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Abstract 

Pyroptosis is a regulated form of inflammatory cell death in which Gasdermin D (GSDMD) plays a central role 
as the key effector molecule. GSDMD-mediated pyroptosis is characterized by complex biological features and con-
siderable heterogeneity in its expression, mechanisms, and functional outcomes across various tissues, cell types, 
and pathological microenvironments. This heterogeneity is particularly pronounced in inflammation-related diseases 
and tumors. In the context of inflammatory diseases, GSDMD expression is typically upregulated, and its activation 
in macrophages, neutrophils, T cells, epithelial cells, and mitochondria triggers both pyroptotic and non-pyroptotic 
pathways, leading to the release of pro-inflammatory cytokines and exacerbation of tissue damage. However, 
under certain conditions, GSDMD-mediated pyroptosis may also serve a protective immune function. The expres-
sion of GSDMD in tumors is regulated in a more complex manner, where it can either promote immune evasion or, 
in some instances, induce tumor cell death. As our understanding of GSDMD’s role continues to progress, there have 
been advancements in the development of inhibitors targeting GSDMD-mediated pyroptosis; however, these thera-
peutic interventions remain in the preclinical phase. This review systematically examines the cellular and molecular 
complexities of GSDMD-mediated pyroptosis, with a particular emphasis on its roles in inflammation-related diseases 
and cancer. Furthermore, it underscores the substantial therapeutic potential of GSDMD as a target for precision 
medicine, highlighting its promising clinical applications.
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Introduction
Pyroptosis, a regulated form of inflammatory cell death 
mediated by Gasdermin proteins, plays a critical role in 
immune regulation and the progression of various dis-
eases [1–12]. Although first reported in 1986, research 
on pyroptosis advanced slowly until 2015, when Feng 
Shao and Vishva M. Dixit’s teams identified GSDMD 

as the central executor of pyroptosis [1, 2, 13–15]. This 
breakthrough spurred extensive investigations into the 
structure, expression patterns, molecular mechanisms, 
pathological roles, and therapeutic potential of GSDMD 
(Fig. 1).

GSDMD expression exhibits significant heterogeneity 
across tissues and cell types. Under resting conditions, 
GSDMD is highly expressed in tissues such as the small 
intestine, spleen, and liver but is relatively low in the 
heart [22]. In non-tumor diseases, GSDMD expression 
and activity are markedly upregulated, driven by patho-
logical conditions and tissue-specific microenvironments 
[22–27]. In tumors, its expression is significantly influ-
enced by the tumor microenvironment, which is dynami-
cally regulated by tumor and immune cells [28, 29].

Structurally, GSDMD comprises an GSDMD-N and 
a C-terminal fragment (GSDMD-C), which form a 
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self-inhibited conformation under normal conditions [30, 
31]. Upon stimulation by damage-associated molecular 
patterns (DAMPs) or pathogen-associated molecular pat-
terns (PAMPs), activated caspase-1 or caspases-4/ 5/ 11 
cleave GSDMD, releasing the N-terminal fragment. This 
fragment oligomerizes and forms pores in the cell mem-
brane, triggering the release of inflammatory cytokines 
and inducing pyroptotic cell death [1, 2, 32–37]. Beyond 
pyroptosis, GSDMD is also involved in non-pyroptotic 
processes such as autophagy, with its activation path-
ways, cleavage sites, and pore-forming activities being 
intricately regulated by pathological conditions and 
microenvironments, influencing its biological functions 
and inflammatory responses [38].

In various diseases, GSDMD mediates the release of 
inflammatory cytokines and pyroptosis via the canoni-
cal NOD-, LRR- and pyrin domain-containing pro-
tein 3 (NLRP3)-caspase-1-GSDMD pathway and the 
non-canonical caspase-11 pathway, while display-
ing context-dependent functionality. For example, in 
acute myocardial infarction (MI), GSDMD exacerbates 
inflammatory damage by modulating autophagy in neu-
trophils, whereas in experimental colitis, it enhances 
mucosal integrity to counter bacterial invasion, pro-
viding protective effects [22, 39]. In tumors, GSDMD 
demonstrates dual roles: it can suppress tumor growth 
or promote tumor proliferation and migration through 
immune suppression mechanisms [28, 29]. A com-
prehensive understanding of the context-dependent 
mechanisms of GSDMD is crucial for developing tar-
geted therapeutic strategies. Although GSDMD’s roles 

in immune and inflammatory regulation are well-rec-
ognized, its primary effects are often associated with 
exacerbating organ damage and disease severity. Cur-
rently, no approved GSDMD inhibitors exist, emphasiz-
ing the need for the development of effective targeted 
inhibitors with significant clinical potential.

In conclusion, this review summarizes the differential 
expression, tissue- and cell-specific mechanisms, and 
diverse roles of GSDMD in both resting and pathologi-
cal states. It further explores the potential applications 
of targeting GSDMD in drug development and preci-
sion medicine, providing critical insights for future 
research.

Cellular Heterogeneity in GSDMD Expression
The expression of GSDMD protein exhibits significant 
differences between resting and pathological states. In 
the resting state, GSDMD expression is regulated by its 
distribution across various cell types and tissues, leading 
to substantial variation in expression levels between dif-
ferent tissues. Under pathological conditions, GSDMD 
expression undergoes notable changes compared to 
the resting state, though the patterns of alteration are 
inconsistent between non-tumor and tumor-associated 
diseases. In non-tumor diseases, GSDMD expression is 
notably upregulated, while in tumor-related diseases, the 
changes in expression are more complex. Nevertheless, 
in both contexts, alterations in GSDMD protein expres-
sion are closely associated with disease pathogenesis and 
the changes in the pathological microenvironment.

Fig. 1  History of pyroptosis. The history of pyroptosis began in 1986 when researchers observed that macrophages infected with anthrax lethal 
toxin underwent rapid cell membrane rupture and intracellular content release, resulting in cell death [13]. Initially, this phenomenon was thought 
to involve caspase-1-mediated apoptosis [14]. However, in 2001, it was recognized as distinct from traditional apoptosis, leading to the identification 
of a novel form of cell death termed pyroptosis [15]. Research on pyroptosis progressed slowly. In 2004, GSDMD was identified as a member 
of the gasdermin family, although its connection to pyroptosis remained unclear [16]. A major breakthrough occurred in 2015 when the teams 
of Shao Feng and Vishva M. Dixit independently published studies in Nature, establishing pyroptosis as an inflammatory form of cell death mediated 
by GSDMD [1, 2]. In 2016, it was discovered that pyroptosis involves the binding of N-terminal fragment of GSDMD (GSDMD-N) to phospholipids, 
leading to pore formation in the cell membrane and initiating pyroptosis [17–20]. Finally, in 2021, cryo-electron microscopy revealed the structural 
details of GSDMD pores, providing critical insights into the mechanism of pyroptosis [21]
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Variations in GSDMD expression across tissues and cells 
in resting states
In the resting state, GSDMD expression levels vary sig-
nificantly across different tissues, primarily due to cel-
lular heterogeneity within these tissues. The expression 
of GSDMD is closely related to the cellular composi-
tion of each tissue. For instance, GSDMD expression is 
higher in the small intestine and liver, while lower lev-
els are observed in tissues such as the heart [22]. In the 
small intestine, major cell types such as epithelial cells, 
endothelial cells, and mesenchymal cells exhibit high lev-
els of GSDMD expression, which collectively contribute 
to the elevated overall expression of GSDMD in this tis-
sue [40, 41]. In the liver, approximately 60% of the cells 
are hepatocytes, which express high levels of GSDMD. 
Other key cell types, such as endothelial cells, bile duct 
cells, hepatic stellate cells, and immune cells, also express 
GSDMD at varying levels, contributing to the overall 
high expression of GSDMD in the liver [42, 43]. In con-
trast, GSDMD expression is relatively low in the heart, 
likely due to the fact that cardiomyocytes, which con-
stitute 20%—35% of heart tissue, exhibit low levels of 
GSDMD expression, resulting in lower overall expression 
in heart tissue [5, 44–48].

Additionally, GSDMD expression exhibits spatial vari-
ation within the same tissues, and expression levels can 
vary for the same cell type across different tissues. For 
example, in the small intestine, GSDMD expression 
ranges from 201.7 to 375.4 in the proximal region, with 
an average expression level of 80 to 161.9 across the 
entire small intestine, as reported by The Human Pro-
tein Atlas. In macrophages, GSDMD expression also 
varies by tissue, with levels of 58.8, 94.7, and 43.4—93.0 
in bone marrow, kidneys, and lungs, respectively (data 
from The Human Protein Atlas). These differences may 
be attributed to the presence of distinct macrophage sub-
types [40, 49–51]. However, the specific roles and mecha-
nisms underlying these expression differences remain 
unexplored.

In conclusion, although numerous studies have exam-
ined GSDMD expression under resting conditions, the 
specific mechanisms driving its differential expression 
across tissues and cell types remain inadequately under-
stood and warrant further investigation [52] (Fig. 2).

Alterations in GSDMD expression across tissues and cells 
in disease conditions
GSDMD expression is significantly upregulated in non-
tumor diseases (non-infectious, infectious and auto-
immune diseases) and significantly change in tumor 
diseases.

In non-tumor diseases, this increased expression 
occurs in multiple tissues, including the heart, liver, 
brain, spleen, small intestine and kidney, involving 
both parenchymal and immune cells. Parenchymal cells 
include hepatocytes and cardiomyocytes, while immune 
cells consist of bone marrow- and spleen-derived mac-
rophages and neutrophils, as well as tissue-specific 
immune cells such as microglia in the central nervous 
system [22–27, 53]. In heart and liver diseases, GSDMD 
expression is markedly elevated in cardiomyocytes and 
hepatocytes, contributing to the regulation of pathologi-
cal processes. For example, in heart diseases, myocar-
dial injury induces oxidative stress in cardiomyocytes, 
leading to increased GSDMD expression. Activated 
caspase-11 cleaves GSDMD, forming GSDMD-N pores 
that release interleukin-18 (IL-18) and promote car-
diomyocyte pyroptosis, thereby exacerbating reperfu-
sion-induced heart damage [54]. Similarly, in alcoholic 
hepatitis, alcoholic/ non-alcoholic fatty liver disease, and 
hepatic ischemia–reperfusion injury, GSDMD expres-
sion is significantly upregulated in hepatocytes. Condi-
tional knockout of GSDMD in hepatocytes effectively 
reduce inflammatory cell infiltration and fibrosis in these 
diseases [55–60]. As a key mediator of inflammatory 
programmed necrosis, GSDMD plays an important role 
not only in circulating immune cells in the bone marrow 
but also in tissue-resident immune cells. In MI, GSDMD 
expression increases as neutrophils accumulate in large 
numbers, mediating GSDMD expression in the bone 
marrow. Activated neutrophils secrete interleukin-1β 
(IL-1β) and promote granule formation [22, 61]. In cer-
ebral ischemia and neurodegenerative diseases, cyto-
solic double-stranded DNA (dsDNA) activates the cyclic 
GMP-AMP synthase (cGAS) signaling pathway in micro-
glia, promoting the expression of (Absent in melanoma 2) 
AIM-2/ NLRP3 and GSDMD, which leads to cell polari-
zation and pyroptosis [26, 27, 62]. In conclusion, GSDMD 
expression is upregulated under pathological conditions 
and exhibits cell-type-specific functions (Table 1).

In tumor diseases, the expression of GSDMD in tumor 
tissues is closely associated with the tumor microenviron-
ment and primarily regulated by tumor cells and immune 
cells. In acute inflammatory microenvironments, low 
GSDMD expression in both tumor and immune cells 
facilitates tumor growth. Conversely, in chronic inflam-
matory microenvironments, GSDMD-mediated pyrop-
tosis in immune cells triggers inflammatory responses 
that further promote tumor progression. The expression 
of GSDMD in tumor tissues is dynamically controlled by 
the interactions between tumor cells and immune cells 
[90].
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GSDMD‑mediated signaling pathways
Under DAMPs or PAMPs stimulation, GSDMD under-
goes a conformational change, leading to cleavage, pore 
formation, release of inflammatory cytokines, and pyrop-
tosis. However, due to differences in stimuli and cell 
types, the GSDMD signaling pathway exhibits distinct 
characteristics in macrophages, neutrophils, T cells, epi-
thelial cells, and mitochondria.

GSDMD‑mediated signaling pathways in structural‑level
GSDMD is composed of two main domains: the 
GSDMD-N and GSDMD-C, which are connected by a 
flexible linker peptide. The N-terminal domain contains 
three α-helices and ten β-sheets, while the C-terminal 
domain comprises nine α-helices and an antiparallel tri-
plet β-sheet structure [30, 31]. Conformational changes 
in both the N-terminal and C-terminal domains are 

Fig. 2  Expression of GSDMD in different tissues and cells. GSDMD is highly expressed in the intestine, liver, and bone marrow, while its expression 
is low in blood vessels, lung, kidney, heart, and brain. This expression pattern correlates with the levels of GSDMD in specific cells within these 
tissues. The Human Protein Atlas database provides quantitative data on GSDMD expression at the single-cell level across various tissues
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involved in auto-inhibition, cleavage, and the formation 
of pyroptotic pores in the membrane.

In the resting state, the β12—β14—β13 sequence of 
the GSDMD-C domain covers the α1 and α4 helices of 
the GSDMD-N domain, maintaining the autoinhibi-
tory activity of the full-length GSDMD protein [17]. 

Upon inflammatory stimulation, this autoinhibitory 
structure is disrupted, resulting in cleavage at specific 
linker sites and the subsequent release of GSDMD-C 
and GSDMD-N [17, 31]. Guided by the α1 and α4 heli-
ces, GSDMD-N localizes to the plasma membrane, 
where it interacts with inner leaflet acidic phospholipids, 

Table 1  The change of GSDMD expression in non-tumor disease

MI/ R Myocardial ischemia–reperfusion, iNKT Invariant natural killer T, ALS Amyotrophic lateral sclerosis, PD Parkinson’s disease, CRSwNP Chronic rhinosinusitis with 
nasal polyps, DFUs Diabetic foot ulcers, FMF Familial mediterranean fever, IBD Inflammatory bowel diseases

Classic Diseases Up of the organ Cell types References

Non-infectious diseases Heart
diseases

MI Heart Bone marrow derived 
neutrophil

[22, 23]

Atherosclerosis Aortic root Myeloid cell, endothelial 
cell

[24, 25]

MI/ R Heart Cardiomyocyte [54]

Diabetic cardiomyopathy Heart Cardiomyocyte [63]

Liver diseases Acute and chronic liver 
disease

– iNKT cell [64]

Alcoholic hepatitis Liver Hepatocyte [55]

Alcoholic steatohepatitis Liver Hepatocyte [56]

Liver warm ischemia–rep-
erfusion injury

Liver Macrophage [65]

Non-alcoholic steato-
hepatitis

Liver Hepatocyte [57–59]

Noninfectious liver injury Liver Hepatocyte [60]

Obesity-associated hepa-
tocellular carcinoma

Liver Hepatic stellate cell [66]

Nervous diseases Alzheimer’s disease Brain Oligodendrocyte [67]

ALS Brain White matter Microglia [53]

Brain injury after subarach-
noid haemorrhage

Brain (cerebrospinal fluid) Primary cortical neuron [68]

Ischemic stroke Brain Microglia [26, 27]

PD Brain Microglia [62]

Vascular dementia Brain – [69]

Others Chronic kidney disease Kidney Podocyte [70]

Acute kidney injury Kidney Renal tubular epithelial [71]

Age-related macular 
degeneration

Eye Retinal pigmented epi-
thelium

[72]

CRSwNP Nose (nasal mucosa) – [73]

Infectious diseases DFUs Foot Keratinocyte [74]

Endotoxemia-induced lung injury Lung Endotheail [75]

Malaria Brain Dendritic cell [76]

Rhinovirus infection Nasal mucosa Epithelial [77]

Sepsis Bone marrow Macrophage [78–80]

Shock Small intestine Endothelial/ macrophage [81]

Brain infection Brain Microglia [82]

Autoimmune diseases Experimental autoimmune eTNFncephalomyelitis Bone marrow Peripheral myeloid cell [83]

FMF Spleen Monocyte/ macrophage [84]

IBD Intestinal Epithelial cell, mac-
rophage

[39, 85–87]

Kawasaki disease Vascular Endothelial cell [88]

Multiple sclerosis Central nervous system Myeloid cell (mac-
rophages/ microglia)

[89]
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undergoes conformational rearrangement, and assem-
bles into pores. These pores are composed of 31—34 
subunits, with an outer diameter of approximately 30 nm 
and an inner diameter of roughly 20 nm, thereby initiat-
ing pyroptosis [1, 2, 21, 32, 36, 37, 91–98]. However, the 
precise function of the β1—β2 loop in GSDMD-N during 
pore formation and the mechanism by which it is masked 
by GSDMD-C for auto-inhibition remain poorly under-
stood [99] (Fig. 3).

GSDMD‑mediated signaling pathways in cellular‑level
GSDMD operates through distinct mechanisms in vari-
ous cell types (macrophages, neutrophils, T cell, epithe-
lial cells and mitochondria) in response to stimuli such 
as pathogens and food antigens. These processes maybe 
include the activation and cleavage of GSDMD, GSDMD 
accumulation and formation of pores in the cell mem-
brane, GSDMD pore-mediated secretion of inflamma-
tory factors and the pyroptosis pathway [100]. Besides, 
GSDMD can induce the non-pyroptotic pathway.

Activation and cleavage of GSDMD
GSDMD activity mainly depends on the cleavage of 
GSDMD. The cleavage pattern and sites vary with the cell 
type, stimulating factor and pathological factors.

Macrophages  In macrophages, GSDMD could be 
cleaved by caspase-1/ 8/ 4/ 5/ 11 and to form GSDMD-N. 
Caspase-1 mediated pathway was regarded as the canoni-
cal pathway, which is that when lipopolysaccharide (LPS) 
or DAMPs are recognized by PRRs (pattern recognition 

receptors), the caspase-1 is activated, promoting NLRP3 
[32, 77, 101–115], Nucleotide-binding domain leucine-
rich repeat pyrin domain containing 9b (NLRP9b) [116], 
Nucleotide-binding domain leucine-rich repeat CARD 
Domain Containing 4 (NLRC4) [117–121], AIM2 [24, 
122–124], Pyrin [125, 126], Caspase recruitment domain-
containing protein 8 (CARD8) [127–129], Nucleotide-
binding domain leucine-rich repeat pyrin domain con-
taining 7 (NLRP7) [130], human nucleotide-binding 
domain leucine-rich repeat pyrin domain-containing 1 
(hNLRP1) [131], mouse nucleotide-binding domain leu-
cine-rich repeat pyrin domain-containing 1b (mNLRP1b) 
[132, 133] and other inflammasomes. The expression 
and assembly of these inflammasomes cleave caspase-1, 
which then mediates the cleavage of GSDMD to form 
GSDMD-N. Caspase-4/ 5/ 11 pathway was regarded as 
non-canonical pathway, which is that when PAMPs do 
not require recognition by PRRs, they can directly acti-
vate caspases-4, 5, and 11 to regulate the cleavage of 
GSDMD [2, 105, 115, 134–141]. Additionally, studies 
have found that caspase-8 can promote the formation of 
the Fas-associating protein with a novel death domain 
(FADD)- Receptor interacting serine/ threonine-protein 
kinase 1 (RIPK1)-caspase-8 complex and the cleavage of 
GSDMD under the stimulation of Yersinia or LPS [33–35, 
142–144]. Caspases-1, 4, 5, and 11 cleave aspartic acid 
at site 275 of human GSDMD (272FLTD275) or aspar-
tic acid at site 276 of mouse GSDMD (273LLSD276) to 
form GSDMD-N and GSDMD-C [1, 2, 32, 36, 37]. Cas-
pase-8 cleaved GSDMD at aspartic acid site 276, forming 
GSDMD-N and GSDMD-C [33, 34] (Fig. 4a).

Fig. 3  Schematic representation of the structural changes in GSDMD during pyroptosis, illustrating the processes of auto-inhibition, cleavage, 
and pore-formation. In the autoinhibited state, GSDMD is cleaved into GSDMD-N and GSDMD-C in response to inflammatory stimuli. The GSDMD-N 
fragment then undergoes conformational changes, enabling its assembly into membrane pores. Note: GSDMD auto-inhibition structure (PDB: 
6N9O) [11], pore formation structure (PDB: 6VFE) [30]
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Neutrophils  In neutrophils, stimulation by DAMPs acti-
vates the NLRP3-caspase-1 signaling pathway, leading to 
the cleavage of GSDMD and pro-IL-1β, resulting in the 
production of GSDMD-N and IL-1β. GSDMD-N does 
not localize to the plasma membrane (PM) nor does it 
increase PM permeability or induce pyroptosis. Instead, 
it predominantly associates with azurophilic granules and 
LC3+ autophagosomes, thereby facilitating the release of 
IL-1β [38]. When neutrophils are stimulated by LPS or 
Gram-negative bacteria, caspase-4/ 11 activation induces 
pyroptosis, leading to the release of neutrophil extracel-
lular traps (NETs) [145–148].

In addition to the caspase-mediated GSDMD acti-
vation pathway, neutrophils also utilize neutrophil 
elastase (ELANE), which is specifically expressed in 
neutrophils, to independently activate GSDMD. ELANE 
cleaves GSDMD at a site upstream of the caspase cleav-
age site, generating a fully active GSDMD-N fragment 
[37]. The trafficking of GSDMD-N to azurophilic gran-
ules induces the leakage of neutrophil elastase (NE) into 
the cytoplasm, which subsequently leads to secondary 
cleavage of GSDMD, producing another active form of 
GSDMD-N [38]. Additionally, Cathepsin G can recog-
nize the Cysteine (Cys) 268 site on GSDMD, cleaving it 
to produce GSDMD-N, thereby further promoting the 
release of mature IL-1β and amplifying the inflammatory 
response [37, 96, 148, 149] (Fig. 4b).

T cells  In T cells, caspase-1 is activated by the NLRP3 
inflammasome in response to Human Immunodefi-
ciency Virus (HIV) viral DNA and lentiviral short hair-
pin RNA [108, 110]. Additionally, caspase-1 activation 
can be mediated by the Caspase recruitment domain-
containing protein 8 (CARD8) inflammasome, which is 
triggered by intracellular HIV-1 protease activity. In this 
pathway, dipeptidyl peptidase 9 (DPP9) functions as a 
regulator that inhibits CARD8 activation. Once activated, 

caspase-1 cleaves GSDMD at Aspartic acid (Asp) 275 in 
primary human CD4 and CD8 T cells [129, 150] (Fig. 4b).
Epithelial cells  In intestinal epithelial cell, GSDMD is 
cleaved by both caspase-1 and caspase-3/ 7 in small intes-
tinal epithelial cells. In the caspase-1 cleavage pathway, 
following rotavirus infection, the NLRP9b protein, which 
is specifically expressed in intestinal epithelial cells, is 
activated. The RNA helicase DExH-box helicase 9 (Dhx9) 
recognizes shorter double-stranded RNA (dsRNA) frag-
ments, and together with the adapter protein Apoptosis-
associated speck-like protein containing a CARD (ASC) 
and caspase-1, forms inflammasome complexes that pro-
mote GSDMD cleavage [116]. Caspase-8 (C362S) expres-
sion can further trigger the formation of ASC puncta 
and activate caspase-1 [151]. Besides, caspase-1 not only 
directly activates GSDMD but also activates caspase-7 
[152]. In the caspase-3/ 7 cleavage pathway, the D88 site 
of GSDMD can be cleaved by caspase-3/ 7, forming an 
approximately 13 kD GSDMD-N terminus and a 42 kD 
GSDMD-C terminus [100]. GSDMD could be cleaved 
into the GSDMD p40 fragment by allergen stimulation 
[153] (Fig.  4c). In brain endothelial cells, the destruc-
tion of the blood–brain barrier caused by LPS stimula-
tion is primarily due to the activation of the caspase-4/ 
11-GSDMD pathway in brain endothelial cells. Activated 
GSDMD forms pores in the cell membrane of brain 
endothelial cells, increasing membrane permeability and 
inducing pyroptosis [154].

Mitochondria  When phagocytosed bacterial endotoxin 
LPS activates GSDMD, it forms pores on mitochondria, 
leading to the release of mitochondrial DNA (mtDNA). 
The leaked mtDNA enters the cytoplasm, trigger-
ing inflammasome assembly, caspase-1 activation, and 
pyroptosis. This process is regulated by MRE11A [114, 
155]. In macrophages carrying the Lrrk2G2019S muta-
tion, inflammasome activation increases mitochondrial 
reactive oxygen species (mtROS) levels, promoting the 

(See figure on next page.)
Fig. 4  Pyroptosis signaling pathway in various cells. a. Macrophage-mediated pyroptosis can be classified into the caspase-1-mediated canonical 
pathway and the caspase-4/ 11-mediated non-canonical pathway, depending on whether DAMPs or PAMPs are recognized by membrane 
receptors. Additionally, caspase-8 can mediate pyroptosis in macrophages. The GSDMD-mediated pyroptosis process involves several 
post-translational modifications, including GSDMD succinylation and palmitoylati. b. When neutrophils are stimulated by inflammation, caspase-1 
is activated, promoting the cleavage of GSDMD at Cys 191/ 192 and the processing of IL-1β. Granules also cleave GSDMD at Cys 268, facilitating 
subsequent GSDMD cleavage and IL-1β release. Although IL-1β release depends on GSDMD, it does not pass through GSDMD pores. LPS activates 
caspase-4/ 11, leading to GSDMD cleavage and subsequent NETosis in neutrophils. In T cells, viral activation and LPS stimulation of the caspase-1 
signaling pathway mediate GSDMD cleavage and IL-1β release. c. In small intestinal epithelial cells, DAMPs are recognized by membrane receptors, 
activating the caspase-1 signaling pathway. Caspase-8 expression can trigger inflammasome formation, and IL-1β secretion. Caspase-1 directly 
activates GSDMD and caspase-7. Food antigens activate the caspase-3/ 7 signaling pathway, mediating GSDMD cleavage and MHCII release. 
GSDMD can also form pores in the cell membrane to secrete IL-33 independently of caspase-1/ 11. Additionally, increased ROS promotes 
the accumulation of GSDMD-N on the membrane, and GSDMD mediates the ubiquitination and secretion of pro-IL-1β. d. In mitochondria, In 
the cytoplasm, the cleavage of GSDMD generates GSDMD-N, which forms pores in both the inner and outer mitochondrial membranes, facilitating 
the release of mtROS and mtDNA into the extracellular space. mtROS also mediate the formation of GSDMD-induced pores in the membranes
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Fig. 4  (See legend on previous page.)
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binding of the pore-forming protein GSDMD to the 
mitochondrial membrane [156]. Upon stimulation by 
LPS and Nigericin, GSDMD is cleaved through pyrop-
totic pathways mediated by caspase-1 and caspase-4/ 
5/ 11, generating GSDMD-N. Cytoplasmic GSDMD-N 
forms pores on both the inner and outer mitochondrial 
membranes, resulting in reduced mitochondrial abun-
dance, decreased mtROS levels, and the release of pro-
teins and DNA from the mitochondrial matrix and inter-
membrane space [157] (Fig. 4d).

Accumulation and pore formation of GSDMD in membranes
In macrophages, following cleavage, GSDMD-N rapidly 
accumulates at the cell membrane, selectively target-
ing specific membrane components. GSDMD-N exhib-
its a high affinity for phosphoinositides and cardiolipin 
located on the inner leaflet of the membrane, where it 
forms pyroptotic pores [1, 17–19]. The formation of 
GSDMD pores requires the involvement of specific pro-
teins. A forward genetic screen conducted by Charles L. 
Evavold et  al. identified the Ragulator-Rag complex as 
essential for GSDMD pore formation in macrophages. 
Besides, mitochondrial poisons that enhance reactive 
oxygen species (ROS) production can restore GSDMD 
oligomerization and pore formation [158]. Importantly, 
due to its lipid-binding preferences, GSDMD-N kills 
from within the cell, but does not harm neighboring 
mammalian cells when it is released during pyroptosis 
[18].

The post-translational modification of GSDMD is a cru-
cial post-translational modification that dictates GSDMD 
membrane localization and regulates the pyroptosis pro-
cess. For example, the palmitoyl acyltransferase DHHC7 
palmitoylates GSDMD, facilitating its cleavage by cas-
pases. Following this, the palmitoylation of GSDMD-N 
enhances its transport to the plasma membrane, where 
APT2 depalmitoylates GSDMD-N, exposing the Cys 192 
residue and promoting its oligomerization. Zinc Finger 
DHHC-Type Palmitoyltransferase 5 (ZDHHC5) and Zinc 
Finger DHHC-Type Palmitoyltransferase 9 (ZDHHC9)-
mediated palmitoylation of GSDMD increases GSDMD-
N’s affinity for phosphatidylinositol and cardiolipin, 
regulates its localization on the plasma membrane, and 
affects its oligomerization [159–161]. S-palmitoylation 
of GSDMD at Cysteine (Cys) 191 is essential for the for-
mation of GSDMD-N pores. However, S-palmitoylation 
does not affect GSDMD cleavage and can be enhanced by 
mitochondria-derived ROS. S-palmitoylation can modify 
full-length GSDMD, inducing lipid leakage and the for-
mation of pores similar to GSDMD-N. This finding chal-
lenges the prevailing notion that GSDMD cleavage is the 
sole trigger for GSDMD activation [162]. The Cys 191/ 

Cys 192 site of GSDMD can also undergo succinylation, 
which negatively regulates the palmitoylation of GSDMD 
during the pyroptosis process [160].

In addition, in macrophages, proteomic studies have 
shown that protein phosphatase 1 (PP1) co-localizes with 
GSDMD, and phosphorylation at sites such as Threonine 
(Thr) 213 may alter GSDMD pore formation [163]. Suc-
cinic acid can also modify GSDMD at Cys 77, impacting 
its processing levels [18, 164, 165]. Lysosome-derived 
ROS, released by the Ragulator-Rag complex, can directly 
modify Cys 192 on GSDMD, affecting its oligomerization 
and pore formation and ultimately leading to pyroptotic 
cell death [166]. In small intestinal epithelial cells, the 
N-terminus can be transported to the nucleus and induce 
MHCII molecule transcription in intestinal epithelial 
cells in the upper small intestine, thereby inducing a pro-
tective immune response against pathogens [100].

Release of inflammatory cytokines via GSDMD pores
GSDMD forms pores in the membrane that mediate the 
release of inflammatory cytokines. In macrophages, these 
pores enable the secretion of mature IL-1β, IL-18, and 
other inflammatory factors, thereby initiating subsequent 
inflammatory responses [1, 17–19]. The GSDMD-N 
pores specifically facilitate the secretion of mature IL-1β 
into the extracellular space. This is primarily due to the 
fact that GSDMD-N pores, which are negatively charged, 
allow the passage of positively charged small proteins like 
IL-1β, whereas negatively charged unprocessed IL-1β or 
proteins of similar molecular weight are less likely to pass 
through the pores [98, 167]. Furthermore, the GSDMD-N 
forms pores with an internal diameter of approximately 
10—16 nm in the membrane, allowing small molecules 
such as IL-1β/ IL-18 (approximately 7.5 nm in diameter) 
to pass through [17]. The mechanism of IL-1β release in 
neutrophils and small intestinal epithelial cells, differs 
from that in macrophages and dendritic cells. Although 
GSDMD is essential for the release of IL-1β from neutro-
phils and small intestinal epithelial cells, it cannot form 
pores on the membrane, preventing IL-1β from being 
released extracellularly through pyroptotic pores. Studies 
have found that IL-1β in neutrophils is released through 
the autophagy pathway [38]. In small intestinal epithelial 
cells, IL-1β is secreted outside the membrane in the form 
of exosome cargo [151]. GSDMD can also mediate the 
ubiquitination of pro-IL-1β, promoting the packaging of 
IL-1β into secretory vesicles and releasing it extracellu-
larly in a hole-independent manner [85, 168].

In addition to the release of IL-1β, GSDMD mediates 
cytosolic LPS sensing by caspase-11 triggers the systemic 
release of galectin-1 via GSDMD pores directly in mac-
rophages [135]. In epithelial cells and hepatic stellate 
cells, GSDMD is cleaved into the GSDMD p40 fragment, 
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forming pores on the cell membrane and allowing the 
secretion of IL-33. However, this process of GSDMD 
cleavage is not dependent on caspase-1/ 11 [66, 153]. In 
addition to pyroptosis, GSDMD can also mediate non-
pyroptotic effects in mitochondria. When the inflamma-
some is activated in Lrrk2G2019S macrophages, elevated 
mtROS guides GSDMD to associate with the mitochon-
drial membrane. Mitochondrial GSDMD pore formation 
releases mtROS and promotes Receptor-interacting ser-
ine/ threonine-protein kinase 1 (RIPK1)/ Receptor-inter-
acting serine/ threonine-protein kinase 1 (RIPK3)/ mixed 
lineage kinase domain-like protein (MLKL)-dependent 
necrotic transition [156]. The aggregation of GSDMD in 
azurophilic granules results in the release of elastase NE 
into the cytoplasm of neutrophils, which in turn triggers 
secondary cleavage of GSDMD [38]. GSDMD in neutro-
phils also affects the formation of neutrophil extracellular 
traps (NETs). During NETosis, GSDMD is hydrolytically 
activated by neutrophil proteases, affecting protease 
activation and nuclear expansion in a feed-forward 
cycle [146]. Besides, HMGB1 could be released was not 
via the GSDMD pore, while it is GSDMD depend [169]. 
11,12-epoxyeicosatrienoic acid (11,12-EET) as a bioac-
tive, pro-healing oxylipin that is secreted from hyperac-
tive macrophages in a GSDMD-dependent manner [170].

Pyroptosis mediated by GSDMD pores
GSDMD pore could mediate pyroptosis ultimately. In 
macrophages, GSDMD pore induces membrane bleb-
bing and swelling, followed by a loss of cell membrane 
integrity due to changes in osmotic pressure, ultimately 
triggering pyroptosis, along with the passive release of 
lactate dehydrogenase (LDH) [1, 17–19, 171]. GSDMD-
mediated plasma membrane rupture is not driven by 
osmotic pressure but is actively regulated by the protein 
Ninjurin-1 (NINJ1). In eukaryotic cells, during lytic cell 
death, the extracellular α-helices of NINJ1 insert into 
the plasma membrane, promoting the polymerization 
of NINJ1 monomers into amphipathic filaments that 
cause membrane rupture [172]. In macrophage-mediated 
pyroptosis models, forward genetic screening has identi-
fied the crucial role of NINJ1 in plasma membrane rup-
ture. In the absence of NINJ1, pyroptosis is inhibited, yet 
the cell eventually dies without membrane rupture. Con-
sequently, cytosolic components such as LDH are not 
released into the extracellular environment [173–175].

GSDMD-mediated pyroptosis can be counteracted 
by certain proteins that facilitate membrane repair. For 
example, in small intestinal epithelial cells, caspase-7 
modulates GSDMD pore formation and preserves cell 
integrity by cleaving and activating acid sphingomy-
elinase (ASM), leading to the production of ceramide, 
which supports membrane repair [152]. In addition, the 

calcium influx through GSDMD pores acts as a signal for 
cells to initiate membrane repair by recruiting the endo-
somal sorting complexes required for transport (ESCRT) 
machinery to damaged membrane sites, such as the 
plasma membrane. Inhibition of the ESCRT-III machin-
ery significantly amplifies pyroptosis and enhances 
interleukin-1β release in both human and murine cells 
following canonical or noncanonical inflammasome acti-
vation [176, 177].

Heterogeneity of GSDMD function in diseases
GSDMD, a key regulator of pyroptosis, is widely 
expressed in both non-tumor and tumor cells, playing a 
role in mediating inflammatory damage in non-tumor 
diseases and contributing to diverse pathological pro-
cesses in tumor diseases, including tumor progression 
and suppression. In non-tumor diseases, GSDMD pre-
dominantly exacerbates inflammation and drives disease 
progression by facilitating the release of inflammatory 
cytokines. In contrast, in tumor diseases, GSDMD exhib-
its bidirectional regulatory functions, either suppressing 
tumor cell pyroptosis to promote tumor progression or 
modulating immune responses to inhibit tumor growth.

GSDMD function in non‑tumor diseases
GSDMD is broadly expressed and plays a pivotal regu-
latory role in non-tumor diseases, which can be catego-
rized into infectious, non-infectious, and autoimmune 
diseases. Its function and mechanisms are closely asso-
ciated with its localization in specific tissues and cell 
types. In non-infectious diseases, GSDMD activation is 
primarily driven by DAMPs released from injured tis-
sues, dynamically influencing parenchymal cells and cir-
culating or resident immune cells to induce inflammatory 
tissue damage. In infectious and autoimmune diseases, 
despite variations in activating factors, GSDMD predom-
inantly regulates immune cell activity, resulting in inflam-
matory dysregulation and promoting disease progression.

Role of GSDMD in non‑infectious diseases
GSDMD expression is significantly upregulated in heart, 
liver, kidney, nervous system, eye, and vascular diseases 
compared to normal controls. This upregulation medi-
ates pyroptosis and triggers the release of inflammatory 
cytokines, leading to inflammatory damage and exacer-
bating disease progression.

Heart diseases  Ischemic heart disease, particularly MI/ 
R injury and MI, ranks among the most fatal cardiac con-
ditions. Its pathological processes are closely linked to 
the expression and activation of GSDMD. In MI/ R injury, 
GSDMD plays a pivotal role in regulating cardiomyocyte 
pyroptosis, where its high expression exacerbates MI/ R 
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damage. The underlying mechanism involves oxidative 
stress induced by MI/ R injury, which triggers the acti-
vation of caspase-11, leading to the cleavage of GSDMD. 
The cleaved GSDMD-N fragments then oligomerize to 
form membrane pores, contributing to cardiomyocyte 
damage [54]. In MI, neutrophils are recruited to the 
infarcted myocardium, where they undergo NETosis and 
release S100 Calcium Binding Protein A8 (S100A8) and 
S100 Calcium Binding Protein A9 (S100A9), upregulating 
C-X-C motif chemokine receptor 4 (CXCR4) expression 
in other neutrophils. This signaling drives neutrophils to 
migrate back to the bone marrow, where they accumulate 
and release IL-1β through GSDMD-mediated pyroptotic 
pores, thereby promoting granulopoiesis [61]. Moreo-
ver, GSDMD mediates IL-1β release via an autophagy-
dependent mechanism, indicating that it may also have 
non-pyroptotic roles in MI pathophysiology [22].

In diabetic cardiomyopathy, upregulation of the mam-
malian target of rapamycin (mTOR) pathway accelerates 
pyroptosis, resulting in myocardial hypertrophy and col-
lagen deposition, which further exacerbate cardiac dys-
function [63].

Liver disease  In liver diseases, the excessive activa-
tion of GSDMD significantly exacerbates liver injury, 
with its activation primarily involving immune cells and 
hepatocytes.

Among immune cells, invariant natural killer T (iNKT) 
cells, which reside in the liver, express high levels of cas-
pase-1 and the tumor necrosis factor (TNF) superfam-
ily receptor OX40. The activation of OX40 recruits the 
paracaspase MALT1 via TNF receptor-associated factor 
6 (TRAF6), subsequently activating caspase-1. Activated 
caspase-1 cleaves GSDMD, promoting the maturation of 
IL-1β and the formation of pyroptotic pores. These pores 
release pro-inflammatory cytokines, thereby aggravating 
liver injury [64]. Additionally, infiltrating macrophages 
regulate inflammasome-mediated pyroptosis and hepat-
ocyte damage through the Ikaros-SIRT1 axis, further 
intensifying liver injury in human liver transplant recipi-
ents and murine models of sterile hepatic inflammation 
[65].

Beyond immune cell-mediated liver injury, hepato-
cytes in patients with non-alcoholic fatty liver disease 
(NAFLD) and alcoholic steatohepatitis can directly 
activate the NLRP3-caspase-1 or DAG-PKCδ-NLRC4 
inflammasomes, inducing pyroptosis. This process leads 
to the release of inflammasomes, which further promote 
liver fibrosis [25, 57–60]. Moreover, pyroptosis can also 
be initiated through the caspase-4/ 11 signaling pathway, 

activating downstream GSDMD. This mechanism exac-
erbates hepatocyte lytic death and drives polymorphonu-
clear (PMN) inflammation [55].

Kidney diseases  GSDMD promotes pyroptosis by medi-
ating the activation of inflammasomes such as NLRP3, 
AIM2, and TLR4, thereby exacerbating kidney damage 
and impairing renal function.

APOL1 gene variants are significant risk factors for 
various forms of kidney dysfunction, and GSDMD has 
been identified as a key regulator in APOL1-associated 
kidney diseases. In these conditions, the activation of 
the NLRP3 inflammasome induces GSDMD-mediated 
pyroptosis, exacerbating proteinuria and accelerating 
renal function decline [70]. Similarly, in rhabdomyolysis-
induced acute kidney injury (RIAKI), double-stranded 
DNA (dsDNA) released from damaged muscle tissue 
activates the AIM2 inflammasome signaling pathway, 
leading to macrophage pyroptosis. Notably, AIM2 defi-
ciency results in macrophage accumulation, delayed 
renal recovery, and persistent kidney fibrosis. Conversely, 
upon dsDNA stimulation, macrophages expressing AIM2 
rapidly undergo pyroptosis [178]. In diabetic kidney dis-
ease, tubular injury is associated with the upregulation 
of Toll-like receptor 4 (TLR4) and GSDMD. Pyroptosis 
in tubular cells is mediated through the activation of the 
TLR4/ NF-κB signaling pathway [179].

Nervous diseases  Neurological diseases can be broadly 
categorized into cerebrovascular diseases [26, 27, 68, 69], 
and neurodegenerative diseases [53, 62, 67], which are 
closely associated with the AIM2-caspase-1-GSDMD 
and NLRP3-caspase-1-GSDMD inflammasome signaling 
pathways.

In cerebrovascular diseases, AIM2-mediated pyrop-
tosis is a key pathological feature. For instance, dur-
ing ischemic stroke, brain ischemia leads to the release 
of double-stranded DNA (dsDNA) into the cytoplasm, 
activating the cyclic GMP-AMP synthase (cGAS) signal-
ing pathway and the AIM2 inflammasome in microglia. 
This activation promotes the release of pro-inflammatory 
cytokines such as IL-1β, triggering neutrophil infiltration 
and ultimately resulting in neuronal death [26, 27, 69]. 
Additionally, analysis of cerebrospinal fluid (CSF) from 
patients with brain injury following subarachnoid hem-
orrhage (SAH) has revealed significantly elevated levels 
of AIM2 protein compared to controls, with these levels 
positively correlating with higher Hunt-Hess grades [68].

In contrast, neurodegenerative diseases are predomi-
nantly characterized by NLRP3-mediated pyroptosis. For 
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example, in Alzheimer’s disease (AD), the loss of oligo-
dendrocytes (OLs) and white matter degeneration are 
hallmark pathological features [180]. Mature OLs expe-
rience metabolic stress through the Drp1-HK1-NLRP3 
signaling axis, leading to inflammation and OL damage, 
which causes demyelination, white matter degeneration, 
and cognitive impairment in AD models [67]. Similarly, 
activation of the NLRP3 inflammasome and subsequent 
GSDMD cleavage have been observed in the microglia of 
amyotrophic lateral sclerosis (ALS) patients and in Par-
kinson’s disease (PD) mouse models [53, 62].

Eye diseases  Pyroptosis mediated by GSDMD plays 
pathogenic roles in various eye diseases. In patients with 
cataracts, the expression levels of NLRP3, caspase-1, 
and GSDMD-N are significantly elevated in capsule tis-
sues or cells. Downregulation of Cartilage acidic protein 
1 (CRTAC1) has been shown to reduce ROS production 
and alleviate UVB-induced pyroptosis in human lens 
epithelial cells (HLECs) [181]. In age-related macular 
degeneration (AMD), degeneration of the retinal pig-
ment epithelium (RPE) in macular lesions is driven by 
a caspase-4-mediated atypical inflammasome pathway. 
This mechanism involves the release of cytoplasmic 
mitochondrial DNA (mtDNA), which activates cyclic 
GMP-AMP synthase (cGAS) and subsequently triggers 
interferon-β (IFN-β) signaling [72]. In high myopia, axial 
elongation and refractive error progression are associated 
with elevated expression levels of NLRP3 and IL-1β [182, 
183].

Vascular diseases  Atherosclerosis, characterized as an 
inflammatory disease associated with endothelial cell 
dysfunction, suppresses miR-223 expression through 
sequence complementarity with long non-coding RNA 
(lncRNA) MEG3. This suppression enhances NLRP3-
GSDMD-mediated pyroptosis in endothelial cells, 
exacerbating the inflammatory damage linked to ath-
erosclerosis [25]. Additionally, in Jak2VF macrophages, 
increased proliferation and glycolytic metabolism lead 
to DNA replication stress and activation of the AIM2 
inflammasome, further contributing to vascular inflam-
mation [24].

Others  The extracellular signal-related kinase (ERK)- 
NLRP3/ caspase-1 signaling pathway mediates pyroptosis 
in human nasal epithelial cells (hNECs) within the nasal 
mucosal tissue of patients with chronic rhinosinusitis, 
regardless of the presence of nasal polyps (CRSwNP). 
This pathway also contributes to glucocorticoid resist-
ance in CRSwNP patients by disrupting the homeostasis 
of glucocorticoid receptors [73].

Role of GSDMD in infectious diseases
In human pathophysiology, the conflict between micro-
bial infections and host immunity can lead to various 
diseases, many of which are associated with GSDMD-
mediated pyroptosis [184].

Intestine diseases  GSDMD plays a dual role in coli-
tis: it can exacerbate intestinal cell inflammatory dam-
age, increasing pathological manifestations, or regulate 
immune cell-mediated inflammatory responses to reduce 
the occurrence of colitis.

In experimental colitis, GSDMD in colonic epithelial 
cells is activated via the caspase-8 inflammasome signal-
ing pathway, facilitating the release of IL-1β through the 
non-lytic vesicle pathway [85]. Furthermore, caspase-8 
and its ligand protein (Fas-associated death domain pro-
tein) FADD regulate Z-DNA binding protein 1 (ZBP1) 
and tumor necrosis factor receptor 1 (TNFR1)-mediated 
RIPK1 and RIPK3 signaling pathways in intestinal epithe-
lial cells (IECs). FADD inhibits MLKL-induced necrop-
tosis and caspase-8-GSDMD-dependent apoptosis-like 
epithelial cell death, thereby preventing IEC necrosis and 
subsequent intestinal inflammation [86]. In enteric neu-
rons of inflammatory bowel disease, LPS enters the cyto-
sol under the action of palmitic acid, activates caspase-11 
and GSDMD, mediates pyroptosis and subsequent 
myoneural nitrergic neuron degeneration and colonic 
dysmotility [87].

In addition to enhancing pyroptosis, GSDMD in 
colonic macrophages regulates cGAS-mediated inflam-
matory responses, which protect against intestinal bac-
terial invasion and epithelial damage following mucosal 
barrier disruption, thus mitigating colitis [39].

Sepsis  Sepsis, a systemic inflammatory response syn-
drome caused by infection, is closely associated with 
pyroptosis mediated by the caspase-GSDMD pathway.

In cecal ligation and puncture (CLP)-induced septic 
mice, activation of the NLRP3 inflammasome triggers 
caspase-7 cleavage and pyroptosis, thereby mediating the 
inflammatory response [185]. In sepsis models induced 
by Septicemia bacillus α-toxin, the toxin binds to glyco-
sylphosphatidylinositol (GPI)-anchored proteins on the 
host cell membrane, resulting in the release of magne-
sium and potassium ions. This ionic imbalance activates 
the NLRP3-caspase-1-GSDMD axis in macrophages, 
promoting the secretion of IL-1β and IL-18 [186]. In bac-
terial sepsis models treated with high doses of Escheri-
chia coli lipopolysaccharide (LPS), pyroptosis is medi-
ated through caspase-11 and caspase-8 activation [81]. 
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Additionally, high-mobility group box 1 (HMGB1) inter-
acts with LPS to mediate caspase-11-dependent pyrop-
tosis [79]. Necroptosis mediated by RIPK3 and pyropto-
sis mediated by GSDMD work synergistically to amplify 
inflammatory signaling and tissue damage [80].

Others  In various infectious diseases, GSDMD-medi-
ated pyroptosis amplifies inflammatory responses, in 
diverse cell types. This pyroptosis predominantly occurs 
in epithelial and immune cells.

In diabetic foot ulcers (DFUs) infected by Staphylococ-
cus aureus, bacteria in the epidermis activate the AIM2- 
caspase-1 inflammasome, triggering pyroptosis. This 
process delays wound healing and prolongs inflammation 
in DFU patients [74]. During human rhinovirus (hRV) 
infection, inflammasome-mediated IL-1β secretion and 
pyroptosis in nasal epithelial progenitor cells and nasal 
epithelial cells depend on the DDX33/ DDX58- NLRP3- 
caspase-1- GSDMD axis. In differentiated human nasal 
epithelial cells (hNECs), hRV also stimulates the produc-
tion of the major airway mucin MUC5AC through this 
pathway [77]. In endotoxemia, deletion of caspase-11 in 
endothelial cells significantly reduces LPS-induced pul-
monary edema, neutrophil aggregation, and mortality 
[75].

In necrotizing fasciitis (NF) and streptococcal toxic 
shock syndrome (STSS) caused by Group A Streptococcus 
(GAS), the release of soluble M1 protein triggers mac-
rophage (Mφ) pyroptosis and IL-1β secretion through the 
NLRP3-caspase-1 pathway, leading to excessive inflam-
mation and tissue damage [187]. In acute lung injury, 
flagellin induces IL-1β release by activating the NLRC4-
caspase-1 inflammasome in alveolar macrophages. 
Inhibition of the NLRC4 inflammasome enhances the 
clearance of Pseudomonas aeruginosa [188]. In malaria, 
caspase-1/ 8 activity in monocytes promotes the release 
of TNF-α and IL-1β, key mediators of septic shock hyper-
sensitivity and extracellular matrix development [76].

Beyond facilitating IL-1β release, GSDMD also medi-
ates the release of IL-1α. For instance, in chronic Toxo-
plasma brain infections, microglia release the alarmin 
IL-1α via the GSDMD signaling pathway, promoting neu-
roinflammation and aiding in parasite control [82].

Role of GSDMD in autoimmune diseases
GSDMD plays a crucial role in the progression of several 
autoimmune diseases by mediating pyroptosis and ampli-
fying inflammatory responses.

Multiple Sclerosis (MS)  The progression of experimen-
tal autoimmune encephalomyelitis (EAE), a widely used 
model for MS, depends on GSDMD activity [189]. MS 
is strongly associated with dysregulated inflammation 
mediated by the NLRP3- GSDMD pathway [89, 190]. In 
MS, particularly in the central nervous system (CNS) 
and peripheral vasculature, increased GSDMD expres-
sion is driven by the NLRP3 inflammasome pathway. 
This involves myeloid cells, such as macrophages and 
microglia, and oligodendrocytes (ODCs), where caspase-
1-mediated inflammasome activation and pyroptosis 
exacerbate inflammatory demyelination [89]. Notably, 
GSDMD deficiency in myeloid cells reduces immune 
cell infiltration into the CNS, thereby mitigating neuro-
inflammation and demyelination [83]. In the EAE model, 
the NLRP3- caspase-1-GSDMD signaling pathway medi-
ates the release of inflammatory cytokines, contributing 
to inflammation dysregulation [190].

Others   Cryopyrin-Associated Periodic Syndromes 
(CAPS) are driven by missense mutations in the pyrin 
(NLRP3) gene, which result in hyperactive inflammas-
omes. This hyperactivation leads to the excessive produc-
tion of pro-inflammatory cytokines, such as IL-1β and 
IL-18, driving disease pathology [191]. In familial Medi-
terranean fever (FMF), knock-in macrophages express-
ing chimeric Mefv (V726A) pyrin exhibit pyroptosis 
and GSDMD-mediated IL-1β secretion upon infection 
with Clostridium difficile [84, 192, 193]. Additionally, in 
a Kawasaki disease mouse model induced by Candida 
albicans cell wall extract (CAWS), NLRP3-dependent 
pyroptosis is activated in endothelial cells through the 
HMGB1/ RAGE/ cathepsin B signaling pathway [88].

GSDMD function in tumor diseases
For tumor diseases, the role of GSDMD-mediated pyrop-
tosis is highly complex, as it can both promote tumor 
growth and suppress tumorigenesis.

Lung cancer
In lung cancer, drugs induce pyroptosis by activating 
the caspase-1- GSDMD signaling pathway to inhibit 
tumor growth, though the specific mechanisms vary. 
For instance, in non-small cell lung cancer, Reniformin 
A enhances the stability of TLR4, upregulating its pro-
tein expression and activating the NLRP3- caspase-1- 
GSDMD pathway, thereby inducing pyroptosis in A549 
cells and exerting anticancer effects [194]. Similarly, CuB 
binds to TLR4, promoting mitochondrial ROS genera-
tion, Tom20 accumulation, and calcium ion aggregation, 
which further facilitates pyroptosis [195]. Additionally, 
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ZIF-8 nanoparticles induce pyroptosis in 4T1 cells via a 
caspase-1- GSDMD-dependent pathway, which activates 
antitumor immunity and reprograms the immunosup-
pressive tumor microenvironment, leading to effective 
tumor inhibition [196].

Notably, long non-coding RNAs (LncRNAs) play a 
critical role in tumor progression and therapeutic resist-
ance. In gefitinib-resistant lung cancer cells, increased 
levels of H3K4me1 and H3K27Ac activate the expres-
sion of LINC00969. This LncRNA interacts with EZH2 
and METTL3, regulating H3K27me3 modifications at 
the NLRP3 promoter at the transcriptional level and 
modulating m6A modifications of NLRP3 in an m6A- 
YTHDF2- dependent manner at the post-transcriptional 
level. These epigenetic modifications suppress NLRP3 
expression, inhibit the activation of the NLRP3- cas-
pase-1- GSDMD pathway, and confer an anti-pyroptotic 
phenotype to lung cancer cells [197].

Pancreatic cancer
In pancreatic cancer, GSDMD-mediated pyroptosis is a 
result of multi-organ interactions. Obesity, a significant 
risk factor for pancreatic cancer, induces macrophage 
pyroptosis through saturated fatty acids mediated by 
FABP4 in a caspase-1/ GSDMD-dependent manner. This 
process activates the NLRP3 inflammasome and IL-1β 
axis, further regulating epithelial-mesenchymal transi-
tion (EMT) signaling and promoting the migration, inva-
sion, and metastasis of pancreatic cancer cells [198].

Dronedarone hydrochloride (DH) has been shown to 
increase mitochondrial stress in pancreatic cancer, lead-
ing to mitochondrial DNA (mtDNA) leakage and acti-
vation of the cGAS-STING pathway, thereby inducing 
pyroptosis in pancreatic cancer cells [199].

Furthermore, pancreatic cancer exhibits strong 
dependence on glucose and glutamine metabolism, and 
inhibition of their uptake results in nutrient deprivation 
and oxidative stress. This leads to a significant increase in 
ROS, activation of caspase-1 and GSDMD, and ultimately 
induces pyroptosis in pancreatic cancer cells [200].

Liver cancer
In hepatocellular carcinoma (HCC), positive GSDMD 
expression has been established as a marker of poor 
prognosis and identified as a critical driver of hepatocar-
cinogenesis. In HCC or metastatic liver tissues, HMGB1 
binds to TLR4, activating the caspase-1/ GSDMD signal-
ing pathway. GSDMD promotes autophagy via potassium 
efflux, thereby inhibiting cGAS activation, while calcium 
influx activates histone deacetylases and STAT1 signal-
ing, inducing transcription of programmed death-ligand 
1 (PD-L1) and enhancing its expression [201]. In mouse 
models of obesity-induced liver cancer, senescent hepatic 

stellate cells generate pores through caspase-11-mediated 
cleavage of GSDMD, allowing extracellular secretion of 
IL-1β and its family member IL-33. The secreted IL-33 
further promotes hepatocarcinogenesis by activating 
ST2+ regulatory T cells (Tregs) [66].

Breast cancer
The endoplasmic reticulum stress sensor IRE1α is a criti-
cal regulator that suppresses the immunostimulatory 
effects of paclitaxel chemotherapy and inhibits innate 
immune recognition in immune-cold triple-negative 
breast cancer (TNBC). IRE1α RNase degrades pacli-
taxel-induced double-stranded RNA (dsRNA) via IRE1-
dependent decay (RIDD), thereby preventing NLRP3 
inflammasome-mediated pyroptosis. Inhibition of IRE1α 
allows paclitaxel to induce extensive dsRNA production, 
which is detected by ZBP1, leading to the activation of 
the NLRP3-GSDMD pathway and subsequent pyrop-
tosis [202]. Furthermore, in TNBC patients, cisplatin 
(DDP) upregulates the long non-coding RNA maternal 
expressed gene 3 (lncRNA MEG3), which activates the 
NLRP3/ caspase-1/ GSDMD-mediated pyroptotic path-
way [203].

Others
GSDMD can enhance tumor cell resistance to pyroptosis 
and augment the immune response of tumor cells.

For instance, GSDMD mediates tumor cell resistance 
in hypoxic environments. In complex cancer microenvi-
ronments, tumors construct hypoxic niches that upregu-
late ERRα expression. ERRα directly binds to the 3’-ACA 
ACT TGA ACA CGG AAA CG-5’ sequence in the 
NLRP3 promoter, suppressing the caspase-1/ GSDMD 
signaling pathway and enhancing cellular resistance to 
pyroptosis [204]. Enhancer dysregulation is a recog-
nized pro-tumorigenic mechanism, where the deletion 
of mixed-lineage leukemia 4 (MLL4) leads to the deac-
tivation of enhancers and super-enhancers, reducing the 
expression of RNA-induced silencing complexes (RISC) 
and DNA methyltransferases. This reactivates transcrip-
tional responses associated with double-stranded RNA 
(dsRNA)-interferon signaling and GSDMD-mediated 
pyroptosis [205].

GSDMD also mediates immunosuppression in the 
inflammatory tumor microenvironment (TIME). PARP 
inhibitors (PARPis) induce a specific type of pyroptosis 
in ovarian cancer cells via the TNF-caspase 8-GSDMD/E 
axis, enhancing TIME and promoting tumor-targeted 
immune responses [206]. In murine tumor models, 
DMB-induced low-level pyroptosis suppresses tumor 
growth without impairing the function of immune 
cells expressing GSDMD [207]. GSDMD could medi-
ate pyroptosis in tumor cells. Intracellular polyamine 
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depletion induces mitochondrial dysfunction, resulting 
in excessive mitochondrial copper ion accumulation and 
toxic protein aggregation, triggering tumor cell pyropto-
sis. Concurrently, mitochondrial reactive oxygen species 
(ROS) accumulation upregulates zDHHC5 and zDHHC9 
expression, promoting the palmitoylation of GSDMD 
and its N-terminal fragment, thereby amplifying the 
pyroptotic response in tumor cells [208]. In colon can-
cer, GSDMD is activated in tumor cells through the ROS/ 
caspase-1 signaling pathway [209].

Therapeutic targets and advances
GSDMD is extensively expressed in both non-tumor and 
tumor diseases, and its inhibition has shown consider-
able potential in alleviating disease pathology, position-
ing it as a promising therapeutic target. While several 
GSDMD-targeting inhibitors have been investigated in 
preclinical studies, none have advanced to clinical trials, 
underscoring the significant need and opportunity for 
further research and development in this field.

GSDMD as a therapeutic target
GSDMD is a key regulator of inflammatory responses, 
widely expressed across various tissues and cell types 
with specific localization patterns. It plays a pivotal role in 
both non-tumor diseases and tumor-associated patholo-
gies. In non-tumor diseases, GSDMD promotes pathogen 
clearance and tissue repair by regulating the release of 
inflammatory cytokines. While moderate inflammation 
facilitates tissue healing, excessive GSDMD expression 
during disease progression exacerbates hyperinflamma-
tory responses and tissue damage. Studies using gene 
knockout models and pharmacological approaches dem-
onstrate that inhibiting or knocking out GSDMD under 
pathological conditions significantly reduces pyroptosis 
and IL-1β release, effectively mitigating inflammation 
and tissue injury, without impairing physiological func-
tions under normal conditions. These findings under-
score the therapeutic potential of GSDMD as a target. 
However, in colitis, GSDMD in colonic macrophages 
mitigates epithelial damage caused by invasive intestinal 
pathogens via the cGAS signaling pathway, highlighting 
its protective role in immune defense [39]. This observa-
tion challenges the traditional view of GSDMD solely as a 
pro-inflammatory target.

In tumor diseases, GSDMD exhibits dual regulatory 
roles. On one hand, activating the GSDMD signaling 
pathway effectively suppresses tumor growth; on the 
other hand, pyroptosis may paradoxically promote tumor 
cell migration and metastasis. This dual functionality is 
primarily influenced by dynamic interactions among the 
tumor microenvironment, immune cells, and tumor cells 
[198].

In conclusion, GSDMD exerts broad effects in both 
tumor and non-tumor diseases, primarily through its 
regulation of inflammatory responses. Targeting GSDMD 
represents a promising strategy for mitigating inflamma-
tion-associated diseases. Current progress in this area is 
summarized in Table 2. 

Recent research advances in GSDMD inhibitors
Small molecular inhibitors
GSDMD inhibitors have been extensively studied for 
their therapeutic potential in inflammation-related dis-
eases, with their molecular targets and mechanisms 
of action well-characterized. Most GSDMD inhibitors 
primarily target the human GSDMD-Cys191 or mouse 
GSDMD-Cys192 site, effectively suppressing GSDMD 
expression and GSDMD-N aggregation to block pyropto-
sis. Structurally, the GSDMD-Cys191/ 192 site is located 
at the distal end of the membrane-spanning region, 
specifically at the β8 chain’s initiation point within the 
GSDMD β7—β8 hairpin structure. This site is crucial 
for pyroptotic β-tube formation [210]. Binding of inhibi-
tors to this site occurs through hydrogen and covalent 
bonds, thereby disrupting the formation of pyroptotic 
β-tubes [37]. Small-molecule inhibitors such as necrosul-
fonamide, disulfiram, and fumarate bind to the GSDMD-
Cys191/ 192 site, inhibiting GSDMD-N oligomerization 
and pyroptotic pore formation. These actions effectively 
block pyroptotic signaling pathways, reduce sepsis-
related mortality, and alleviate tissue damage in EAE and 
MS models [22, 211–213]. Similarly, Danhong injection 
has been shown to suppress pyroptosis and mitigate myo-
cardial fibrosis in MI by targeting this site with its active 
ingredient salvianolic acid E [214]. Furthermore, a selec-
tive GSDMD agonist, DMB, directly modifies Cys191, 
promoting GSDMD pore formation and pyroptosis with-
out requiring GSDMD cleavage. This mechanism induces 
robust anti-tumor immunity with minimal toxicity [207].

Beyond direct binding to the Cys191/ 192 site, other 
inhibitors like LDC7559 and drug-free tea polyphenol 
nanoparticles (TPNs) target GSDMD-N activity and oli-
gomerization. These inhibitors improve survival rates, 
mitigate hypothermia, and protect organ function in sep-
sis [146, 215]. The polyphenol punicalagin, derived from 
pomegranate, disrupts membrane fluidity and inhibits 
the insertion of GSDMD-NT [216].

A novel target, GSDMD-Arg7, has also been identi-
fied for GSDMD inhibition. The inhibitor GI-Y1 prevents 
GSDMD-N aggregation on the membrane by binding to 
this site, thereby blocking pyroptotic pore formation and 
demonstrating therapeutic potential for cardiac diseases 
[217] (Fig. 5).

Despite significant progress in the development of 
GSDMD inhibitors, no clinical trials have been registered 
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on platforms such as ClinicalTrials.gov, and none of 
these inhibitors have received market approval. This gap 
underscores the need for further research and develop-
ment, highlighting the substantial potential of GSDMD-
targeting drugs for therapeutic applications.

Drug delivery formulations
Current research on GSDMD-based formulations mainly 
focuses on using nanomedicine to inhibit the GSDMD 
signaling pathway, thereby improving drug bioavailabil-
ity and reducing adverse effects [218]. For instance, TPNs 
have been shown to alleviate sepsis-induced damage by 

Table 2  Research progress of targeted inhibition of GSDMD in non-tumor diseases

ALS Amyotrophic lateral sclerosis, PD Parkinson’s disease, CRSwNP Chronic rhinosinusitis with nasal polyps, DFUs Diabetic foot ulcers, FMF Familial Mediterranean 
Fever, IBD Inflammatory bowel diseases

Classic Diseases Validation of knockout mouse Improvement References

Non-infectious diseases Heart diseases Acute myocardial infarction KO Yes [22, 61]

Atherosclerosis KO Yes [24, 25]

Myocardial I/ R Injury cKO (Cardiomyocyte knockout) Yes [54]

Diabetic Cardiomyopathy No – [63]

Liver diseases Acute and chronic liver diseases KO Yes [64]

Alcoholic hepatitis No – [55]

Alcoholic steatohepatitis KO Yes [56]

Liver warm ischemia–reperfusion injury No – [65]

Non-alcoholic steatohepatitis KO Yes [57–59]

Noninfectious liver injury KO Yes [60]

Obesity-associated hepatocellular 
carcinoma

No Yes [66]

Nervous diseases Alzheimer’s disease No – [67]

ALS No – [53]

Brain injury after subarachnoid haemor-
rhage

No – [68]

Ischemic stroke No – [26, 27]

PD No – [62]

Vascular dementia No – [69]

Others Chronic kidney diseases KO/ inhibitors Yes [70]

Acute kidney injury No – [71]

Age-related macular degeneration KO Yes [72]

CRSwNP No – [73]

Non-small cell lung cancer No – [195]

Infectious diseases Intestine diseases Experimental colitis KO Yes [85]

Inflammatory bowel diseases KO Yes [86]

Western diet–induced colonic dysmotil-
ity

No Yes [87]

Colitis KO No [39]

Others DFUs No – [74]

Endotoxemia-induced lung injury No – [75]

Malaria KO Yes [76]

Rhinovirus infection No – [77]

Sepsis KO Yes [78–80]

Shock KO Yes [81]

Brain infections KO Yes [82]

Autoimmune diseases EAE KO Yes [83]

FMF KO Yes [84]

IBD KO Yes [39, 85–87]

Kawasaki disease No – [88]

Multiple sclerosis siRNA Yes [89]
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inhibiting GSDMD oligomerization [215]. However, most 
GSDMD nanomedicines do not act by directly targeting 
the GSDMD protein but rather focus on inhibiting it ‘s 
signaling pathway. For example, Su et al. developed a car-
bonic anhydrase IX (CAIX)-anchored rhenium(I) pho-
tosensitizer (CA-Re) and found that it not only enabled 
type I and type II photodynamic therapy (PDT) under 
hypoxic conditions but also triggered GSDMD-mediated 
pyroptosis to enhance tumor immunogenicity [219]. 
Li et  al. developed phospholipid-coated sodium citrate 
nanoparticles (PSCT NPs), which dissolve inside tumor 
cells, releasing large amounts of citrate and Na+ that acti-
vate both the caspase-1-GSDMD and caspase-8- Gas-
demin C (GSDMC) pathways. These synergistic pathways 
induce robust pyroptosis, eliciting a significant antitumor 
immune response and inhibiting tumor growth [220]. 
Yang et al. designed tumor-targeting nanoparticles (CS-
HAP@ATO NPs) by loading atorvastatin (ATO) onto 
chondroitin sulfate-modified hydroxyapatite nanopar-
ticles (CS-HAP), which mediate inflammatory damage 
through the NLRP3- caspase-1- GSDMD pathway [221]. 
Similarly, ZIF-8 nanoparticles induce pyroptosis through 
a caspase-1- GSDMD-dependent pathway, trigger-
ing a tumor immune response and reprogramming the 
tumor’s immunosuppressive microenvironment (TME) 
to effectively inhibit tumor growth [196]. Song et al. dis-
covered that 2D NiCoOx nanosheets enhance pyroptosis 
and anticancer activity by inducing the ROS-NLRP3-
GSDMD pathway [222]. Zhou et  al. developed PG@Cu 
nanoparticles that reduce NOD-like receptor activation 

by inhibiting GSDMD oligomerization and NLRP3 acti-
vation [223]. Additionally, silver (Ag)-based antimicro-
bial nanoparticles stimulate microbial DNA leakage in 
the lungs, recruit caspase-1, promote pro-inflammatory 
cytokine release, and activate GSDMD, leading to severe 
pulmonary inflammation [224].

Moreover, a biomimetic nanoparticle platform 
(PDA@M) composed of a polydopamine core and mac-
rophage membrane has been developed to inhibit 
NLRP3- caspase-1 signaling, thereby reducing pyropto-
sis and protecting the myocardium from oxidative stress 
induced by MI/ R [225]. Beyond nanomedicine, extracel-
lular vesicles (EVs) have shown potential in delivering 
bioactive molecules that alter the phenotype of recipi-
ent cells. Genetically engineered mesenchymal stem 
cells (MSCs) were used to construct cavin-2-modified 
EVs, which exhibited increased uptake in TNF-α-treated 
nucleus pulposus cells (NPCs). In a three-dimensional 
hydrogel culture model, these modified EVs effectively 
ameliorated NPC pyroptosis, delaying the progression of 
intervertebral disc degeneration (IDD) [226].

While studies indicate that drug delivery via nanocarri-
ers or targeted delivery systems can significantly enhance 
drug efficacy, current GSDMD nanomedicines remain 
functionally limited and fail to adequately account for the 
spatiotemporal dynamics of GSDMD in disease. Future 
formulation strategies may include ultrasound-assisted 
therapy, near-infrared light and magnetic field-controlled 
nanomedicine release platforms, and metal ion and pH-
responsive systems to develop sustained-release and 

Fig. 5  Summary of GSDMD Inhibitors. Necrosulfonamide, disulfonamide, dimethyl fumarate, salvianolic acid E, and DMB target the GSDMD Cys 
191/192 site to suppress pyroptosis. GI-Y1 specifically targets GSDMD Arg 7 to inhibit pyroptosis. Punicalagin prevents the insertion of GSDMD-N 
into the membrane, disrupting pyroptosis initiation. LDC7559, TPNs, and Danhong injection inhibit pyroptosis by blocking GSDMD oligomerization
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controlled-release formulations for GSDMD. Addition-
ally, the application of Chimeric Antigen Receptor T-Cell 
Immunotherapy (CAR-T) technology offers new possi-
bilities for the development of GSDMD inhibitors [218, 
227–229].

Conclusion and outlook
GSDMD exhibits significant tissue and cellular heteroge-
neity in its expression, function, and mechanisms. Under 
steady-state conditions, GSDMD is broadly expressed 
across various tissues and cell types, demonstrating spe-
cific spatial distribution and subtype specificity. In non-
tumor diseases, elevated GSDMD expression exacerbates 
tissue inflammation. In tumor diseases, its expression 
patterns are more complex, potentially influenced by the 
tumor microenvironment. However, the transcriptional 
mechanisms driving these changes remain unclear.

GSDMD demonstrates diverse functions across dis-
eases. In non-tumor diseases, GSDMD mediates 
inflammatory responses by releasing pro-inflammatory 
cytokines, aggravating tissue damage. However, in con-
ditions such as colitis, GSDMD also plays a protective 
role by preventing epithelial damage and colitis onset 
[39]. In tumor diseases, GSDMD exhibits contradictory 
functions, potentially promoting or suppressing tumor 
progression depending on the context. Despite these 
complexities, GSDMD holds significant promise as a 
therapeutic target for inflammation-related diseases and 
cancers, with the development of GSDMD inhibitors pre-
senting a wide range of applications.

To systematically uncover the therapeutic potential of 
GSDMD, this review examines the mechanisms underly-
ing GSDMD-mediated diseases from the perspectives of 
structural biology, cell biology, and molecular biology. 
Structural studies have resolved the crystal structures of 
full-length GSDMD, GSDMD-N, GSDMD-C, GSDMD 
pores, and the GSDMD-caspase complex [31, 98, 230]. 
However, these static conformations do not account 
for potential conformational changes of GSDMD under 
pathological conditions. Moreover, GSDMD’s expression 
and mechanisms differ among cell types, and whether its 
spatial conformation is influenced by cellular heterogene-
ity remains uncertain. Further structural investigations 
could elucidate its mechanisms and provide a theoretical 
basis for developing specific inhibitors.

The cellular and molecular mechanisms of GSDMD 
primarily involve its activation and cleavage, aggregation 
on cell membranes, pore formation, the release of pro-
inflammatory cytokines, and the induction of pyroptosis. 
However, the GSDMD signaling pathway varies signifi-
cantly across pathological microenvironments and cell 
types, characterized by: (1) Diversity in cleavage sites—
In human macrophages, caspases-1, 4, 5, and 11 cleave 

GSDMD at Asp275 (272FLTD275), whereas in neutro-
phils, Cathepsin G cleaves it at Cys268 [1, 2, 32, 36, 37, 
96, 148, 149]. (2) Mechanistic complexity—In MI, neu-
trophil GSDMD does not form pores to mediate IL-1β 
release but instead induces IL-1β release via autophagy, 
challenging the classical pyroptosis concept [38].

Despite progress in understanding GSDMD mecha-
nisms, key limitations remain: (1) Insufficient focus on 
subcellular levels—In sepsis and atherosclerosis, mac-
rophages release pro-inflammatory cytokines via the 
caspase-1- GSDMD pathway, triggering pyroptosis [1]. 
However, functional differences among macrophage sub-
types (e.g., M1 vs. M2) in GSDMD-mediated mechanisms 
remain unexplored [231]. (2) Lack of dynamic studies—
Although GSDMD expression shows temporal and spa-
tial dependence during disease progression, systematic 
exploration of its dynamic changes in specific diseases is 
lacking. For example, in MI, the interplay between cas-
pase-1 and caspase-11 pathways remains unresolved 
[232]. (3) Incomplete mechanistic understanding—In 
ischemia–reperfusion injury, GSDMD expression via the 
caspase-11 pathway mediates cardiomyocyte pyroptosis, 
but the specific triggers activating caspase-11 in cardio-
myocytes are unknown [2].

Currently, several GSDMD inhibitors are in preclinical 
studies, but none have entered clinical trials. This under-
scores the importance of further research into GSDMD 
inhibitors, with significant potential for therapeutic 
development. Future therapeutic strategies should care-
fully consider factors such as therapeutic windows, selec-
tivity, and safety.

In conclusion, as our understanding of GSDMD’s 
expression, functions, and mechanisms deepens, and its 
potential as a therapeutic target becomes clearer, novel 
drugs and therapies targeting GSDMD could revolution-
ize treatment guidelines for related diseases.
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