size (25.45 ± 3.07% versus

36.47 ± 3.72%), improved left ventricular ejection fraction (37.71 ± 1.81% versus

29.44 ± 2.28%) and left ventricular fractional shortening (18.01 ± 0.97% versus

13.62 ± 1.15%) as well as attenuated pathological damage after I/R injury, along

with reduced levels of proinflammatory cytokines and decreased infiltration of

neutrophils.

Conclusions:Our study revealed that GSDMD deficiency significantly alleviated

the inflammatory response by regulating pyroptosis, reduced the infarct size

and preserved cardiac function after MI/RI, thus providing a potential strategy

for the treatment of myocardial reperfusion injury.
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Introduction

Acute myocardial infarction (AMI) resulted from sudden

coronary artery occlusion causes high level of mortality

worldwide (1, 2). Restoring blood flow as soon as possible is

the most important and urgent treatment to limit the infarct area

and improve cardiac function. However, sudden reperfusion of

the ischaemic area exacerbates myocardial injury and further

increases the infarct size by half, which is known as myocardial

ischaemia/reperfusion injury (MI/RI) (2, 3). Multiple studies

have demonstrated that the inflammatory response, calcium

overload and oxidative stress are involved in this complex and

dynamic process and induce various modes of cardiomyocyte

death (2, 4, 5). However, due to various reasons, such as the

significant differences between animal models and AMI patients,

many effective therapeutic strategies in the laboratory have been

proved limited in clinical efficacy (5–10). Therefore, the

underlying mechanisms and new effective therapeutic

strategies are urgent to be explored.

Inflammatory response plays a pivotal role in the MI/RI (11).

Damage to the myocardium triggers a robust inflammatory

cascade with immune cell infiltration and proinflammatory

cytokine release. Pyroptosis, a proinflammatory form of

programmed cell death, is characterized by activated caspase-1

and the release of mature IL-1b and IL-18 (12). The injured

myocardium releases various damage-associated molecular

patterns (DAMPs), which are detected by sensor molecules on

the cell surface and prompt the transcription of NLRP3 and pro-

IL-1b (13, 14). Secondary signals, such as ATP or reactive

oxygen species (ROS), activate inflammasomes and initiate the

self-cleavage of caspase-1 and the maturation of pro-IL-1b and

pro-IL-18 (15). However, these mature cytokines are not

released through the classic endoplasmic reticulum-Golgi

secretion pathway (16). According to recent studies (17, 18),

cytosolic GSDMDmay be a key effector protein in the formation

of specific channels for the release of these cytokines.

GSDMD, the executor of pyroptosis, is mainly expressed

in immune cells and intestinal epithelial cells (19), and can be

cleaved by activated caspase-1 or other inflammatory caspases

to generate N-terminal p30-GSDMD (GSDMD-NT), which

subsequently oligomerizes, translocates and perforates the cell

membrane (20). The oligomerization of GSDMD-NT is

inhibited by its C-terminal portion (21). Due to the inner

diameter of the pores, IL-1b and IL-18 can be released into the

extracellular matrix (22, 23). The pathological role of GSDMD

has been validated in many inflammatory diseases, such as

inflammatory bowel disease (24, 25) , autoimmune

encephalitis (26), and alcoholic steatohepatitis (27), as well

as various I/R injury models of the brain (28), liver (29, 30)

and intestine (31). The researches showed that GSDMD

played an role in AMI (32) and MI/RI (33, 34). However,

the underlying specific mechanisms of GSDMD in MI/RI still

remains unclear.
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In this study, we investigated the expression of GSDMD and

characterized its role in MI/RI employing GSDMD deficient

mice. We demonstrated that the loss of GSDMD ameliorated

MI/RI by reducing the release of inflammatory cytokines and the

infiltration of neutrophils. We proposed that GSDMD may

provide a new target for the treatment of MI/RI.
Materials and methods

Materials

Antibodies against GSDMD (cat: ab209845), caspase-1 (cat:

ab179515) and F4/80 (cat: ab100790) were from Abcam

(Cambridge, UK), antibodies against b-actin (cat: GB12001)

and Ly-6G (cat: GB11229) were from Servicebio (Wuhan,

China), and antibodies against NLRP3 (cat: 15101) and IL-1b
(cat: 12242) were from Cell Signaling Technology (Danvers,

USA). The IL-1b, IL-18 and IL-6 of mouse ELISA kits and IL-18

of human ELISA Kit were from MultiSciences (Hangzhou,

China), and the GSDMD of human ELISA kit (ab272463) was

from Abcam. 2,3,5-triphenyltetrazolium chloride (TTC, cat:

T8877) and Evans blue (cat: T2129) were from Sigma-Aldrich

(St Louis, USA). DCFH-DA (cat: HY-D0940) and disulfiram

(cat: HY-B0240) were from MedChemExpress (State of New

Jersey, USA). N-acetyl-L-cysteine (cat: S0077) was from

Beyotime Biotechnology (Shanghai, China).
The recruitment of control patients and
STEMI patients

Serum samples were obtained from control patients and 29

STEMI patients before and after PCI. The STEMI patients were

diagnosed by clinical manifestations, laboratory examinations,

electrocardiography and coronary angiography. The average

time from symptom onset to reperfusion was 5.56 ± 1.16

hours and the blood flow on reperfusion was evaluated as

TIMI 3. Patients who felt chest discomfort but had normal

coronary arteries assessed by coronary angiography were

included in the control group. Our research was approved by

the Institutional Research Ethics Committee of Shanghai

Minhang Hospital (Shanghai, China), and written informed

consent from each patient was obtained.
Cell culture and treatments

Ana-1 cells, J774a.1 cells and H9c2 cells were obtained from

the Chinese Academy of Sciences (Shanghai, China) and

cultured according to standard protocols. The adult primary

cardiomyocytes were isolated and cultured according to the

research (35). To induce I/R in vitro, cells were placed in
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glucose- and serum-free DMEM and incubated in a hypoxic

culture chamber (1% O2, 5% CO2 balanced with N2) for 6 hours.

Then, the medium was replaced with high-glucose DMEM, and

the cells were moved to a normal incubator (95% air and 5%

CO2) for at least one more hour. The cells were photographed by

the inverted immunofluorescence microscope (Olympus

Corporation, Japan). In addition, Ana-1 cells were challenged

with normal DMEM containing 100 mM or 200 mMH2O2 for six

hours to mimic oxidative stress. Besides, DMEM containing

5mM NAC or 5mM disulfiram were used to culture cells for 2

hours before H2O2 stimulation. The level of LDH release in the

supernatant was measured by CytoTox 96® Non-Radio

Cytotoxicity Assay (cat: G1781, Promega, Wisconsin, USA) to

evaluate the cell death. The level of cellular ROS was stained with

DCFH-DA and measured by flow cytometry (36).
Western Blot

Protein was isolated from heart tissues and cultured cells,

processed as previously described (37), and incubated with

specific antibodies against GSDMD, NLRP3, mature IL-1b,
ASC and cleaved caspase-1. Afterwards, ECL reagent

(Meilunbio, Dalian, China) was used to visualize the specific

binding, and semiquantitative analysis was performed by ImageJ

software (National Institutes of Health, Bethesda, MD, USA).
Mice

Mice were housed under specific pathogen-free (SPF)

conditions, and all animal experiments were carried out with

the approval of the Animal Ethics Committee of the School of

Pharmacy at Fudan University. Wild-type (WT) C57BL/6 mice

(22-27 g, male, 10–14 weeks old, SPF Biotechnology Company,

Beijing, China) served as controls. GSDMD deficient mice were

generated as previously described (23).
The myocardial I/R model

First, the mice were anaesthetized with 1.5% isoflurane gas.

Then, we disinfected the left side of the chest, made a vertical

incision, opened the third intercostal muscle and pushed the

heart out. The left anterior descending coronary artery (LAD)

was exposed and immediately ligated. Visual observation of

myocardial blanching was an indication of successful

modelling. After 45 minutes of myocardial ischaemia, the slip

knot was loosened. The mice in sham group underwent the same

surgical procedures without tying the slipknot. The mice were

sacrificed at specific time points, and then serum and heart tissue

were collected for further analysis.
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Echocardiography

Echocardiography was performed on the third day after

surgery. Mice were anaesthetized by inhaling isoflurane, and the

heart rate was maintained above 400 bpm. M-mode images were

acquired with a 40 MHz probe on a Vevo 2100 (Visual Sonics

Inc., Toronto, Canada). The left ventricle ejection fraction

(LVEF) and left ventricle fractional shortening (LVFS) were

determined on the instrument in a blinded manner.
Evans blue and TTC staining

On the first day after surgery, the LAD was occluded again,

and 2% Evans blue was injected into the left ventricle (LV) until

the heart turned blue. The heart was frozen immediately in dry

ice and excised into five-to-six slices, which were incubated in

1.5% TTC solution at 37 °C for 15-20 minutes, fixed in 5%

paraformaldehyde overnight, placed on paper and finally

photographed by a digital camera. The area at risk (AAR) and

infarct area (IA) were analyzed by ImageJ software.
Immunohistochemistry (IHC) and
immunofluorescence (IF) analysis

Before further immunostaining, heart tissue was assessed by

haematoxylin and eosin (H&E) staining. Deparaffinization and

antigen retrieval were performed on paraffin-embedded tissue

sections to prepare for subsequent staining. IHC staining of Ly-

6G (1:200) with haematoxylin was used to assess the infiltration

of neutrophils. For IF analysis, the heart sections were incubated

with anti-F4/80 and anti-GSDMD primary antibodies,

counterstained with Hoechst 33342 and imaged by the

LSM710 confocal microscope (ZEISS, Jena, Germany).
ELISA

The levels of target cytokines in mouse or patient serum were

evaluated by commercial ELISA kits according to

the instructions.
mRNA sequencing analysis

Total RNA was extracted from the infarct area on the third

day after MI/RI. RNA concentration, integrity and purity were

assessed. Then, mRNA was separated, broken into short

fragments and synthesized into double-stranded cDNA, which

was purified using AmpureBeads (Beckman, California,

America). Then, dA-tails and sequencing connectors were
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added to the end-repair-product of the cDNA. Purification and

screening were performed by AmpureBeads. PCR was

performed again to obtain the cDNA library. Finally, mRNA

sequencing was performed on a Nova 6000 Sequencer (Illumina,

California, America).
Statistical analysis

All quantitative results were presented as the mean ± SEM or

median with interquartile ranges. Student’s t tests or the Mann-

Whitney U test were employed to perform comparisons between

two groups. These analyses were realized by SPSS version 20. *P <

0.05 and **P < 0.01 indicated the statistical significance.
Results

The level of GSDMD further increased in
STEMI patients after PCI

Our study included 29 STEMI patients and 23 control

subjects and the baseline characteristics of the patients were

shown in Supplemental Table 1. We collected the serum from

patients to figure out the levels of GSDMD and IL-18 across the

entire process of ischemia and reperfusion. The serum level of

GSDMD was not higher in STEMI patients before PCI than in

controls. Although there was only minor difference between

before PCI and after PCI, the level of GSDMD was higher in

STEMI patients after PCI than in controls (p < 0.01) (Figure 1A).

Meanwhile, the serum level of IL-18, a key player in pyroptosis,

was also measured. Similar to the changes in GSDMD, serum IL-

18 in STEMI patients after PCI was increased compared with

controls (Figure 1B). These results suggested that pyroptosis and

GSDMD might be involved in whole process of MI/RI.
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H/R induced macrophages pyroptosis in
vitro with the cleavage of GSDMD

First, H9c2 cardiomyocytes were stimulated with hypoxia/

reoxygenation (H/R), and the results of western blot showed that

the levels of GSDMD-NT, NLRP3 and mature IL-1b increased at
different time points after reoxygenation (Figure S1). H9c2 cells,

the modified cell line derived from embryonic rat heart tissue,

shared some properties with skeletal muscle and could

transdifferentiate into skeletal myotubes in no-serum medium

(35, 38). The metabolism and voltage-dependent calcium

channels of H9c2 cells varied when in different differentiation

stage, which would influence the real results of interventions.

Besides, the gene expression in H9c2 cells was extremely

different from adult cardiomyocytes, which would cause the

unsuccessful clinical translation of cardioprotection

interventions because AMI was almost exclusively in the adult

population (38, 39). Therefore, due to the substantial limitations

of H9c2 cells for cardioprotection research, the freshly isolated

adult cardiomyocytes, the ideal gold standard for H/R

experiments, was adopted to stimulated with H/R. Western

blot analysis showed that the levels of GSDMD-NT and

NLRP3 increased after reoxygenation in adult primary

cardiomyocytes (Figure 2A). GSDMD is mainly expressed in

macrophages and intestinal epithelial cells (19). Ana-1 cells and

J774a.1 cells became round and showed blebbing after

reoxygenation compared with the control group (Figure 2B).

The expression levels of NLRP3, GSDMD-NT, cleaved caspase-1

and mature IL-1b rose significantly in Ana-1 cells exposed to H/

R (Figure 2C). Meanwhile, the level of GSDMD-NT was

upregulated in J774a.1 cells after reoxygenation (Figure 2D).

Furthermore, the level of LDH in the supernatant was markedly

increased in Ana-1 cells after H/R (Figure 2E). These results

showed that H/R could induce pyroptosis in macrophages with

GSDMD cleavage.
BA

FIGURE 1

The serum levels of GSDMD. (A) and IL-18 (B) in STEMI patients (n=29) before and after PCI and control subjects (n=23). Comparisons were
performed by one-way ANOVA with post-hoc tests (** and ns indicated p<0.01 and not significant, respectively).
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Oxidative stress induced macrophages
pyroptosis in vitro

H2O2 was used to simulate oxidative stress during MI/RI

(40, 41). Compared with the control group, Ana-1 cells

stimulated with H2O2 exhibited increased levels of GSDMD-

NT, mature IL-1b and NLRP3 compared with the control group.

(Figures 3A, C), higher levels of LDH release (Figure 3B) and

significant morphological changes (Figure 3D). Moreover,

compared with the effects of low-dose H2O2, these changes

were more obvious in response to high-dose H2O2. However,

the relationship between oxidative stress and pyroptosis in MI/

RI remained unclear. So N-acetyl-L-cysteine (NAC), an
Frontiers in Immunology 05
oxidative stress inhibitor, and disulfiram (DSF) inhibiting

GSDMD-mediated pyroptosis and inflammatory cytokines

release (42)were used to figure it out. The western blot showed

that the levels of NLRP3, GSDMD-NT and cleaved caspase-1

reduced when NAC was added after H2O2 stimulation, which

indicated that inhibiting oxidative stress would reduce

pyroptosis (Figures S2A, S2B). The results of flow cytometry

showed that the level of cellular ROS increased after H2O2

stimulation and reduced when added with disulfiram,

suggesting that inhibiting pyroptosis would alleviate oxidative

stress (Figures S2C, S2D). Therefore, these results suggested

oxidative stress and pyroptosis were relatively independent but

affected each other in MI/RI.
B

C D

E

A

FIGURE 2

(A), Immunoblot analysis of NLRP3, GSDMD and GSDMD-NT protein expression in adult primary cardiomyocytes subjected to hypoxia for 6
hours and reoxygenation for 12 hours. (B), Representative images of Ana-1 cells and J774a.1 cells after different treatments were acquired by
microscopy. (C), Representative Western blots showing NLRP3, GSDMD, GSDMD-NT, mature IL-1b and cleaved caspase-1 in Ana-1 cells treated
with hypoxia for 6 hours and reoxygenation for 1 hour. (D), Representative Western blots showing GSDMD, GSDMD-NT in J774a.1 cells treated
with hypoxia and reoxygenation. (E), The level of LDH released in the supernatant from Ana-1 cells after H/R. (* indicated p<0.05).
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The expression level of GSDMD
increased after MI/RI

Western blot analysis showed that the GSDMD-NT

increased as early as 2 hours after reperfusion, peaked on Day

1, and then gradually decreased until Day 7 when it approached

baseline levels (Figures 4A, D). The expression of GSDMD

showed a different pattern and peaked on the third day after

surgery (Figures 4A, B). The other proteins in the pyroptosis

pathway, such as ASC, cleaved caspase-1 and mature IL-1b, all
increased after surgery (Figure 4C). Immunofluorescence

staining demonstrated obvious colocalization of GSDMD and

F4/80, suggesting that GSDMD was mainly expressed in F4/80+

macrophages infiltrating in the infarct area (Figure 4E), which

was consistent with previous studies (19, 31).
GSDMD deficiency attenuated MI/RI

To illustrate the effect of GSDMD on MI/RI, GSDMD-/- mice

and WT mice were used to establish myocardial reperfusion injury,
Frontiers in Immunology 06
and then infarct size, heart function and pathological damage were

assessed. Because the highest level of GSDMD-NT occurred on the

first day after I/R, we performed Evans blue/TTC double staining at

that time to assess the extent of injury. With a similar AAR/LV, the

IA/AAR was much lower in GSDMD-/- mice than in WT mice

(36.47 ± 3.724% versus 25.45 ± 3.07%) (Figures 5A, B). On the third

day after reperfusion, echocardiography was performed to measure

LVEF and LVFS and evaluate the effect of GSDMD on cardiac

function. Compared with those in the sham group, mice that

underwent I/R exhibited extremely decreased LVEF and LVFS.

As shown in Figures 5C, D, the LVEF and LVFS were significantly

higher (37.71 ± 1.81% versus 29.44 ± 2.28%, 18.01 ± 0.97% versus

13.62 ± 1.15%, respectively) in GSDMD-/- mice after I/R than in

WT mice, suggesting that the loss of GSDMD could alleviate the

impairment in cardiac function after I/R. This finding was further

confirmed by histopathological alterations, as shown by H&E

staining. Compared with sham-operated WT mice, post-I/R WT

mice had disorganized cardiomyocytes and robust infiltration of

inflammatory cells and erythrocytes, but these effects were

significantly ameliorated in the GSDMD deficient group, which

indicated the alleviation of myocardial injury (Figure 5E).
B

C

D

A

FIGURE 3

(A, C), Representative Western blots (A) and averaged data (C) of NLRP3, GSDMD, GSDMD-NT and mature IL-1b in Ana-1 cells treated with H2O2. (B),
The level of LDH released in the supernatant from Ana-1 cells exposed to H2O2. (D), Representative images of Ana-1 cells after H2O2 treatment. (* and
** indicated p<0.05 and p<0.01, respectively).
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GSDMD deficiency alleviated the
inflammatory response

Compared with those in the sham group, the serum levels of

IL-1b (Figure 6A) and IL-18 (Figure 6B) in WT mice increased

significantly after I/R, but were notably reduced in the GSDMD-/-

group. In addition, we measured the level of IL-6, a critical

proinflammatory cytokine, which was markedly higher in WT

mice than in GSDMD-/- mice after I/R (Figure 6C). Furthermore,

the IHC results showed that the infiltration of Ly-6G+ neutrophils

was much more in WTmice after I/R than in sham mice, but this

effect was strikingly suppressed in GSDMD-/- mice (Figure 6D),

suggesting that GSDMD deficiency inhibited the infiltration of
Frontiers in Immunology 07
neutrophils. Our results showed that the inflammatory response

was alleviated in GSDMD-/- mice after I/R compared toWTmice,

which was consistent with the results of echocardiography and

Evans Blue/TTC double staining.
GSDMD deficiency regulated the
inflammatory response and
heart function

To further clarify the mechanisms by which GSDMD

deficiency protected against myocardial reperfusion injury,

mRNA sequencing was performed on the infarct area in each
B

C D

E

A

FIGURE 4

(A, B, D), Immunoblot analysis (A) and averaged data (B, D) of GSDMD and GSDMD-NT in the infarct area of heart tissue at different time points
after myocardial reperfusion injury. (C) Representative Western blots showing ASC, mature IL-1b and cleaved caspase-1 in the infarct area of
heart tissue at different time points after MI/RI. (E) Immunofluorescence staining of GSDMD and F4/80 in heart tissue on Day 1 after I/R. (* and
** indicated p<0.05 and p<0.01, respectively).
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group on Day 3 post I/R. Compared with those in the WT-I/R

group, 1037 genes were upregulated significantly and 407 genes

were downregulated in the GSDMD-/–I/R group. Heatmap

analysis showed that the differentially expressed genes were

mainly related to proinflammatory responses (such as Il-6 and

Il1f9) and cell death (such as Tnfrsf9) (Figure 7A). Furthermore,

Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway

enrichment analysis showed that the most significantly altered

pathways between the two groups were related to inflammatory

responses (such as cytokine-cytokine receptor interactions and

cell adhesion molecules) (Figure 7B), which indicated the vital

role of GSDMD in the inflammation.

In addition, the KEGG results also showed that cardiac

function-related pathways (such as the renin-angiotensin

system and cardiac muscle contraction) (Figure 7C) were
Frontiers in Immunology 08
highly enriched. Among these pathways, enrichment of the

calcium signaling pathway was the most significant and was

closely related to the calcium ion concentration in

cardiomyocyte. Calcium overload is one of the most important

mechanisms in MI/RI. As a pore-forming protein, GSDMD

disrupts the integrity of the membrane and alters cellular

osmotic pressure, which affects calcium ion transport.

Therefore, we performed Gene Ontology (GO) enrichment

analysis to further examine the changes in molecular functions

and biological processes. The GO analysis results (Figure 7D)

showed that the top 20 GO terms were mainly related to plasma

membrane composi t ion , ion channel act iv i ty and

transmembrane transport. These results suggested that

GSDMD deficiency may regulate cardiac function by changing

ion transport.
B

C

D

E

A

FIGURE 5

(A), Representative images showing heart tissues from both WT mice and GSDMD-/- mice after Evans blue-TTC staining on Day 1 after I/R. (B),
The average AAR/LV and IA/AAR in WT mice and GSDMD-/- mice (n=8-10). (C, D), M-mode echocardiographic images (C) and analysis of LVEF
and LVFS (D) in WT mice and GSDMD-/- mice on Day 3 after I/R injury or sham surgery. (E) Representative H&E staining of heart tissue from WT
mice and GSDMD-/- mice on Day 1 after I/R injury or sham operation. (ns, * and ** indicated not significant, p<0.05 and p<0.01, respectively).
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Discussion

With the development and popularization of primary PCI,

the mortality of AMI has decreased sharply. Restoring the

occluded artery is the prerequisite for reducing infarct size.

However, the reperfusion after an ischaemic episode causes

another shock to living cardiomyocytes, leading to increased

infarct sizes and even heart failure. Therefore, the therapeutic

efficacy of AMI has been severely hampered. Since the concept of

MI/RI was first described in 1960 (43), a large number of studies

have been implemented to identify and explore protective

interventions (44, 45). Despite over six decades of research,

effective experimental interventions still cannot be translated

into successful clinical applications. Given the complex

underlying mechanisms and high clinical benefits, new insights

and interventions are urgently needed.

Inspired by the importance of GSDMD in the release of IL-

1b and clinical results, we studied the role of GSDMD in MI/RI.

The results showed that GSDMD and GSDMD-NT upregulated

after MI/RI, and GSDMD was mainly expressed in macrophage

infiltrating in the infarct area. GSDMD deficiency considerably

alleviated MI/RI and improved cardiac function by attenuating

the release of inflammatory cytokines and the infiltration of

neutrophils. The in vitro results further suggested the function of

macrophages. Moreover, mRNA-sequencing analysis provided

deeper perspectives on the potential mechanisms.

Many studies have demonstrated that both innate and

adaptive immune responses are involved in MI/RI. DAMPs

released by the injured myocardium trigger inflammatory
Frontiers in Immunology 09
responses. Dectin-1, a C-type lectin receptor, aggravates MI/RI

by increasing the infiltration of inflammatory cells and the

release of proinflammatory cytokines (37). Inhibiting TLR2, a

Toll-like receptor, or knocking it out can all mitigate the

inflammatory response, thus ameliorating MI/RI (46).

However, we still do not know which specific ligands bind to

these receptors and trigger inflammatory cascades. In addition,

the downstream pathways that correlate with the release of

various inflammatory cytokines have become the targets of

interventions. IL-1b, the central cytokine in MI/RI, can recruit

a large number of inflammatory cells, promote the synthesis of

inflammatory cytokines and exacerbate myocardial damage. The

administration of a recombinant IL-1 receptor antagonist

reduced apoptosis and improved heart function after AMI

(47). IL-18 (48) belongs to the IL-1 superfamily, and

neutralizing IL-18 exerts cardioprotective effects after MI/RI

(49, 50). Caspase-1 is responsible for IL-1b maturation and

subsequent cell death, exerting a pernicious effect on MI/RI (51,

52). Due to the importance of these cytokines in MI/RI, any

interventions that target themmay be promising for treating this

disease. In our study, knocking out GSDMD exhibited much

lower serum levels of these two cytokines than WT mice after

myocardial reperfusion injury, suggesting that GSDMD might

be an effective intervention target. The latest researches (33, 34)

showed that the loss of cardiomyocyte-specific GSDMD would

reduce the infarct size and improve the heart function after MI/

RI. Our study showed that the effect of pyroptosis on

cardiomyocytes was limited and it suggested that there were

other cells-mediated pyroptosis in MI/RI. Except for
B C

D

A

FIGURE 6

(A–C), Serum levels of IL-1b (A), IL-18 (B) and IL-6 (C) in WT mice and GSDMD-/- mice on Day 3 after I/R injury or sham surgery. (D) Representative
images showing immunohistochemical staining of heart tissue from WT mice and GSDMD-/- mice on Day 3 after I/R injury or sham operation. (* and **
indicated p<0.05 and p<0.01, respectively).
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cardiomyocytes, there were endothelial, cardiac fibroblasts,

smooth muscle cells and immune cells in the myocardium.

The expression level of GSDMD in immune cells, such as

monocytes and macrophages, were relatively higher than in

other cells (53, 54). However, the research showed that infarct

size after 45 min coronary occlusion was nearly final at the latest

after 1 h reperfusion, way before many recruited inflammatory

cells infiltrating (4, 55). So we focused on the tissue-resident

immune cells and the research indicated that the resident
Frontiers in Immunology 10
macrophages were the most prominent population among

cardiac leukocytes (56). Various researches had showed the

important role of cardiac resident macrophages under

physiology or pathology conditions (57, 58). IL-18, a critical

cytokine in pyroptosis, was also observed in the resident

myocardial macrophages (59). So we adopted macrophages in

the in vitro experiments, and found that there were intense

pyroptosis and incresed level of GSDMD cleavage in

macrophages after H/R. Therefore, in view of the existence
B

C D

A

FIGURE 7

(A), Heatmap showing significantly altered inflammation-related and apoptosis-related genes between WT mice and GSDMD-/- mice on Day 3
after I/R. (B, C), KEGG pathway analysis of inflammatory response-related genes (B) and cardiac function-related genes (C) in WT mice and
GSDMD-/- mice after surgery. (D) The results of GO analysis between WT mice and GSDMD-/- mice after I/R.
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and function of resident macrophages in the myocardium, we

supposed that the GSDMD on resident macrophages might be

involved in MI/RI. These results enriched the mechanisms of

GSDMD in MI/RI.

In add i t ion to inflammatory cy tok ines , many

proinflammatory mediators, such as SQSTM1 (60) and HMGB1

(61), can be released through GSDMD-mediated pyroptosis and

aggravate inflammatory damage. According to the latest research,

NLRP3 can be released via the pores formed by GSDMD-NT in

hepatocytes and taken up by stellate cells, which leads to

prolonged inflammation and intense fibrosis (62). Interestingly,

before the rupture of the cell, GSDMD-NT can perforate the

membranes of organelles, such as mitochondria and lysosomes,

and cause the nonselective release of organellar proteins (63).

GSDMD-NT oligomerizes on azurophilic granules and promotes

the release of elastase into the cytosol, which in turn increases the

cleavage of GSDMD (64). Besides, GSDMD-NT binds LC3+

autophagosomes and facilitates ATG7-dependent secretion of

IL-1b (64). Furthermore, GSDMD can be activated by cleaved

caspase-11 and perforate the nuclear membrane, causing the

leakage of DNA and promoting the formation of neutrophil

extracellular traps, which has been validated in many

autoimmune diseases (65). GSDMD-NT can permeabilize

mitochondria and activate caspase-3 by releasing cytochrome c

(66). In addition, GSDMD-NT increases the production of ROS in

mitochondria and activates inflammasomes (67). Except forming

the classic membrane pore, GSDMD is involved in mediating the

release of small extracellular vesicles containing IL-1b, which is a

nonlytic effect (68). Therefore, more specific mechanisms of

GSDMD in MI/RI need to be further explored.

However, there are still some issues requiring further in-

depth investigations. First, despite functional data demonstrating

the high expression of GSDMD in macrophages and the

contribution of GSDMD to exacerbating MI/RI, we did not

confirm the exact effect of GSDMD on macrophages during

this process. In the future, we will perform bone marrow

transplantation or macrophage-specific knockout to verify the

cell-specific function of GSDMD. Second, we found that

macrophages challenged with H/R or H2O2 exhibited obvious

pyroptosis and upregulated expression of GSDMD-NT, and

these findings need to be verified in GSDMD knockout cells.

Third, although the level of GSDMD in the STEMI patients after

PCI was higher than it in controls, the role of GSDMD in the

clinical need to be investigated further.
Conclusions

Our study showed that the loss of GSDMD would mitigate

cardiac damage induced by myocardial ischaemia-reperfusion
Frontiers in Immunology 11
by inhibiting the release of IL-1b and IL-18 and the infiltration

of neutrophils. These results suggested that GSDMD might be

involved in I/R injury, which may provide a potential target

for treatment.
Data availability statement

The data presented in the study are deposited in the NCBI SRA

repository, accession number PRJNA878781.
Ethics statement

The studies involving human participants were reviewed and

approved by the Institutional research Ethics Committee of

Shanghai Minhang Hospital. The patients/participants

provided their written informed consent to participate in this

study. The animal study was reviewed and approved by the

Animal Ethics Committee of the School of Pharmacy at Fudan

University. Written informed consent was obtained from the

individual(s) for the publication of any potentially identifiable

images or data included in this article.
Author contributions

XY and PZ designed and performed experiments, analyzed

data, and wrote the paper; YZ performed experiments and

analyzed data; JL analyzed and interpreted data; CX and ZW

provided intellectual contribution; DJ and WH studied

conceptualization, designed experiments, and obtained

funding. All authors contributed to the article and approved

the submitted version.
Funding

This study was supported by grants from the National

Natural Science Foundation of China (Grant No. 82073752),

the Shanghai Science and Technology Fund (20JC1411000 and

20S11904700) and the Natural Science Foundation of Shanghai

Municipality (19ZR1446000).
Acknowledgments

We thank Dr. Feng Shao for sharing GSDMD-/- mice.

Besides, we thank Jiajun Fan for helping in designing

the experiments.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.893914
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ye et al. 10.3389/fimmu.2022.893914
Conflict of interest

Author ZW was employed by TAU Cambridge Ltd.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Immunology 12
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.893914/full#supplementary-material
References
1. Nowbar AN, Gitto M, Howard JP, Francis DP, Al-Lamee R. Mortality from
ischemic heart disease. Circ Cardiovasc Qual Outcomes (2019) 12(6):e005375. doi:
10.1161/CIRCOUTCOMES.118.005375

2. Yellon DM, Hausenloy DJ. Myocardial reperfusion injury. N Engl J Med
(2007) 357(11):1121–35. doi: 10.1056/NEJMra071667

3. Neri M, Riezzo I, Pascale N, Pomara C, Turillazzi E. Ischemia/Reperfusion
injury following acutemyocardial infarction: A critical issue for clinicians and forensic
pathologists. Mediators Inflamm (2017) 2017:7018393. doi: 10.1155/2017/7018393

4. Heusch G. Myocardial ischaemia-reperfusion injury and cardioprotection in
perspective. Nat Rev Cardiol (2020) 17(12):773–89. doi: 10.1038/s41569-020-0403-y

5. Heusch G, Gersh BJ. The pathophysiology of acute myocardial infarction and
strategies of protection beyond reperfusion: A continual challenge. Eur Heart J
(2017) 38(11):774–84. doi: 10.1093/eurheartj/ehw224

6. Bøtker HE, Cabrera-Fuentes HA, Ruiz-Meana M, Heusch G, Ovize M.
Translational issues for mitoprotective agents as adjunct to reperfusion therapy
in patients with ST-segment elevation myocardial infarction. J Cell Mol Med (2020)
24(5):2717–29. doi: 10.1111/jcmm.14953

7. Heusch G. Critical issues for the translation of cardioprotection. Circ Res
(2017) 120(9):1477–86. doi: 10.1161/CIRCRESAHA.117.310820

8. Hjortbak MV, Olesen KKW, Seefeldt JM, Lassen TR, Jensen RV, Perkins A,
et al. Translation of experimental cardioprotective capability of P2Y(12) inhibitors
into clinical outcome in patients with ST-elevation myocardial infarction. Basic Res
Cardiol (2021) 116(1):36. doi: 10.1007/s00395-021-00870-y

9. Kloner RA. Current state of clinical translation of cardioprotective agents for
acute myocardial infarction. Circ Res (2013) 113(4):451–63. doi: 10.1161/
CIRCRESAHA.112.300627

10. Shin HS, Shin HH, Shudo Y. Current status and limitations of myocardial
infarction Large animal models in cardiovascular translational research. Front
Bioeng Biotechnol (2021) 9:673683. doi: 10.3389/fbioe.2021.673683

11. Sun K, Li YY, Jin J. A double-edged sword of immuno-microenvironment in
cardiac homeostasis and injury repair. Signal Transduct Target Ther (2021) 6(1):79.
doi: 10.1038/s41392-020-00455-6

12. Jia C, Chen H, Zhang J, Zhou K, Zhuge Y, Niu C, et al. Role of pyroptosis in
cardiovascular diseases. Int Immunopharmacol (2019) 67:311–8. doi: 10.1016/
j.intimp.2018.12.028

13. Toldo S, Abbate A. The NLRP3 inflammasome in acute myocardial
infarction. Nat Rev Cardiol (2018) 15(4):203–14. doi: 10.1038/nrcardio.2017.161

14. Ionita MG, Arslan F, de Kleijn DP, Pasterkamp G. Endogenous
inflammatory molecules engage toll-like receptors in cardiovascular disease. J
Innate Immun (2010) 2(4):307–15. doi: 10.1159/000314270

15. Shao BZ, Xu ZQ, Han BZ, Su DF, Liu C. NLRP3 inflammasome and its
inhibitors: a review. Front Pharmacol (2015) 6:262. doi: 10.3389/fphar.2015.00262

16. Lopez-Castejon G, Brough D. Understanding the mechanism of IL-1b
secretion. Cytokine Growth Factor Rev (2011) 22(4):189–95. doi: 10.1016/
j.cytogfr.2011.10.001

17. He WT, Wan H, Hu L, Chen P, Wang X, Huang Z, et al. Gasdermin d is an
executor of pyroptosis and required for interleukin-1b secretion. Cell Res (2015) 25
(12):1285–98. doi: 10.1038/cr.2015.139
18. Xia S, Zhang Z, Magupalli VG, Pablo JL, Dong Y, Vora SM, et al. Gasdermin
d pore structure reveals preferential release of mature interleukin-1. Nature. (2021)
593(7860):607–11. doi: 10.1038/s41586-021-03478-3

19. Tamura M, Tanaka S, Fujii T, Aoki A, Komiyama H, Ezawa K, et al.
Members of a novel gene family, gsdm, are expressed exclusively in the epithelium
of the skin and gastrointestinal tract in a highly tissue-specific manner. Genomics.
(2007) 89(5):618–29. doi: 10.1016/j.ygeno.2007.01.003

20. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin d causes pyroptosis by forming membrane pores. Nature.
(2016) 535(7610):153–8. doi: 10.1038/nature18629

21. Kuang S, Zheng J, Yang H, Li S, Duan S, Shen Y, et al. Structure insight of
GSDMD reveals the basis of GSDMD autoinhibition in cell pyroptosis. Proc Natl
Acad Sci U S A. (2017) 114(40):10642–7. doi: 10.1073/pnas.1708194114

22. Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, et al. Pore-forming activity and
structural autoinhibition of the gasdermin family. Nature. (2016) 535(7610):111–6.
doi: 10.1038/nature18590

23. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD
by inflammatory caspases determines pyroptotic cell death. Nature. (2015) 526
(7575):660–5. doi: 10.1038/nature15514

24. Bulek K, Zhao J, Liao Y, Rana N, Corridoni D, Antanaviciute A, et al.
Epithelial-derived gasdermin d mediates nonlytic IL-1b release during
experimental colitis. J Clin Invest (2020) 130(8):4218–34. doi: 10.1172/JCI138103

25. Schwarzer R, Jiao H, Wachsmuth L, Tresch A, Pasparakis M. FADD and
caspase-8 regulate gut homeostasis and inflammation by controlling MLKL- and
GSDMD-mediated death of intestinal epithelial cells. Immunity. (2020) 52(6):978–
93.e6. doi: 10.1016/j.immuni.2020.04.002

26. Li S, Wu Y, Yang D, Wu C, Ma C, Liu X, et al. Gasdermin d in peripheral
myeloid cells drives neuroinflammation in experimental autoimmune
encephalomyelitis. J Exp Med (2019) 216(11):2562–81. doi: 10.1084/jem.20190377

27. Luan J, Chen W, Fan J, Wang S, Zhang X, Zai W, et al. GSDMD membrane
pore is critical for IL-1b release and antagonizing IL-1b by hepatocyte-specific
nanobiologics is a promising therapeutics for murine alcoholic steatohepatitis.
Biomaterials. (2020) 227:119570. doi: 10.1016/j.biomaterials.2019.119570

28. Zhang D, Qian J, Zhang P, Li H, Shen H, Li X, et al. Gasdermin d serves as a
key executioner of pyroptosis in experimental cerebral ischemia and reperfusion
model both in vivo and in vitro. J Neurosci Res (2019) 97(6):645–60. doi: 10.1002/
jnr.24385

29. Hua S, Ma M, Fei X, Zhang Y, Gong F, Fang M. Glycyrrhizin attenuates
hepatic ischemia-reperfusion injury by suppressing HMGB1-dependent GSDMD-
mediated kupffer cells pyroptosis. Int Immunopharmacol (2019) 68:145–55. doi:
10.1016/j.intimp.2019.01.002

30. Li J, Zhao J, Xu M, Li M, Wang B, Qu X, et al. Blocking GSDMD processing
in innate immune cells but not in hepatocytes protects hepatic ischemia-
reperfusion injury. Cell Death Dis (2020) 11(4):244. doi: 10.1038/s41419-020-
2437-9

31. Jia Y, Cui R, Wang C, Feng Y, Li Z, Tong Y, et al. Metformin protects
against intestinal ischemia-reperfusion injury and cell pyroptosis via TXNIP-
NLRP3-GSDMD pathway. Redox Biol (2020) 32:101534. doi: 10.1016/
j.redox.2020.101534
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.893914/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.893914/full#supplementary-material
https://doi.org/10.1161/CIRCOUTCOMES.118.005375
https://doi.org/10.1056/NEJMra071667
https://doi.org/10.1155/2017/7018393
https://doi.org/10.1038/s41569-020-0403-y
https://doi.org/10.1093/eurheartj/ehw224
https://doi.org/10.1111/jcmm.14953
https://doi.org/10.1161/CIRCRESAHA.117.310820
https://doi.org/10.1007/s00395-021-00870-y
https://doi.org/10.1161/CIRCRESAHA.112.300627
https://doi.org/10.1161/CIRCRESAHA.112.300627
https://doi.org/10.3389/fbioe.2021.673683
https://doi.org/10.1038/s41392-020-00455-6
https://doi.org/10.1016/j.intimp.2018.12.028
https://doi.org/10.1016/j.intimp.2018.12.028
https://doi.org/10.1038/nrcardio.2017.161
https://doi.org/10.1159/000314270
https://doi.org/10.3389/fphar.2015.00262
https://doi.org/10.1016/j.cytogfr.2011.10.001
https://doi.org/10.1016/j.cytogfr.2011.10.001
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.1038/s41586-021-03478-3
https://doi.org/10.1016/j.ygeno.2007.01.003
https://doi.org/10.1038/nature18629
https://doi.org/10.1073/pnas.1708194114
https://doi.org/10.1038/nature18590
https://doi.org/10.1038/nature15514
https://doi.org/10.1172/JCI138103
https://doi.org/10.1016/j.immuni.2020.04.002
https://doi.org/10.1084/jem.20190377
https://doi.org/10.1016/j.biomaterials.2019.119570
https://doi.org/10.1002/jnr.24385
https://doi.org/10.1002/jnr.24385
https://doi.org/10.1016/j.intimp.2019.01.002
https://doi.org/10.1038/s41419-020-2437-9
https://doi.org/10.1038/s41419-020-2437-9
https://doi.org/10.1016/j.redox.2020.101534
https://doi.org/10.1016/j.redox.2020.101534
https://doi.org/10.3389/fimmu.2022.893914
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ye et al. 10.3389/fimmu.2022.893914
32. Jiang K, Tu Z, Chen K, Xu Y, Chen F, Xu S, et al. Gasdermin d inhibition
confers antineutrophil-mediated cardioprotection in acute myocardial infarction. J
Clin Invest (2022) 132(1):e151268. doi: 10.1172/JCI151268

33. Shi H, Gao Y, Dong Z, Yang J, Gao R, Li X, et al. GSDMD-mediated
cardiomyocyte pyroptosis promotes myocardial I/R injury. Circ Res (2021) 129
(3):383–96. doi: 10.1161/CIRCRESAHA.120.318629

34. Ye B, Chen X, Dai S, Han J, Liang X, Lin S, et al. Emodin alleviates
myocardial ischemia/reperfusion injury by inhibiting gasdermin d-mediated
pyroptosis in cardiomyocytes. Drug Des Devel Ther (2019) 13:975–90. doi:
10.2147/DDDT.S195412

35. Skyschally A, Kleinbongard P, Lieder H, Gedik N, Stoian L, Amanakis G,
et al. Humoral transfer and intramyocardial signal transduction of protection by
remote ischemic perconditioning in pigs, rats, and mice. Am J Physiol Heart Circ
Physiol (2018) 315(1):H159–H72. doi: 10.1152/ajpheart.00152.2018

36. Lyublinskaya OG, Ivanova JS, Pugovkina NA, Kozhukharova IV, Kovaleva
ZV, Shatrova AN, et al. Redox environment in stem and differentiated cells: A
quantitative approach. Redox Biol (2017) 12:758–69. doi: 10.1016/
j.redox.2017.04.016

37. Fan Q, Tao R, Zhang H, Xie H, Lu L, Wang T, et al. Dectin-1 contributes to
myocardial Ischemia/Reperfusion injury by regulating macrophage polarization
and neutrophil infiltration. Circulation. (2019) 139(5):663–78. doi: 10.1161/
CIRCULATIONAHA.118.036044

38. Bøtker HE, Hausenloy D, Andreadou I, Antonucci S, Boengler K, Davidson
SM, et al. Practical guidelines for rigor and reproducibility in preclinical and
clinical studies on cardioprotection. Basic Res Cardiol (2018) 113(5):39. doi:
10.1007/s00395-018-0696-8

39. Lindsey ML, Bolli R, Canty JMJr., Du XJ, Frangogiannis NG, Frantz S, et al.
Guidelines for experimental models of myocardial ischemia and infarction. Am J
Physiol Heart Circ Physiol (2018) 314(4):H812–h38. doi: 10.1152/
ajpheart.00335.2017

40. Song Y, Xu C, Liu J, Li Y, Wang H, Shan D, et al. Heterodimerization with 5-
HT(2B)R is indispensable for b(2)AR-mediated cardioprotection. Circ Res (2021)
128(2):262–77. doi: 10.1161/CIRCRESAHA.120.317011

41. Zhang Y, Zhang X, Cai B, Li Y, Jiang Y, Fu X, et al. The long noncoding RNA
lncCIRBIL disrupts the nuclear translocation of Bclaf1 alleviating cardiac ischemia-
reperfusion injury. Nat Commun (2021) 12(1):522. doi: 10.1038/s41467-020-20844-3

42. Harrison D, Boutard N, Brzozka K, Bugaj M, Chmielewski S, Cierpich A,
et al. Discovery of a series of ester-substituted NLRP3 inflammasome inhibitors.
Bioorg Med Chem Lett (2020) 30(23):127560. doi: 10.1016/j.bmcl.2020.127560

43. Jennings RB, Sommers HM, Smyth GA, Flack HA, Linn H. Myocardial
necrosis induced by temporary occlusion of a coronary artery in the dog. Arch
Pathol (1960) 70:68–78.
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