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Abstract 
Acute myocardial infarction (MI) is associated with high morbidity and mortality and poses a significant challenge to human health. 
Despite advances in medicine, effective treatment options for MI are still associated with adverse outcomes, such as heart failure. 
Consequently, identifying the pathogenesis of MI is a promising avenue for developing practical treatments. The inflammatory 
response plays a critical role in the pathogenesis of MI. Gasdermin D (GSDMD)-mediated pyroptosis regulates the inflammatory 
response, which is a pathogenic and potential therapeutic target for MI. Therefore, anti-pyroptosis treatment is emerging as a 
promising therapeutic approach for MI. Overall, this article reviews the mechanism and treatment strategies for GSDMD-mediated 
pyroptosis in MI, with the hope of providing insights into pathogenic interventions.
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Introduction

Acute myocardial infarction (MI) is a necrotic disease 
caused by acute and sustained ischemia and hypoxia 
of the coronary arteries. This condition is associated 
with high mortality and morbidity and poses a sig-
nificant threat to public health. Established treatment 
modalities, including combined surgical and pharma-
cological thrombolytic therapies, such as percutane-
ous coronary intervention and coronary artery bypass 
grafting, in conjunction with antithrombotic and anti-
platelet medications (eg, aspirin, angiotensin-converting 
enzyme inhibitors, and β-blockers), have been shown to 
improve MI prognosis[1]. Nevertheless, current therapies 
often fail to address adverse pathological outcomes, 
such as heart failure, emphasizing the need to explore 
treatments derived from a deeper understanding of the 
pathogenesis.

Inflammation plays a pivotal role in the patholog-
ical process of MI. Moderate inflammatory reactions 
promote tissue repair after MI. However, an exces-
sive inflammatory response can exacerbate myocardial 
injury[2]. Thus, modulation of the inflammatory response 
is a potential method for alleviating myocardial damage. 

Previous studies have shown that the inflammatory 
response to MI is influenced by various inflammatory 
cell death pathways, including necrosis, necroptosis, 
ferroptosis, and apoptosis[3]. Pyroptosis, a novel inflam-
matory programmed cell death pathway, is particularly 
important in MI.

Pyroptosis is mediated by damage-associated molecu-
lar patterns (DAMPs) released by damaged cardiac tissues 
in MI, including HMGB1, RNA, nucleotides, heat shock 
proteins (HSP), members of the S100 family, and interleu-
kin (IL)-1α. In 2022, a groundbreaking study published 
in Circulation and the Journal of Clinical Investigation 
elucidated the central regulatory role of gasdermin D 
(GSDMD) in the pyroptosis pathway in MI[4–5]. Inhibition 
of the function of GSDMD can significantly improve 
myocardial injury, indicating that GSDMD is a promis-
ing therapeutic target for the treatment of MI. However, 
GSDMD inhibitors have not yet been used for the clinical 
treatment of MI. This review systematically discusses the 
recent progress and future potential of therapeutic strat-
egies for MI based on the GSDMD-mediated pyroptosis 
signaling pathway, with the aim of providing a reference 
for alleviating MI damage.
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GSDMD-mediated pyroptosis in MI

Inflammatory disorders can intensify the damage fol-
lowing MI. Pyroptosis, an important pro-inflammatory 
cell death mechanism, facilitates the release of inflam-
matory cytokines via gasdermin pores, contributing to 
the post-MI inflammatory response and aggravating 
cardiac injury[6]. Various gasdermin proteins mediate 
pyroptosis, among which GSDMD-mediated pyroptosis 
significantly influences the post-MI damage and repair 
processes. Previous studies have established that both 
genetic knockout and pharmacological inhibition of 
GSDMD markedly ameliorate post-MI damage, high-
lighting GSDMD as a viable therapeutic target for MI. 
The exploration of the mechanisms underlying GSDMD 
in MI is of substantial significance. In summary, our 
findings indicate that the mechanism of pyroptosis asso-
ciated with GSDMD is highly intricate, varies across dis-
eases, and exhibits unique characteristics in MI, which 
are potentially linked to differential GSDMD expression 
in cells affected by MI.

In general, the pyroptosis pathway mediated by 
GSDMD can be divided into canonical and non-
canonical pathways, depending on the membrane 
receptor recognition patterns. In the canonical path-
way, pathogen-associated molecular patterns (PAMPs) 
and DAMPs are identified by pattern recognition 
receptors that trigger the assembly of the NOD-, LRR- 
and pyrin domain-containing protein 3 (NLRP3)-
apoptosis-associated speck-like protein containing a 
CARD (ASC)-caspase-1 inflammasome. Subsequently, 

caspase-1 cleaves GSDMD, producing GSDMD-N, 
and converts the cytokines pro-IL-1β and pro-IL-18 
into their mature forms. GSDMD-N then oligom-
erizes and forms a gasdermin pore in the membrane, 
and the mature IL-1β and IL-18 are released from the 
gasdermin pore. Conversely, the non-canonical path-
way, governed by caspase-4/5/11, entails the direct 
recognition of DAMPs/PAMPs by caspase, leading to 
GSDMD cleavage and release of mature IL-1β and 
IL-18[7,8]. Furthermore, GSDMD can be recognized by 
caspase-3/7 at D88 in duodenal intestinal epithelial cells 
(IECs)[9]. Tumor necrosis factor (TNF) can also activate 
the FADD-RIPK1-caspase 8 complex, which facilitates 
the cleavage of GSDMD[10,11]. In addition, GSDMD may 
be (Figure 1, left) cleaved by cathepsin G or ELANE in 
neutrophils[12–14].

During MI, various cell types exhibit varying GSDMD 
expression levels. GSDMD is predominantly expressed 
in immune cells, notably neutrophils, which play a crit-
ical role in MI. Despite the low expression of GSDMD 
in cardiomyocytes, its distinct role in MI has been eluci-
dated. During MI, circulating neutrophils are recruited 
to the heart, undergo NETosis, and release S100A8/
A9. This release heightens CXCR4 expression in other 
neutrophils, causing their reverse migration to the bone 
marrow. Within the bone marrow, neutrophils accumu-
late, and activated neutrophils secrete IL-1β through 
GSDMD-mediated pyroptotic pores, promoting granu-
lopoiesis[5]. In myocardial ischemia-reperfusion (MI/R) 
injury, GSDMD can regulate cardiomyocyte pyroptosis 

Figure 1.  The GSDMD-mediated pyroptosis signaling pathway exhibits complexity and specificity in its mechanisms, particularly in MI. Post-MI, 
there is an observed upregulation of GSDMD expression in cardiac tissues. This expression alteration involves various cell types, each mediat-
ing distinct signaling pathways. Notably, the pyroptosis mechanism of GSDMD in neutrophils and cardiomyocytes has been elucidated. CLRs: 
C-type lectin receptors; DAMP: Damage-associated molecular pattern; EVs: Extracellular vesicles; FADD: Fas-associated death domain protein; 
GSDMD: Gasdermin D; IL: Interleukin; LPS: Lipopolysaccharide; MI: Myocardial infarction; PAMP: Pathogen-associated molecular pattern; RIPK1: 
Recombinant receptor interacting serine threonine kinase 1; TLRs: Toll-like receptors; TNF: Tumor necrosis factor; TNFR: Tumor necrosis factor 
receptor; TRADD: TNF receptor 1 associated via death domain.
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and aggravate MI/R injury, wherein oxidative stress is 
induced and the expression of caspase-11 and cleavage 
of GSDMD are promoted. GSDMD-N is then oligom-
erized to form GSDMD membrane pores[15] (Figure 1, 
right).

In conclusion, GSDMD-mediated pyroptosis plays 
a critical role in MI. While the fundamental aspects of 
pyroptosis in MI, including GSDMD cleavage and the 
release of the inflammatory cytokines IL-1β and IL-18, 
align with the general pathway, there are distinct differ-
ences that are attributed to cell-specific expression pat-
terns in MI. Additionally, a literature review revealed 
that specific danger signals that initiate pyroptosis in MI 
have not yet been identified.

Pyroptosis inhibition as a strategy to ameliorate MI 
symptoms

Targeting pyroptosis is a viable therapeutic strategy to 
reduce MI damage. Consequently, we delineated two 
therapeutic approaches: inhibition of the GSDMD-
mediated pyroptotic pathway and targeted suppression 
of GSDMD. Our review encompasses the utilization 
of small-molecule inhibitors and Chinese herbal med-
icines, emphasizing their efficacy and mechanism in 
inhibiting pyroptosis and reducing MI-related injury, as 
well as attempting to provide a systematic pyroptosis 
inhibition-oriented therapeutic solution to ameliorate 
MI symptoms.

Small-molecule inhibitors for pyroptosis and MI symptom 
alleviation

Pyroptosis pathway inhibitors

Pyroptosis is a form of programmed cell death that occurs 
after MI and exacerbates cardiac damage. Inhibiting key 
components of pyroptosis, such as NLRP3, caspase-1, 
and IL-1β, has been shown to relieve damage post-MI.

Studies have indicated that targeting the NLRP3 
domain, such as the NACHT region with adenosine tri-
phosphate (ATP)ase activity, or the processes of NLRP3 
oligomerization and activation effectively reduces car-
diac damage. OLT1177, an NLRP3 inhibitor, suppresses 
the catalytic and ATP-binding activities of the enzyme in 
the Walker A region, thereby reducing the recruitment 
of NLRP3 to ASC. Furthermore, inhibiting the NLRP3 
inflammasome helps prevent left ventricular diastolic 
dysfunction and reduces infarct size post-MI in mice[16–18].  
Moreover, the NLRP3 ATPase inhibitor BAY 11-7082 
decreases neutrophil and macrophage infiltration in MI, 
thereby reducing the fibrotic area and enhancing cardiac 
function[19]. INF4E, which targets the NLRP3 inflam-
masome, promotes survival, sustains mitochondrial 
health, reduces ischemic injury, and improves cardiac 
function[20–21].

MCC950 (CP-456773), which consists of two arylsul-
fonylurea moieties, binds noncovalently to the hydrolysis 
site of Walker B within the NACHT region of NLRP3. 
This binding impedes the formation of a stable Walker 
B-ATP complex in NLRP3, inhibits ATPase activity, and 
prevents hydrolysis of ATP to ADP. Additionally, Walker 
B, upon ATP binding, shifts NLRP3 from an “open” to a 

“closed” conformation, hindering the assembly and acti-
vation of inflammasomes, thereby reducing the release 
of IL-1β[22,23]. In a pig model of MI, MCC950 effectively 
minimized cardiac infarction size and maintained car-
diac function[24]. Compound 16673-34-0 also effectively 
inhibited NLRP3 inflammasome formation in cardiomy-
ocytes and improved the fibrotic area in mice post-MI[25].

VX-765 (Belnacasan/VRT-043198), a selective 
caspase-1 inhibitor, blocks caspase-1 by covalently modi-
fying the cysteine residue in its active site. This modifica-
tion inhibits the cleavage of pro-IL-1β and pro-IL-18[26,27]. 
In MI, VX-765 has been shown to significantly reduce 
infarct size and improve cardiomyocyte function[28–30].

IL-1β, initially identified as a downstream effector of 
the inflammasome, plays a crucial role in the progres-
sion of ischemic heart diseases, including MI and MI/R 
injury[31]. Consequently, drugs such as Canakinumab 
(ACZ885), Anakinra (Kineret, an IL-1β monoclonal 
antibody), and Rilonacept (Arcalyst, an IL-1α/IL-1β sol-
uble trap receptor drug) have been developed[32]. These 
medications were administered as a part of the CANTOS 
trial. The trial demonstrated that IL-1β inhibitors sig-
nificantly reduce IL-6 and CRP levels in plasma, lower 
adverse vascular events by approximately 15%[33], and 
effectively prevent recurrent ischemic events in patients 
with prior MI, along with a reduction in hospitalization 
rates. However, owing to statistically insignificant clinical 
data and the risk of fatal infections as adverse reactions, 
these drugs have not been approved for the treatment 
of myocardial injury post-MI (NCT01327846)[34,35] 
(Figure 2).

Although some inhibitors targeting the pyroptosis 
pathway have demonstrated the potential for alleviat-
ing MI damage, their effectiveness is currently limited to 
animal experiments and clinical trials, with no market 
approval. For example, IL-1β inhibitors, while utilized 
in clinical trials, have not progressed to drug develop-
ment, mainly due to concerns regarding their efficacy. As 
a result, although the pyroptosis pathway holds signif-
icant promise for MI treatment, it also poses consider-
able challenges in the development of drugs related to 
GSDMD.

GSDMD inhibitors

Given the critical role of GSDMD in this pathway, it 
may be a potential target for the therapeutic repair of 
MI damage. Existing research has indicated that the 
GSDMD chemical inhibitor necrosulphonamide (NSA) 
improves MI injury[4]. Administration of NSA (20 mg/kg) 
at both MI onset and 8 hours post-MI reduced the car-
diac fibrotic area from 52% to 42%. Further results indi-
cated that administration of NSA effectively improved 
cardiac function in mice, with a decrease in the cardiac 
fibrotic area from 58.3% to 21.6%. These findings con-
firm the potential of the GSDMD inhibitor NSA in allevi-
ating MI injury. Additionally, disulfiram is another drug 
that targets GSDMD. Administration of disulfiram at the 
onset and 4 hours after MI improved the survival rates 
in MI mice, although the differences were not statisti-
cally significant[4]. Low bioavailability of NSA and disul-
firam affects their performance in improving survival 
rates. Therefore, GSDMD inhibitors provide a potential 
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therapeutic option for MI; however, new drug delivery 
strategies and drug formulations are needed to improve 
their performance and potential for the treatment of MI.

These inhibitors target mouse-GSDMD Cys192/human 
GSDMD Cys191 and inhibit the oligomerization of p30-
GSDMD and subsequent pyroptosis[36]. The GSDMD 
domain may be selected owing to the location of Cys191/
Cys192 in the distal tip of the membrane-spanning  
region starting from the β8 strand within the β7-β8 
hairpin. This location is pivotal for pyroptotic pore for-
mation within the β-barrel[37]. In summary, targeting 
Cys191/Cys192 is crucial for inhibiting GSDMD p30 
oligomerization and triggering pyroptosis (Figure 3).

In addition, we found that GI-Y1 targets the GSDMD 
Arg7 site. Nevertheless, the other active sites require fur-
ther investigation[39].

Chinese herbal interventions for pyroptosis and MI  
symptom alleviation

Pyroptosis pathway inhibition

Through a search using keywords such as “traditional 
Chinese medicine” “pyroptosis” and “acute myocardial 
infarction” we ascertained that Chinese herbal formulas, 
extracts, and monomers potentially inhibit pyroptosis by 
inhibiting the pyroptosis process or targeting GSDMD[40–45].  
However, upon reviewing related studies, it became 
evident that many investigations have linked herbs to 
pyroptosis inhibition, and they often did so based on 
the evaluation of specific proteins without identifying 
the exact targets. A detailed summary of these findings is 
provided in the following paragraph.

At the cellular level, research on the impact of tradi-
tional Chinese medicine in inhibiting pyroptosis has pri-
marily focused on cardiomyocytes, macrophages, and 
mesenchymal stem cells. The Chinese medicine formula 
“Simiao Yongan decoction” has demonstrated its abil-
ity to relieve H9c2 cardiac injury caused by hypoxia/
reoxygenation; suppress the expression of NLRP3, 
caspase-1, and IL-1β; and also stimulate autophagy; 
thus further preventing MI/R injury[40]. Similarly, the 
Chinese herbal extract, namely the total glucosides of 
paeony, has been shown to dose-dependently reduce 
the expression of NLRP3, caspase-1, GSDMD-N, and 
IL-1β/IL-18, consequently ameliorating the damage to 
HL-1 cardiomyocytes due to hypoxia/reoxygenation[41]. 
The Chinese herbal monomer irisin inhibited NLRP3 
inflammasome-mediated pyroptosis and oxidative stress 
in a co-culture model of bone marrow-derived mesen-
chymal stem cells (BMMSCs) and cardiomyocytes[46]. 
Moreover, AS-IV has a similar mechanism in macro-
phages[47] (Table 1).

At the animal level, the Chinese herbal formula Simiao 
Yongan decoction has been observed to modulate the 
expression of type I collagen, Matrix metalloprotein-9 
(MMP9), and TNFα in the myocardial tissue of rats suffer-
ing from MI/R injury. This modulation enhanced the car-
diac function (ventricular volume and ejection fraction)[40]. 
Additionally, the ethyl acetate extract from Cinnamomi 
ramulus has demonstrated efficacy in shrinking infarct 
areas and decreasing inflammatory reactions by inhibiting 
the activation of NLRP3, caspase-1, GSDMD, and IL-1β in 
rat myocardial tissue[42]. Cinnamic acid, a Chinese herbal 
monomer, can effectively improve cardiac diastolic function 
and reduce myocardial infarct size by inhibiting protein 

Figure 2.  Inhibitors targeting the GSDMD pathway components, including NLRP3, caspase-1, and IL-1β, have been shown to effectively enhance 
survival rates, cardiac function, and reduce cardiac fibrotic area following MI[4]. ASC: Apoptosis-associated speck-like protein containing a CARD; 
GSDMD: Gasdermin D; IL-1β: Interleukin-1β; MI: Myocardial infarction; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3.
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and mRNA changes in the NLRP3-caspase 1-GSDMD sig-
naling pathway[43] (Table 2).

Cell and animal assays have indicated that Chinese 
herbal medicines can relieve MI injury by targeting the 
pyroptosis signaling pathway. Numerous studies have 
suggested that Chinese herbal medicines can inhibit 
pyroptosis, without identifying GSDMD. Consequently, 
the direct role of Chinese herbal medicines in the inhi-
bition of pyroptosis warrants further comprehensive 
research and validation (Figure 4).

Targeting GSDMD

Research indicates that Chinese herbal formulas and 
monomers can decrease MI injury by directly target-
ing GSDMD. For instance, punicalagin, a polyphenol 
extract of pomegranate, can effectively block lipo-
polysaccharide (LPS)- and ATP-induced pyroptosis in 
BMDMs, suggesting GSDMD as a potential target[57]. 
Besides, in an earlier investigation conducted by our 
team, 177 Chinese herbal formulas and extracts were 

assessed for their potential to inhibit pyroptosis in 
J774A.1 cells treated with LPS and nigericin. Our find-
ings revealed that Danhong injection, an approved 
medicinal formulation, suppressed pyroptosis by tar-
geting the GSDMD-N domain. Further investigation 
using both infectious and sterile inflammation models 
validated the inhibitory effects of Danhong injections 
on pyroptosis. Liquid chromatography tandem-mass 
spectrometry (LC-MS/MS) analytical procedures and 
subsequent activity tests identified salvianolic acid E 
as the primary active component, which exhibited a 
pronounced affinity for human Cys191/mouse Cys192 
and attenuated GSDMD-N oligomerization to some 
extent[38] (Figure 5).

Recent studies have indicated that GSDMD is a target 
of Chinese herbal formulas, offering a novel avenue for 
exploring the mechanisms of action of these compounds 
and paving the way for the development of GSDMD 
inhibitors. This raises further considerations: Can mul-
tiple components within a Chinese herbal formula syn-
ergistically inhibit GSDMD? Such insights may offer 

Figure 3.  Role and mechanism of GSDMD inhibition in MI[4,38]. DMSO: Dimethyl sulfoxide; EF: Ejection fraction; FS: Fraction shorting; GSDMD: 
Gasdermin D; MI: Myocardial infarction.
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new perspectives for the development of novel GSDMD 
inhibitors.

Challenges and future potential

Numerous studies have investigated inhibitors of 
GSDMD-mediated pyroptosis in MI; however, signif-
icant limitations and challenges remain. Existing pyro-
ptosis inhibitors can be categorized into two main 
types: small-molecule inhibitors and traditional Chinese 
medicine-based interventions. However, clinical trials 
of small-molecule inhibitors are yet to be conducted. 
Research on traditional Chinese medicine interventions 
has predominantly occurred at the cellular and animal 
levels, leaving the molecular mechanisms largely unex-
plored. Furthermore, focusing on GSDMD mechanisms 
has highlighted a significant oversight in numerous 
studies: the tendency to target GSDMD directly while 
neglecting the intricacies of its systemic processes and 
upstream signaling pathways. Research has indicated 
that the mechanism of action of GSDMD extends beyond 
conventional pyroptosis, including its roles in neutro-
phil autophagy and necroptosis. Moreover, the present 
GSDMD inhibitors have relatively high IC50 values and 
low target specificity; therefore, their druggability is poor.

Considering the complex GSDMD-mediated mecha-
nisms involved in MI and the less-than-ideal chemical 
properties of the current inhibitors, this study proposes 
various approaches for improving the development of 
GSDMD inhibitors to reduce the damage caused by MI. 
These strategies encompass the following: (1) an in-depth 
study of the mechanisms of pyroptosis and the coordina-
tion between pyroptosis and multiple types of cell death. 
(2) Focusing on post-translational modifications of 
GSDMD for drug discovery, (3) promoting cell-specific 
pyroptosis inhibition, and (4) improving drug bioavail-
ability through responsive release systems regulated by 
external energy fields.

In-depth study of the mechanisms of pyroptosis and the 
coordination between pyroptosis and multiple forms of 
cell death

The cellular mechanisms mediated by GSDMD are intri-
cate and cell-specific. In MI, GSDMD is typically recog-
nized as a critical element in the NLRP3 inflammasome 
pathway, crucial for the release of IL-1β and IL-18. This 
process influences the subsequent inflammatory responses 
and contributes to MI-related inflammatory damage. 
Recent studies have expanded our understanding of the 

Table 1

Role of traditional Chinese medicine in inhibiting pyroptosis and decreasing MI injury at the cellular level

Category Cell Model Mechanisms References

Formula

 � Simiao Yongan 
decoction

H9c2 cell Hypoxia/reoxygenation 
treatment

Increasing the survival rate of H9c2 cardiomyocytes by 
reducing expression of NLRP3, caspase 1, and IL-1β

[40]

 � Danhong 
injection

J774A.1, BMDMs LPS + ATP/
LPS + nigericin 
stimulation

Inhibiting monocyte/macrophage pyroptosis by 
targeting GSDMD-N

[38]

Extract

 � Total glucosides 
of paeony

HL-1 Hypoxia/reoxygenation 
treatment

Inhibiting cardiomyocyte pyroptosis via miR-181a-5p/
ADCY1/NLRP3/GSDMD axis

[41]

Ingredient

 � Aesculin Neonatal rat cardiomyocytes Oxygen-glucose 
deprivation/restoration

Inhibiting cardiomyocyte death via Akt/GSK3β/NF-κB/
NLRP3 pathway

[44]

 � Sweroside H9c2 cells Hypoxia/reoxygenation 
treatment

Inhibiting oxidative stress and cell death via Keap1/
Nrf2 axis

[45]

 � Emodin Primary cardiomyocytes Hypoxia/reoxygenation 
treatment

Increasing cell survival via TLR4/MyD88/NF-κB/
NLRP3 pathway

[48]

 � Oridonin Neonatal rat cardiomyocytes Hypoxia/reoxygenation 
treatment

Inhibiting cardiomyocyte pyroptosis via NF-κB/NLRP3 
signaling pathway

[49]

 � Irisin Cardiomyocytes and bone marrow-
derived mesenchymal stem cells

Hypoxia/reoxygenation 
treatment

Repressing cardiomyocyte pyroptosis and oxidative 
stress by suppressing NLRP3 expression

[46]

 � Kanglexin Neonatal mouse ventricular 
cardiomyocytes

Hypoxia and LPS 
treatment

Inhibiting cardiomyocyte pyroptosis by suppressing 
NLRP3 inflammasome and GSDMD expression

[50]

 � Astragaloside IV BMDMs LPS and nigericin 
treatment

Reducing macrophage pyroptosis via ROS/caspase-1/
GSDMD axis

[47]

 � Apigenin H9c2 cells Ischemia/hypoxia 
stimulation

Reversing ischemia/hypoxia-induced cell death by 
inhibiting NLRP3 inflammasome expression

[51]

Akt/GSK3β/NF-κB: Protein kinase B/Glycogen synthase kinase-3β/Nuclear factor-κB; ATP: Adenosine triphosphate; BMDMs: Bone marrow-derived macrophages; GSDMD-N: Gasdermin D; HL-1: HL-1 
mouse atrial myocytes; IL-1β: Interleukin-1β; I/R: Ischemia-reperfusion; LPS: Lipopolysaccharide; MI: Myocardial infarction; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3; ROS: Reactive 
oxygen species.
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roles of GSDMDs. For instance, Jiang et al.[4] demon-
strated that in neutrophils, GSDMD controls the release of 
IL-1β through an autophagy-dependent mechanism, indi-
cating a potential non-pyroptotic function of GSDMD in 
MI. Consistent with this finding, a study by Weindel et 
al. revealed that mutations in specific kinases can cause 
an accumulation of GSDMD-N in the mitochondria, 
increasing mitochondrial reactive oxygen species (ROS) 
generation and shifting toward necroptosis rather than 
pyroptosis[58]. Moreover, GSDMD-mediated cell death 
is not an isolated phenomenon but interacts with other 
cell death pathways, such as apoptosis and necroptosis, 
collectively influencing cell fate. Nevertheless, the impli-
cations and importance of this type of cell death in MI 
remain to be further elucidated[59].

Focusing on post-translational modifications of GSDMD for 
drug discovery

The current focus of drug research is on the 
post-translational modifications of the core proteome. 
Modifications in the GSDMD protein, including ubiq-
uitination, phosphorylation, acetylation, and oxi-
dation, play pivotal roles in its functionality. These 
modifications facilitate the recruitment of proteins 
that recognize the modification sites, thereby influ-
encing the conformation, stability, and solubility of 
GSDMDs. These findings highlight the critical role 
of post-translational modifications in maintaining 
GSDMD expression and function. However, the effects 
of post-translational modifications of GSDMD on MI 
are not fully understood.

Table 2

Role of traditional Chinese medicine in inhibiting pyroptosis and reducing MI injury in laboratory animal models

Category Animal Model Mechanisms References

Formula

 � Simiao Yongan 
decoction

Mice I/R Improving cardiac function by reducing expression of NLRP3, caspase 
1, and IL-1β

[40]

 � Danhong injection Mice MI, MI + T2DM Decreasing fibroblast area by targeting GSDMD-N  

Extract

 � Ethyl acetate extract 
of Cinnamomi 
ramulus

Mice I/R Decreasing myocardial infarct size and improving cardiac function, 
mitigating myocardial damage by inhibiting NLRP3 inflammasome 
activation and GSDMD expression

[42]

Ingredient

 � Cinnamic acid Rats I/R Improving cardiac diastolic function and decreasing cardiac infarct size 
via NLRP3/caspase 1/GSDMD signaling pathway

[43]

 � Aesculin Rats I/R Attenuating reperfusion arrhythmias and myocardial damage, 
improving the hemodynamic function by suppressing the NLRP3 
inflammasome-mediated pyroptosis via the Akt/GSK3β/NF-κB 
pathway

[44]

 � Sweroside Rats I/R Inhibiting oxidative stress by inhibiting Keap1/Nrf2 axis [45]

 � Cinnamaldehyde Mice I/R Improving cardiac diastolic function, decreasing cardiac infarct size 
and myocardial injury enzyme by inhibiting NLRP3 inflammasome and 
GSDMD expression

[52]

 � Geniposide Mice I/R Reducing the myocardial infarct area, improving heart function by 
suppressing NLRP3 inflammasome and GSDMD expression via the 
AMPK pathway

[53]

 � Emodin Rats I/R Improving survival rate, decreasing infarct size by suppressing TLR4/
MyD88/NF-κB/NLRP3 pathway

[48]

 � Oridonin Mice I/R Improving cell survival and decreasing the myocardial infarct size via 
the regulation of GSDMD-mediated pyroptosis

[49]

 � Beta-Asarone Rats I/R Decreasing infarct size, preserving the left ventricular performance 
with higher ejection fraction and fractional shortening by inhibiting the 
expression of GSDMD

[54]

 � Kanglexin Mice MI Decreasing infarct area, improving cardiac function by suppressing 
NLRP3 inflammasome and GSDMD expression

[50]

 � Astragaloside IV Mice MI Attenuating MI-induced myocardial fibrosis and cardiac remodeling by 
inhibiting ROS/caspase-1/GSDMD expression

[47]

 � Ginsenoside Rh2 Rats MI Relieving the focal death of cardiomyocytes by inhibiting NLRP3/
caspase-1/GSDMD/IL-1β pathway

[55]

 � Tanshinone IIA Rats MI Improving cardiac function and decreasing myocardial microinfarct size 
by inhibiting the TLR4/MyD88/NF-κB/NLRP3/GSDMD pathway

[56]

Akt/GSK3β/NF-κB: Protein kinase B/Glycogen synthase kinase-3β/Nuclear factor-κB; AMPK: Adenosine 5'-monophosphate (AMP)-activated protein kinase; GSDMD: Gasdermin D; IL-1β: Interleukin-1β; 
I/R: Ischemia-reperfusion; MI: Myocardial infarction; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3; ROS: Reactive oxygen species; T2DM: Type 2 diabetes mellitus.
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Figure 4.  Traditional Chinese medicine (formula, extract, and ingredient) for MI treatment inhibits the GSDMD pyroptosis pathway mediated by 
ROS and NF-κB, consequently increasing survival rates, enhancing heart function, and reducing fibrotic areas in MI. GSDMD: Gasdermin D; IL-1β: 
Interleukin-1β; IκB: Recombinant inhibitory subunit of NF kappa B; MI: Myocardial infarction; NF-κB: Nuclear factor-κB; NLRP3: NOD-, LRR- and 
pyrin domain-containing protein 3; ROS: Reactive oxygen species.

Figure 5.  Research scheme: inhibition of pyroptosis by the traditional Chinese medicine formula danhong[38]. GSDMD: Gasdermin D; IL-1β: Interleukin-1β; 
LPS: Lipopolysaccharide; MI: Myocardial infarction; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3; T2DM: Type 2 diabetes mellitus.
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The Shigella ubiquitin ligase IpaH7.8 initiates ubiquitin- 
mediated degradation of human GSDMD by mediating 
the interaction of 15 lysine residues with GSDMD[60]. 
Proteomic analyses have revealed that protein phospha-
tase 1 (PP1) colocalizes with GSDMD and that phos-
phorylation at sites such as Thr213 can alter GSDMD 
pore formation[61]. Succinic acid may modify the Cys77 
residue of GSDMD to influence the processing level of 
GSDMD[62–64]. ROS released by the lysosomal Ragulator-
Rag complex can directly modify the Cys192 residue 
of GSDMD, subsequently affecting GSDMD oligomer-
ization and pore formation, leading to pyroptotic cell 
death[65]. In addition to Cys192, other residues in human 
GSDMD, such as Cys38, Cys56, Cys268, and Cys467, 
play significant roles in GSDMD cleavage upon oxida-
tive stress in macrophages[66].

Beyond these known modifications, an exploration 
at https://www.phosphosite.org revealed potential sites 
for phosphorylation, acetylation, and ubiquitination of 
human GSDMD, offering insights into the development 
of GSDMD inhibitors (Figure 6). Nevertheless, the iden-
tification of drugs targeting post-translational modifica-
tions necessitates further research. A comparative analysis 
of the efficacy of drugs targeting post-translational mod-
ifications of GSDMD and those targeting GSDMD war-
rants further investigation.

Promoting cell-specific pyroptosis inhibition

Studies have indicated that GSDMD expression varies 
across cell types and exhibits distinct functions during 
MI. In cardiomyocytes, pyroptosis negatively affects 
cardioprotection following MI. Conversely, neutro-
phil GSDMD in the heart can trigger a cardiac inflam-
matory response post-MI. While GSDMD inhibitors 
show potential for treating MI, the existing options are 
broad-spectrum GSDMD inhibitors that lack cellular 
specificity. Previous studies have indicated a vital role 

for GSDMD in neutrophils and cardiomyocytes during 
MI injury and repair. Single-cell sequencing revealed 
that GSDMD expression in MI involves various cell 
types. Nevertheless, the exact roles of these cells in car-
diac remodeling and the function of specifically target-
ing GSDMD for cardiac repair remain unclear. Thus, 
the development of cell-specific GSDMD inhibitors to 
enhance the repair of MI injuries is promising.

A notable advancement in this field is the use of engi-
neered T-cells targeting cardiac fibrosis, a pioneering 
therapy for cardiovascular diseases. This study initially 
identified fibroblast activation protein (FAP) as a tar-
get[67]. Engineered CAR-T cells, formulated based on 
FAP, employ lipid nanoparticles (LNPs) to deliver CAR 
mRNA-targeting T-cells (CD5). The results demonstrated 
significant potential for modulating activated cardiac 
fibroblast phenotypes[68,69]. The above research highlights 
the specific fibroblast subpopulations and macrophages 
involved in cardiac fibrosis, presenting promising targets 
for MI treatment[70]. Researchers have devised a macro-
phage shell with a polydopamine nucleus, which is a bio-
degradable nanomaterial, to create a structure that retains 
the natural migration capabilities of macrophages. This 
design aimed to target the infarcted myocardium, inhibit 
pyroptosis via the NLRP3/caspase-1 pathway, protect the 
myocardium, and minimize infarct size post-MI[71]. Such 
studies offer valuable insights for refining GSDMD drug 
design strategies for targeting specific cells.

Improving drug bioavailability through a responsive release 
system regulated by external energy fields

Utilizing ultrasound-assisted therapy, near-infrared light,  
magnetic field nano-drug release platforms, metal 
ions, and pH-responsive systems combined with 
small-molecule GSDMD inhibitors can effectively control 
drug release rates, enhance biological efficacy, and reduce 
side effects[72]. Specifically, developing sustained- and  

Figure 6.  Post-translational modifications of GSDMD. A total of 11 phosphorylation sites, one acetylation site, and 12 ubiquitylation sites were 
detected in GSDMD. GSDMD: Gasdermin D; PTM: Post translational modification.

https://www.phosphosite.org
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controlled-release formulations for GSDMD inhibitors 
may further decrease adverse effects such as infections 
caused by excessive suppression of the inflammatory 
response.

Although the potential efficacy of GSDMD is notable, 
no drugs for GSDMD delivery have yet been developed. 
Drug-free tea polyphenol nanoparticles have been shown 
to improve septic injury by inhibiting GSDMD oligom-
erization. However, the efficacy of drug-loaded nanofor-
mulations versus that of small-molecule drugs remains 
unexplored and warrants further investigation[73].

Conflict of interest statement

The authors declare no conflict of interest.

Funding

This work was supported by the National Science 
Foundation for Young Scientists of China (32000948), 
the State Key Laboratory of Molecular Engineering of 
Polymers Project (K2023-24).

Author contributions

Yang Chen and Yaozu Xiang conceived and supervised 
this study. Yujuan Li designed and drafted the manu-
script. Jiayi Liang polished the language of the manu-
script. All the authors contributed to the review, revision, 
and finalization of the manuscript.

Ethical approval of studies and informed consent

Not applicable.

Acknowledgments

None.

Data availability

All data generated or analyzed during this study are 
included in the published article.

References
	 [1]	 Fearon WF, Zimmermann FM, De Bruyne B, et al. Fractional flow 

reserve-guided PCI as compared with coronary bypass surgery. N 
Engl J Med 2022;386(2):128–137.

	 [2]	 Prabhu SD, Frangogiannis NG. The biological basis for cardiac 
repair after myocardial infarction: from inflammation to fibrosis. 
Circ Res 2016;119(1):91–112.

	 [3]	 Zhang Q, Wang L, Wang S, et al. Signaling pathways and targeted 
therapy for myocardial infarction. Signal Transduct Target Ther 
2022;7(1):78.

	 [4]	 Jiang K, Tu Z, Chen K, et al. Gasdermin D inhibition confers  
antineutrophil-mediated cardioprotection in acute myocardial 
infarction. J Clin Invest 2022;132(1):e151268.

	 [5]	 Sreejit G, Nooti SK, Jaggers RM, et al. Retention of the NLRP3 
inflammasome-primed neutrophils in the bone marrow is essen-
tial for myocardial infarction-induced granulopoiesis. Circulation 
2022;145(1):31–44.

	 [6]	 Shi J, Gao W, Shao F. Pyroptosis: gasdermin-mediated pro-
grammed necrotic cell death. Trends Biochem Sci 2017;42(4): 
245–254.

	 [7]	 Shi J, Zhao Y, Wang K, et al. Cleavage of GSDMD by inflam-
matory caspases determines pyroptotic cell death. Nature 
2015;526(7575):660–665.

	 [8]	 Kayagaki N, Stowe IB, Lee BL, et al. Caspase-11 cleaves gas-
dermin D for non-canonical inflammasome signalling. Nature 
2015;526(7575):666–671.

	 [9]	 He K, Wan T, Wang D, et al. Gasdermin D licenses MHCII 
induction to maintain food tolerance in small intestine. Cell 
2023;186(14):3033–3048.e20.

	[10]	 Schwarzer R, Jiao H, Wachsmuth L, et al. FADD and caspase-8 
regulate gut homeostasis and inflammation by controlling 
MLKL- and GSDMD-mediated death of intestinal epithelial cells. 
Immunity 2020;52(6):978–993.e6.

	[11]	 Zheng Z, Deng W, Bai Y, et al. The lysosomal rag-ragulator 
complex licenses RIPK1 and caspase-8-mediated pyroptosis by 
yersinia. Science 2021;372(6549):eabg0269.

	[12]	 Chen KW, Monteleone M, Boucher D, et al. Noncanonical inflam-
masome signaling elicits gasdermin D-dependent neutrophil 
extracellular traps. Sci Immunol 2018;3(26):eaar6676.

	[13]	 Burgener SS, Leborgne NGF, Snipas SJ, et al. Cathepsin G inhibi-
tion by serpinb1 and serpinb6 prevents programmed necrosis in 
neutrophils and monocytes and reduces GSDMD-driven inflam-
mation. Cell Rep 2019;27(12):3646–3656.

	[14]	 Kambara H, Liu F, Zhang X, et al. Gasdermin D exerts 
anti-inflammatory effects by promoting neutrophil death. Cell 
Rep 2018;22(11):2924–2936.

	[15]	 Shi H, Gao Y, Dong Z, et al. GSDMD-mediated cardiomyo-
cyte pyroptosis promotes myocardial I/R injury. Circ Res 
2021;129(3):383–396.

	[16]	 Marchetti C, Swartzwelter B, Gamboni F, et al. OLT1177, a 
β-sulfonyl nitrile compound, safe in humans, inhibits the NLRP3 
inflammasome and reverses the metabolic cost of inflammation. 
Proc Natl Acad Sci USA 2018;115(7):E1530–E1539.

	[17]	 Aliaga J, Bonaventura A, Mezzaroma E, et al. Preservation of con-
tractile reserve and diastolic function by inhibiting the NLRP3 
inflammasome with OLT1177® (dapansutrile) in a mouse model 
of severe ischemic cardiomyopathy due to non-reperfused ante-
rior wall myocardial infarction. Molecules 2021;26(12):3534.

	[18]	 Toldo S, Mauro AG, Cutter Z, et al. The NLRP3 inflammasome 
inhibitor, OLT1177 (dapansutrile), reduces infarct size and pre-
serves contractile function after ischemia reperfusion injury in the 
mouse. J Cardiovasc Pharmacol 2019;73(4):215–222.

	[19]	 Liu Y, Lian K, Zhang L, et al. TXNIP mediates NLRP3 inflam-
masome activation in cardiac microvascular endothelial cells as 
a novel mechanism in myocardial ischemia/reperfusion injury. 
Basic Res Cardiol 2014;109(5):415.

	[20]	 Mastrocola R, Penna C, Tullio F, et al. Pharmacological inhibition 
of NLRP3 inflammasome attenuates myocardial ischemia/reper-
fusion injury by activation of RISK and mitochondrial pathways. 
Oxid Med Cell Longev 2016;2016:5271251.

	[21]	 Nopparat C, Boontor A, Kutpruek S, et al. The role of melatonin in 
amyloid beta-induced inflammation mediated by inflammasome 
signaling in neuronal cell lines. Sci Rep 2023;13(1):17841.

	[22]	 Coll RC, Robertson AAB, Chae JJ, et al. A small-molecule inhib-
itor of the NLRP3 inflammasome for the treatment of inflamma-
tory diseases. Nat Med 2015;21(3):248–255.

	[23]	 Coll RC, Hill JR, Day CJ, et al. MCC950 directly targets the 
NLRP3 ATP-hydrolysis motif for inflammasome inhibition. Nat 
Chem Biol 2019;15(6):556–559.

	[24]	 van Hout GPJ, Bosch L, Ellenbroek GHJM, et al. The selective 
NLRP3-inflammasome inhibitor MCC950 reduces infarct size 
and preserves cardiac function in a pig model of myocardial 
infarction. Eur Heart J 2017;38(11):828–836.

	[25]	 Marchetti C, Chojnacki J, Toldo S, et al. A novel pharmacologic 
inhibitor of the NLRP3 inflammasome limits myocardial injury 
after ischemia-reperfusion in the mouse. J Cardiovasc Pharmacol 
2014;63(4):316–322.

	[26]	 Van Opdenbosch N, Lamkanfi M. Caspases in cell death, inflam-
mation, and disease. Immunity 2019;50(6):1352–1364.

	[27]	 Flores J, Noël A, Foveau B, et al. Caspase-1 inhibition alleviates 
cognitive impairment and neuropathology in an Alzheimer’s dis-
ease mouse model. Nat Commun 2018;9(1):3916.

	[28]	 Liu W, Shen J, Li Y, et al. Pyroptosis inhibition improves the 
symptom of acute myocardial infarction. Cell Death Dis 
2021;12(10):852.

	[29]	 Audia JP, Yang X-M, Crockett ES, et al. Caspase-1 inhibition 
by VX-765 administered at reperfusion in P2Y12 receptor 
antagonist-treated rats provides long-term reduction in myocar-
dial infarct size and preservation of ventricular function. Basic 
Res Cardiol 2018;113(5):32.

	[30]	 Su X-L, Wang S-H, Komal S, et al. The caspase-1 inhibitor 
VX765 upregulates connexin 43 expression and improves 



305

Li et al.  •  Volume 4  •  Number 3  •  2024� www.ahmedjournal.com

cell-cell communication after myocardial infarction via sup-
pressing the IL-1β/p38 MAPK pathway. Acta Pharmacol Sin 
2022;43(9):2289–2301.

	[31]	 Pomerantz BJ, Reznikov LL, Harken AH, et al. Inhibition of 
caspase 1 reduces human myocardial ischemic dysfunction 
via inhibition of IL-18 and IL-1beta. Proc Natl Acad Sci USA 
2001;98(5):2871–2876.

	[32]	 Rondeau J-M, Ramage P, Zurini M, et al. The molecular mode of 
action and species specificity of canakinumab, a human monoclo-
nal antibody neutralizing IL-1β. MAbs 2015;7(6):1151–1160.

	[33]	 Ridker PM, Howard CP, Walter V, et al. Effects of interleukin-1β 
inhibition with canakinumab on hemoglobin A1c, lipids, C-reactive 
protein, interleukin-6, and fibrinogen: a phase IIb randomized, 
placebo-controlled trial. Circulation 2012;126(23):2739–2748.

	[34]	 Everett BM, Cornel JH, Lainscak M, et al. Anti-inflammatory 
therapy with canakinumab for the prevention of hospitalization 
for heart failure. Circulation 2019;139(10):1289–1299.

	[35]	 Ridker PM, Everett BM, Thuren T, et al. Antiinflammatory ther-
apy with canakinumab for atherosclerotic disease. N Engl J Med 
2017;377(12):1119–1131.

	[36]	 Rathkey JK, Zhao J, Liu Z, et al. Chemical disruption of the pyro-
ptotic pore-forming protein gasdermin D inhibits inflammatory 
cell death and sepsis. Sci Immunol 2018;3(26):eaat2738.

	[37]	 Suh JJ, Pettinati HM, Kampman KM, et al. The status of 
disulfiram: a half of a century later. J Clin Psychopharmacol 
2006;26(3):290–302.

	[38]	 Li Y, Tu Z, Chen F, et al. Anti-inflammatory effect of Danhong 
injection through inhibition of GSDMD-mediated pyroptosis. 
Phytomedicine 2023;113:154743.

	[39]	 Zhong L, Han J, Fan X, et al. Novel GSDMD inhibitor GI-Y1 
protects heart against pyroptosis and ischemia/reperfusion 
injury by blocking pyroptotic pore formation. Basic Res Cardiol 
2023;118(1):40.

	[40]	 Cui W, Xin S, Zhu L, et al. Si-Miao-Yong-An decoction maintains 
the cardiac function and protects cardiomyocytes from myocar-
dial ischemia and reperfusion injury. Evid Based Complement 
Alternat Med 2021;2021:8968464.

	[41]	 Yan X, Huang Y. Mechanism of total glucosides of paeony in 
hypoxia/reoxygenation-induced cardiomyocyte pyroptosis. J 
Bioenerg Biomembr 2021;53(6):643–653.

	[42]	 Peng L, Lei Z, Rao Z, et al. Cardioprotective activity of ethyl ace-
tate extract of Cinnamomi Ramulus against myocardial ischemia/
reperfusion injury in rats via inhibiting NLRP3 inflammasome 
activation and pyroptosis. Phytomedicine 2021;93:153798.

	[43]	 Luan F, Rao Z, Peng L, et al. Cinnamic acid preserves against 
myocardial ischemia/reperfusion injury via suppression of 
NLRP3/Caspase-1/GSDMD signaling pathway. Phytomedicine 
2022;100:154047.

	[44]	 Xu X-N, Jiang Y, Yan L-Y, et al. Aesculin suppresses the NLRP3 
inflammasome-mediated pyroptosis via the Akt/GSK3β/NF-κB 
pathway to mitigate myocardial ischemia/reperfusion injury. 
Phytomedicine 2021;92:153687.

	[45]	 Li J, Zhao C, Zhu Q, et al. Sweroside protects against myocar-
dial ischemia-reperfusion injury by inhibiting oxidative stress and 
pyroptosis partially via modulation of the Keap1/Nrf2 axis. Front 
Cardiovasc Med 2021;8:650368.

	[46]	 Deng J, Zhang T, Li M, et al. Irisin-pretreated BMMSCs secrete 
exosomes to alleviate cardiomyocytes pyroptosis and oxidative 
stress to hypoxia/reoxygenation injury. Curr Stem Cell Res Ther 
2023;18(6):843–852.

	[47]	 Zhang X, Qu H, Yang T, et al. Astragaloside IV attenuate 
MI-induced myocardial fibrosis and cardiac remodeling by inhib-
iting ROS/caspase-1/GSDMD signaling pathway. Cell Cycle 
2022;21(21):2309–2322.

	[48]	 Ye B, Chen X, Dai S, et al. Emodin alleviates myocardial ischemia/
reperfusion injury by inhibiting gasdermin D-mediated pyroptosis 
in cardiomyocytes. Drug Des Devel Ther 2019;13:975–990.

	[49]	 Lin J, Lai X, Fan X, et al. Oridonin protects against myocardial 
ischemia-reperfusion injury by inhibiting GSDMD-mediated 
pyroptosis. Genes (Basel) 2022;13(11):2133.

	[50]	 Bian Y, Li X, Pang P, et al. Kanglexin, a novel anthraquinone 
compound, protects against myocardial ischemic injury in mice 
by suppressing NLRP3 and pyroptosis. Acta Pharmacol Sin 
2020;41(3):319–326.

	[51]	 Li W, Chen L, Xiao Y. Apigenin protects against ischemia-/
hypoxia-induced myocardial injury by mediating pyroptosis and 
apoptosis. In Vitro Cell Dev Biol Anim 2020;56(4):307–312.

	[52]	 Luan F, Lei Z, Peng X, et al. Cardioprotective effect of cinnamal-
dehyde pretreatment on ischemia/reperfusion injury via inhibiting 
NLRP3 inflammasome activation and gasdermin D mediated car-
diomyocyte pyroptosis. Chem Biol Interact 2022;368:110245.

	[53]	 Li H, Yang DH, Zhang Y, et al. Geniposide suppresses NLRP3 
inflammasome-mediated pyroptosis via the AMPK signaling 
pathway to mitigate myocardial ischemia/reperfusion injury. Chin 
Med 2022;17(1):73.

	[54]	 Xiao B, Huang X, Wang Q, et al. Beta-asarone alleviates myo-
cardial ischemia-reperfusion injury by inhibiting inflammatory 
response and NLRP3 inflammasome mediated pyroptosis. Biol 
Pharm Bull 2020;43(7):1046–1051.

	[55]	 Song W, Dai B, Dai Y. Influence of ginsenoside Rh2 on cardio-
myocyte pyroptosis in rats with acute myocardial infarction. Evid 
Based Complement Alternat Med 2022;2022:5194523.

	[56]	 Li H-L, Li T, Chen Z-Q, et al. Tanshinone IIA reduces pyroptosis 
in rats with coronary microembolization by inhibiting the TLR4/
MyD88/NF-κB/NLRP3 pathway. Korean J Physiol Pharmacol 
2022;26(5):335–345.

	[57]	 Martín-Sánchez F, Diamond C, Zeitler M, et al. Inflammasome-
dependent IL-1β release depends upon membrane permeabilisa-
tion. Cell Death Differ 2016;23(7):1219–1231.

	[58]	 Weindel CG, Martinez EL, Zhao X, et al. Mitochondrial ROS 
promotes susceptibility to infection via gasdermin D-mediated 
necroptosis. Cell 2022;185(17):3214–3231.

	[59]	 Pan H, Pan J, Li P, et al. Characterization of PANoptosis patterns 
predicts survival and immunotherapy response in gastric cancer. 
Clin Immunol 2022;238:109019.

	[60]	 Luchetti G, Roncaioli JL, Chavez RA, et al. Shigella ubiqui-
tin ligase IpaH7.8 targets gasdermin D for degradation to 
prevent pyroptosis and enable infection. Cell Host Microbe 
2021;29(10):1521–1530.

	[61]	 Li Y, Pu D, Huang J, et al. Protein phosphatase 1 regulates phos-
phorylation of gasdermin D and pyroptosis. Chem Commun 
(Camb) 2022;58(85):11965–11968.

	[62]	 Michelucci A, Cordes T, Ghelfi J, et al. Immune-responsive gene 1 
protein links metabolism to immunity by catalyzing itaconic acid 
production. Proc Natl Acad Sci USA 2013;110(19):7820–7825.

	[63]	 Liu X, Zhang Z, Ruan J, et al. Inflammasome-activated gasder-
min D causes pyroptosis by forming membrane pores. Nature 
2016;535(7610):153–158.

	[64]	 Bambouskova M, Potuckova L, Paulenda T, et al. Itaconate con-
fers tolerance to late NLRP3 inflammasome activation. Cell Rep 
2021;34(10):108756.

	[65]	 Devant P, Boršić E, Ngwa EM, et al. Gasdermin D pore-forming 
activity is redox-sensitive. Cell Rep 2023;42(1):112008.

	[66]	 Wang Y, Shi P, Chen Q, et al. Mitochondrial ROS promote macro-
phage pyroptosis by inducing GSDMD oxidation. J Mol Cell Biol 
2019;11(12):1069–1082.

	[67]	 Aghajanian H, Kimura T, Rurik JG, et al. Targeting cardiac fibro-
sis with engineered T cells. Nature 2019;573(7774):430–433.

	[68]	 Rettig WJ, Garin-Chesa P, Beresford HR, et al. Cell-surface gly-
coproteins of human sarcomas: differential expression in normal 
and malignant tissues and cultured cells. Proc Natl Acad Sci USA 
1988;85(9):3110–3114.

	[69]	 Niedermeyer J, Scanlan MJ, Garin-Chesa P, et al. Mouse fibro-
blast activation protein: molecular cloning, alternative splicing 
and expression in the reactive stroma of epithelial cancers. Int J 
Cancer 1997;71(3):383–389.

	[70]	 Jin K, Gao S, Yang P, et al. Single-cell RNA sequencing reveals 
the temporal diversity and dynamics of cardiac immunity after 
myocardial infarction. Small Methods 2022;6(3):e2100752.

	[71]	 Wei Y, Zhu M, Li S, et al. Engineered biomimetic nanoplat-
form protects the myocardium against ischemia/reperfusion 
injury by inhibiting pyroptosis. ACS Appl Mater Interfaces 
2021;13(29):33756–33766.

	[72]	 Huo S, Zhao P, Shi Z, et al. Mechanochemical bond scission for 
the activation of drugs. Nat Chem 2021;13(2):131–139.

	[73]	 Chen Y, Luo R, Li J, et al. Intrinsic radical species scavenging 
activities of tea polyphenols nanoparticles block pyroptosis in 
endotoxin-induced sepsis. ACS Nano 2022;16(2):2429–2441.


