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Abstract
Purpose Gasdermin D (GSDMD) is a cytoplasmic protein that is encoded by the gasdermin family GSDMD gene and is the 
ultimate executor of pyroptosis. Pyroptosis is a mode of lysis and inflammation that regulates cell death, ultimately leading 
to cell swelling and rupture. In sepsis, a dysregulated host response to infection frequently results in hyperinflammatory 
responses and immunosuppression, eventually leading to multiple organ dysfunction. Pyroptosis regulates innate immune 
defenses and plays an important role in the process of inflammatory cell death, and the absence of any link in the entire 
pathway from GSDMD to pyroptosis causes bacterial clearance to be hampered. Under normal conditions, the process of 
pyroptosis occurs much faster than apoptosis, and the threat to the body is also much greater.
Materials and methods We conducted a systematic review of relevant reviews and experimental articles using the keywords 
sepsis, Gasdermin D, and Pyroptosis in the PubMed, Scopus, Google Scholar, and Web of Science databases.
Conclusion Combined with the pathogenesis of sepsis, it is not difficult to find that pyroptosis plays a key role in bacterial 
inflammation and sepsis. Therefore, GSDMD inhibitors may be used as targeted drugs to treat sepsis by reducing the occur-
rence of pyroptosis. This review mainly discusses the key role of GSDMD in sepsis.
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Introduction

Sepsis is defined as life-threatening organ dysfunction 
caused by a dysregulated host response to infection [1]. It is 
usually a common complication following infection, surgery, 
severe burns, poisoning and cardiopulmonary resuscitation, 
and is an important cause of multiple organ dysfunction 

syndromes and septic shock [2]. Anyone can become 
infected, and almost any infection including COVID-19, can 
lead to sepsis. Septic shock is also one of the main clinical 
symptoms of severe COVID-19 patients [3]. But sepsis is 
distinguished from infection by the presence of an abnor-
mal or dysregulated host response and organ dysfunction. 
Sepsis-induced organ dysfunction can be subtle. As a result, 
its presence should be considered in any patient who has 
an infection. Conversely, unrecognized infections may be 
cause new-onset organ dysfunction. Thus, any unexplained 
organ dysfunction should raise the possibility of an underly-
ing infection [1]. With the characteristics of high incidence, 
rapid disease progression, and difficulty of cure, sepsis has 
gradually become one of the global public health problems 
due to changes in causative and host factors (e.g., sex, race, 
and other genetic determinants, age, comorbidities, environ-
ment) [4]. According to statistics, there are about 31.5 mil-
lion sepsis patients worldwide, of which about 5.3 million 
die from sepsis, and in the United States, more than 750,000 
people are hospitalized and 215,000 people died from sepsis 
[5, 6]. Mervyn explained that the new emphasis on organ 
dysfunction rather than infection stems from a growing 
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understanding of sepsis pathophysiology, which includes 
both inflammatory and anti-inflammatory responses [7].

In sepsis, the dysregulation of the body's inflammatory 
response culminates in a major inflammatory outbreak that 
is fatal. Recent studies have identified that an inflammatory 
cell death process known as pyroptosis, a programmed cell 
death mechanism commonly found in pathogenic infection 
states, plays an important role in sepsis [8]. During pyrop-
tosis, immune cells release pro-inflammatory cytokines 
to recruit other immune cells to fight infection, enhance 
the host's defense response, and facilitate the elimination 
of invading pathogens [9]. Overactivation of this process, 
however, is a major cause of immune dysregulation in sep-
sis. A large number of immune cell pyroptosis in a short 
period of time will cause the cells to swell and lyse, lead-
ing to tissue inflammation. Once unbalanced, it will cause 
a strong inflammatory storm and organ dysfunction, at 
the same time immune cell exhaustion [10]. Studies have 
shown that host-expressed members of the gasdermin family 
are the final effector proteins of pyroptosis. Among them, 
the N-terminal and C-terminal structures of Gasdermin 
D (GSDMD) are in an auto-inhibited state, which can be 
cleaved by the inflammatory caspases activated by the host 
inflammasome to release the activated N-terminal GSDMD. 
It binds to phospholipids located on the inner side of cell 
membranes, forming pores in the membrane, leading to the 
release of inflammatory factors and cell rupture. Therefore, 
GSDMD simultaneously regulates the death of immune cells 
and the release of related inflammatory factors [11–13]. It 
was shown that  Gsdmd−/− macrophages stimulated by LPS 
and Gram-negative bacteria do not cause cellular scorch-
ing, while  Gsdmd−/− mice have a higher survival rate after 
sepsis induction [14, 15]. Therefore, GSDMD is regarded 
as a novel and ideal target for drug development in sepsis.

Sepsis and pyroptosis

Pyroptosis was first observed by Sansonetti's team in J774 
macrophages that died after being infected by Shigella 
flexneri. Their electron micrograph results found that cell 
death had "chromatin condensation, membrane blebbing, 
cytoplasmic vacuolization, endoplasmic reticulum expan-
sion, but still retains the organelle structure", so it is con-
sidered apoptosis [16]. Until 2000, Brennan and Cookson 
found that the death of macrophages after infection with 
Salmonella was significantly different from traditional apop-
tosis [17]. Subsequently, this mode of cell death was offi-
cially named "pyroptosis", a term derived from the Greek 
word pyro, which means "fire", to describe pro-inflamma-
tory programmed cell death [18]. Pyroptosis is a mode of 
dissolution and inflammation that regulates cell death. Its 
morphology is the formation of pores with a diameter of 

12–14 nm in the cell membrane, and the exchange of ions 
inside and outside the cell membrane leads to intracellular 
osmotic pressure increase, cell swelling, and lysis. The sign-
aling pathways are mainly it relies on the inflammasome to 
activate some proteins of the caspase family, causing it to 
cleave the gasdermin protein, activate the gasdermin protein, 
and translocate the activated gasdermin protein to the mem-
brane, forming pores, cell swelling, cytoplasmic outflow, and 
finally leading to cell membrane rupture, accompanied by 
inflammatory content. The release of substances induces the 
occurrence of an inflammatory storm, and at the same time, 
cell pyroptosis. Pyroptosis can also be divided into canoni-
cal and non-canonical pathways [19]. Pyroptosis is also an 
important natural immune response of the body, helping to 
fight infections and endogenous danger signals.

Recently, extensive studies have shown that pyroptosis 
plays an important role in the occurrence and development 
of sepsis and septic shock [20–22]. Pyroptosis dominates 
the innate immune defense, and the loss of any link in the 
entire pathway from GSDMD to pyroptosis will result in 
obstacles to bacterial clearance [23]. Pyroptosis is usually 
faster than apoptosis, and the cells are already pyroptotic 
before apoptosis. The process of pyroptosis is much faster 
than apoptosis and threatens the body much more [24]. The 
survival rate of caspase-11 and Gsdmd knockout mice was 
nearly 100% in an LPS-induced mouse sepsis model [13]. 
Combined with the pathogenesis of sepsis, it is not difficult 
to find that pyroptosis plays a key role in bacterial inflam-
mation and sepsis (Fig. 1).

GSDMD and pyroptosis

In 2018, the Committee on Nomenclature for Cell Death 
(NCCD) proposed to redefine pyroptosis as the programmed 
death that plasma membrane pores formed by members of 
the Gasdermin family of proteins, mostly as a result of 
inflammatory caspases activation [25]. Therefore, how 
closely is the relationship between GSDMD and pyroptosis? 
With the discovery of pyroptosis, the only thing clear about 
its signaling pathway is that caspase-1 can activate IL-1β 
after infection and cause cell death. The in-depth study of the 
inflammasome has clarified the signaling pathway upstream 
of caspase-1. During the process, the inflammasome recep-
tor forms an inflammatory complex and caspase-1 in the 
cell by recognizing different infection and injury stimuli 
and makes it self-hydrolyzed (Autoproteolysis) and forms 
a heterodimer to complete the response to IL-1β and IL-18 
activation and pyroptosis [26]. However, new research found 
that caspase-4/5/11 can directly recognize the LPS produced 
by binding intracellular bacteria, but not through other intra-
cellular receptors (such as NLRP3, etc.), which can directly 
activate caspase-11 without caspase-1. Caspase-1 directly 
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causes pyroptosis [27]. Of note, GSDMD was discovered in 
2015 to be a downstream molecule of caspase-4/11, the final 
effector protein in the onset of focal death. Shao et al. con-
ducted a genome-wide screen by CRISPR–Cas9 technology 
and found GSDMD, its existence mediates the occurrence of 
GSDMD, and if it exists, cell pyroptosis occurs. Dixit et al. 
conducted a forward genetic screen with ethyl-N-nitrosou-
rea-mutagenized and found that the mutant mice were insen-
sitive to LPS treatment, targeting the molecule GSDMD. 
Shi et al. constructed GSDMD-deficient mice  (Gsdmd−/−) 
through CRISPR/CAS9 genome-wide technology and found 
that the classical pyroptosis process mediated by NLRC4, 

NLRP3 and AIM2 inflammasomes in  Gsdmd−/− mice was 
all unable to start [11, 28, 29]. These studies have clarified 
that pyroptosis is essentially inflammatory necrosis of cells 
mediated by GSDMD protein, which is closely related to a 
variety of pathophysiological processes. How does GSDMD 
work in pyroptosis? At this time, the GSDMD-NT protein 
is activated and transferred to the cytoplasmic membrane, 
where it joins the membrane to form a hole, and a large 
number of cell contents are released including IL-1β, and the 
cell gradually expands until it ruptures, and finally amplifies 
the inflammatory response.

Fig. 1  An overview of the molecular mechanisms of pyroptosis. 
Pyroptosis is a type of cell death mediated by caspase-specific pro-
teases (caspase-specific proteases). The canonical pathway of pyrop-
tosis mainly depends on caspase-1. PAMPs and DAMPs associated 
molecular patterns in the cytoplasm can stimulate inflammasome 
assembly, leading to the processing and activation of caspase-1, 
which converts pro-IL-1β and pro-IL-18 cleavage to mature form and 
cleavage of gasdermin D. The non-canonical pathway of pyroptosis 
mainly depends on caspase-11 (the human homologous caspase-4/5), 
activation of caspase 11/4/5 does not normally require PRR-medi-
ated inflammasome, caspase-11 can directly recognize LPS in the 
cytoplasm for oligomerization and activation, disrupt the membrane 
structure by cleaving and activating GSDMD. GSDMD has two con-

served domains: an N-terminal effector domain and a C-terminal 
inhibitory domain. The N-terminal is the main functional domain 
and is involved in the occurrence of pyroptosis, while the C-terminal 
has an auto-inhibitory function. In the resting state, the N-terminal 
and C-terminal domains are connected by a long loop. When stimu-
lated by an external signal, Caspase-1/4/5/11 activates the cleavage 
of GSDMD protein, and GSDMD-NT is activated to bind to the cell 
membrane. The phospholipid protein binds, multimerizes, and forms 
a hole in the cytoplasmic membrane, which damages the cytoplasmic 
membrane and induces the occurrence of pyroptosis. At the same 
time, activated forms of pro-inflammatory cytokines such as IL-1β 
and IL-18 are released through the hole, leading to a massive inflam-
matory response
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Pyroptosis can be divided into canonical and non-canon-
ical pathway according to the different types of caspases 
(cysteinyl aspartate specific proteinase, caspase) it depended 
on [30]. The canonical pathway of pyroptosis is mainly 
depended on caspase-1, pathogen-associated molecular pat-
terns (PAMPs) and damage-associated molecular patterns 
(DAMPs)-associated molecular patterns in the cytoplasm 
can stimulate inflammasome assembly while leading to pro-
cessing and activation of caspase-1, cleavage of pro-IL-1β 
and pro-IL-18 to their mature forms, and cleavage of Gas-
dermin D (encoded by GSDMD) to induce pyroptosis [31]. 
In 2002, the concept of “Inflammasome” was first proposed 
[32], which mainly includes NLRP1, NLRP3, NLRC4 of 
the NLR family, AIM2 of the HIN200 family, and Pyrin of 
the TRIM family. Studies have found that the intracellular 
receptor NALP1 (i.e., NLRP1) can form a complex with the 
adaptor proteins ASC and caspase-1 in both intracellular 
and cell-free systems, and participate in the activation of 
IL-1β [33, 34]. Non-canonical pathway pyroptosis mainly 
depends on caspase-11 (human homologous caspase-4/5), 
Gram-negative bacteria can induce caspase11-dependent 
pyroptosis in mouse macrophages, while the activation of 
caspase 11/4/5 usually does not require the PRR-mediated 
inflammasome, and caspase-11 can directly recognize the 
LPS in the cytoplasm for oligomerization and activation, 
destroy the membrane structure by cleaving and activating 
GSDMD. Caspases 11/4/5, unlike caspase-1, do not process 
interleukins and instead induce pyroptosis (Fig. 1) [35].

Gasdermin D (GSDMD)

GSDMD, also known as GSDMDC1 or DFNA5L, is a 
cytoplasmic protein encoded by the GSDMD gene of the 
gasdermin family that is widely expressed in different 
cells and tissues [36]. The GSDMD family contains six 
paralogous genes in humans: gasdermin A (GSDMA), 
gasdermin B (GSDMB), gasdermin C (GSDMC), gasder-
min D (GSDMD), gasdermin E (GSDME) (also known 
as DFNA5), and PJVK (also known as DFNB59). These 
proteins have been implicated in many inflammatory dis-
eases and cancers, and they also promise therapeutic targets. 
GSDMD is the final executor of pyroptosis. It consists of 
242 amino acids with a full length of 53 kDa and contains 
a characteristic gasdermin domain. GSDMD has two con-
served domains: an effector domain at the N-terminus and 
an inhibitory domain at the C-terminus. The N-terminus is 
the main functional domain, which is involved in the occur-
rence of pyroptosis, while the C-terminus has the function 
of autoinhibition. In the resting state, the N-terminal and 
C-terminal domains are connected by a long loop, when 
stimulated by external signals, Caspase-1/4/5/11 is activated 
to cleave the GSDMD protein, and the cleaved GSDMD is 

divided into two independent domains of N-terminal and 
C-terminal fragments. The GSDMD-N-terminal domain can 
target the cell membrane, bind to the phospholipid protein 
on the cell membrane, multimerize, and form a hole in the 
cytoplasmic membrane, and the cytoplasmic membrane is 
damaged, thereby inducing the occurrence of pyroptosis 
[37]. At the same time, activated caspase-1 cleaves IL-1β 
and IL-18 precursors to form active IL-1β and IL-18, and the 
activated forms of pro-inflammatory cytokines such as IL-1β 
and IL-18 are released through the pores to the outside of the 
cell, the extracellular release of a large number of inflam-
matory factors leads to the occurrence of an inflammatory 
response [12]. At present, the crystal structure of GSDMD is 
still in the exploratory stage. Fortunately, Xia et al. recently 
reported the cryo-electron microscopy structures of the 
GSDMD pore and prepore, finding that the GSDMD pore 
conduit is predominantly negatively charged, and pro-IL-1 
has an acidic domain that can be proteolytically removed by 
caspase-1. When permeated by GSDMD pores, uncleaved 
liposomes release both positively and neutrally charged spe-
cies faster than similarly sized negatively charged species, 
and they preferentially release mature IL-1β. Mutation of 
acidic residues of GSDMD impairs this preference, hinder-
ing retention within precursor cells and secretion of mature 
cytokines [29].

IL-1α is also a pro-inflammatory cytokine, and matura-
tion of IL-1α occurs in a caspase-1-dependent manner after 
inflammasome activation, but pro-IL-1α is not a substrate of 
caspase-1 [38]. New research shows that during inflamma-
some activation, caspase-1-treated GSDMD forms plasma 
membrane pores that mediate  Ca2+ influx, resulting in cal-
pain-dependent maturation of IL-1α [39]. Alphacoronavirus 
TGEV can trigger pyroptosis and upregulate the expression 
of GSDMD, which broadly inhibits the infection of enteric 
coronaviruses TGEV and PDCoV through its pore-forming 
activity by promoting the unconventional release of IFN-β 
[40]. GSDMA3 is 70% homologous to GSDMD.

The study found that caspase-3 can recognize and hydro-
lyze GSDME molecules, focusing on the pyroptosis process 
in a GSDMD-like pattern after Caspase-3 hydrolysis [41]. 
GSDMB was found to be highly expressed in the leukocytes 
of patients with septic shock, which was associated with 
increased release of the N-terminus of GSDMD. Down-
regulation of GSDMB alleviates division and cell death 
in GSDMD. Consistently, overexpression of GSDMB pro-
motes the division of GSDMD while increasing the release 
of LDH. On the other hand, GSDMB promotes atypical 
pyroptosis by enhancing caspase-4 activity [42]. Simulta-
neous silencing of GSDME in mice attenuated acute kidney 
injury and inflammation [43]. These studies provide a poten-
tial new strategy for the treatment of inflammatory diseases.
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The role of GSDMD in sepsis

GSDMD is an executor of pyroptosis. Studies have shown 
that it mediates different lesions in sepsis and the expres-
sion of related molecules [44]. Therefore, we summarize 
the organ damage, cellular regulation, and molecular media-
tion of the dominant role of GSDMD in the development of 
sepsis (Fig. 2).

GSDMD vs. coagulation

Coagulation dysfunction is a common and serious complica-
tion of sepsis, with early manifestations of thrombocytopenia 
and prolonged clotting time, aggregation of other inflamma-
tory cells (such as neutrophils and lymphocytes), and vascu-
lar endothelial cell damage, which can eventually develop 
into disseminated intravascular coagulation (disseminated 
intravascular coagulation, DIC), leading to increased mortal-
ity [45]. The abnormal coagulation system plays an impor-
tant role in the occurrence and development of sepsis, but its 
specific triggering mechanism is still unclear. It was found 
that in GSDMD-deficient mice, E.coli-induced coagulation 
activation was attenuated [46]. Meanwhile, EprJ-induced 

coagulation was abolished after caspase-1 or GSDMD defi-
ciency, suggesting that EprJ-induced coagulation activation 
is dependent on inflammasome activation and pyroptosis 
[47]. Another study found that Caspase-11-induced dis-
seminated intravascular coagulation in sepsis by activating 
its substrate GSDMD [48]. Combined together, pyroptosis 
is at least one of the main mechanisms of bacterial infection 
coagulation, which provides a research direction for the early 
diagnosis and treatment of septic DIC in the future and also 
provides a theoretical basis for the development of GSDMD-
related molecules as potential drug intervention targets.

GSDMD vs. oxidative stress

Oxidative stress plays a key role in the regulation of various 
biological processes, including cell death and innate immu-
nity. It is a concomitant phenomenon in the inflammatory 
process, exacerbating the inflammatory response through 
oxidation, which in turn promotes oxidation by mediators of 
the inflammatory response [49]. Early antioxidant interven-
tion during the onset of sepsis, which is often accompanied 
by oxidative stress, may be beneficial in sepsis control.

Fig. 2  GSDMD dominates organ damage, cellular and molecular reg-
ulation in sepsis. During sepsis, bacteria enter the blood, neutrophils 
increase the release of pro-inflammatory factors, reactive oxygen 
species and HMGB1, and the body produces coagulation dysfunc-

tion, lung injury, myocardial injury, liver injury, and intestinal injury. 
GSDMD, which functions as a motor, is usually involved in the dam-
age of these molecules and the body
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Kang et al. found that deletion of glutathione-dependent 
lipid hydroperoxidase 4 (GPX4) increased GSDMD-N for-
mation, proteolytic IL-1β (p17), caspase-1 maturation, and 
the activation of caspase-11 (p26) in BMDM following LPS 
electroporation or E. coli infection, and when cystatin-11 is 
absent, this process is blocked. They also found that mice 
with Gpx4 and GSDMD deficiency (which has a GSDMD 
cleavage site mutation that makes the protein resistant to 
proteolytic activation of caspase-1 or -11) in backcrossed 
bone marrow cells are resistant to CLP-induced lethality 
septicemia. In addition, knockdown of Phospholipase C 
(PLC) also prevented GSDMD-N-mediated cellular cyto-
toxicity in THP-1 (human monocytic leukemia cell line), 
HL-60 (human promyelocytic leukemia cell line) and HeLa 
(human cervical cancer cell line). Taken together, these stud-
ies demonstrate that the caspase-11-GSDMD-PLC pathway 
leads to multi-organ failure in septic mice. This indicated 
that the lipid peroxides produced by phospholipid oxidation 
promoted GSDMD-N-mediated pyroptosis in BMDMs [22]. 
This suggests that whether inhibiting activation of GSDMD-
N can reduce the occurrence of cellular lipid peroxidation, 
thereby reducing the dual response of oxidative stress and 
inflammation, and reducing the lethality of sepsis? At the 
same time, it also provides a new idea for the screening of 
targeted drugs.

GSDMD vs. HMGB1

High mobility group box-1 (HMGB1) is a ubiquitous nuclear 
and cell membrane protein that is released into the circula-
tion during sepsis and is a pro-inflammatory mediator of late 
sepsis lethality, maintaining and prolonging sepsis pathology 
[50]. Hepatocytes are often the main source of increased 
circulating HMGB1 in sepsis and many liver-based diseases. 
In 2018, studies found that HMGB1 and RAGE released 
by hepatocytes were critical for infection with caspase-
11-dependent lethality in a "double-whammy" model of 
endotoxemia and bacterial sepsis [51]. However, studies 
have shown that in mice given a single high dose of LPS, 
hepatocyte Hmgb1 deletion does not protect hepatocytes 
[52]. This suggests that HMGB1 mediates caspase-11-de-
pendent pyroptosis in lethal sepsis. Therefore, does HMGB1 
have the same link to GSDMD? Recent studies have found 
that deletion or knockout of GSDMD inhibits LPS-induced 
HMGB1 release from hepatocytes. Hepatocytes sense LPS 
via extracellular TLR4 and intracellular caspase-11 on one 
hand, and intracellular LPS leads to caspase-11-dependent 
cleavage of GSDMD on the other hand, which promotes an 
increase in intracellular free calcium, activation of camkkβ, 
and nuclear HMGB1 relocates to the cytoplasm, thereby 
efficiently releasing HMGB1[53].

GSDMD vs. neutrophil

Neutrophils are the most numerous cells involved in the 
innate immune response. The death of neutrophils plays 
a key role in regulating neutrophil numbers during infec-
tion and inflammation [54]. Aging neutrophils undergo 
programmed death and are then recognized, phagocytosed 
and safely removed by professional phagocytes such as mac-
rophages [55]. In the early stages of sepsis, when the host 
is attacked by pathogens, neutrophils in the bone marrow 
are rapidly mobilized, and a large number of neutrophils 
migrate to the lesion to remove pathogens under the action 
of chemokines to function by phagocytosis, degranulation, 
and the formation of extracellular traps. Although neutro-
phils are very important for pathogen clearance, studies have 
shown that neutrophils are closely related to organ dysfunc-
tion [56].

When neutrophils increase in large numbers after infec-
tion or tissue damage, IL-1β is mainly released. It has been 
reported that neutrophils release IL-1β without pyroptosis 
during canonical NLRP3 inflammasome activation. How-
ever, studies have also shown that neutrophil IL-1β release 
is reduced in  Gsdmd−/− mice, similar to macrophages [46]. 
Interestingly, a recent study identified another mechanism 
by inflammasome-activated neutrophils resisting pyropto-
sis, unlike macrophages, does not accumulate functional 
N-GSDMD pores in the plasma membrane and transport 
N-GSDMD proteins to the plasma membrane, nor activat-
ing calcium-regulated plasma membrane repair, but instead 
transporting N-GSDMD to cyanophilic (primary) granules 
and the autophagosome releases IL-1β through an autophagy 
machinery-dependent pathway. Furthermore, N-GSDMD 
permeability of cyanophilic granules releases neutrophil 
elastase into the cytoplasm, thereby mediating a secondary 
cascade of serine protease-dependent GSDMD processing 
[57].

However, GSDMD was found to be pleiotropic, with pro- 
and anti-inflammatory. In both acute peritoneal infection 
(peritonitis) and lipopolysaccharide (LPS)-induced sepsis 
models in mice,  Gsdmd−/−-deficient mice were also found to 
have significantly improved survival, fertility, and size com-
pared to wild-type (WT) mice. Peripheral blood differential 
counts were normal, and blood smears showed no hemat-
opoietic abnormalities. This is primarily due to GSDMD 
deficiency delaying neutrophil death, paradoxically enhanc-
ing the host response to extracellular E. coli. The study 
found that the division and activation of neutrophils are 
caspase-independent and mediated by the neutrophil-specific 
serine protease neutrophil elastase (ELANE), and ELANE-
mediated cleavage of GSDMD is located half upstream of 
the caspase cleavage site and yields a fully active ELANE-
derived NT fragment (GSDMD-eNT) that induces lytic cell 
death as efficiently as GSDMD-cNT. Therefore, GSDMD is 



1197Review: the role of GSDMD in sepsis  

1 3

pleiotropic with pro- and anti-inflammatory effects, making 
it a potential target for antibacterial and anti-inflammatory 
therapy [58].

GSDMD VS sepsis‑induced cardiomyopathy (SIC)

The heart has gradually received extensive attention as an 
important organ damaged in the development of sepsis. 
In 1984, Parker et al. first proposed the concept of sepsis-
induced cardiomyopathy (SIC) [59]. They observed that 65% 
of septic shock patients developed LV systolic dysfunction 
(defined as ejection fraction < 45%). According to statistics, 
about 40–50% of sepsis patients will be complicated with 
cardiac insufficiency, including severe cardiac failure (heart 
failure) [60]. Sepsis-induced cardiomyopathy can be seen 
one of the main complications of sepsis, but its specific 
mechanism is still unclear.

Studies in recent years have revealed that, at the cellu-
lar and molecular levels, in addition to inflammation and 
apoptosis, pyroptosis is considered an important pathophysi-
ological phenomenon in sepsis and SIC. Shi et al. found that 
the expression of GSDMD-N was significantly increased in 
cardiomyocytes after stimulation by I/R injury, and the cells 
underwent pyroptosis. Induction of myocardial I/R injury 
in cardiac-specific knockout male mice  (GSDMDflox/flox; 
CreαMHC [GSDMD-CKO]) resulted in decreasing GSDMD 
protein levels in the mouse myocardium, but not in other 
tissues tested. Meanwhile, oxidative stress induces cardio-
myocyte pyroptosis through a GSDMD-dependent pathway. 
In addition, GSDMD can also be detected in the serum of 
patients undergoing percutaneous coronary intervention and 
I/R injury. Overall, GSDMD may be a potential biomarker 
and therapeutic target for the identification and treatment of 
cardiomyocyte thermal ptosis and subsequent myocardial 
I/R injury [61]. Another study on SIC found that myocar-
dial levels of NLRP3 and ASC were significantly increased 
in the hearts of mice injected with LPS. In LPS-induced 
Neonatal rat cardiomyocytes (NRCMs), inhibition of cel-
lular reactive oxygen species (ROS) blocked LPS-induced 
export cytoplasmic translocation of NLRP3 from the nucleus 
to the cytoplasm [62]. Activation in the classical pyroptosis 
pathway depends on caspase-1 cleavage of the key mediator 
GSDMD, and the N-terminal domain of GSDMD in pyrop-
tosis can trigger a series of inflammatory cascades by acti-
vating the NLRP3 inflammasome reaction [63, 64]. There-
fore, is there a necessary targeted link between GSDMD and 
SIC? The study found that after intraperitoneal injection of 
LPS (10 mg/kg) into wild-type (WT) and Gsdmd knockout 
 (Gsdmd−/−) mice, GSDMD-NT was up-regulated in the car-
diac tissue of WT mice, accompanied by decreased cardiac 
function. In contrast,  Gsdmd−/− mice significantly reduced 
myocardial dysfunction, improved inflammatory cell infiltra-
tion, and inhibited NF-κB signaling pathway and NOD-like 

receptor protein 3 (NLPR3) inflammasome activation [65]. 
This is the point that needs to be explored urgently after 
GSDMD is found to be the executive protein of pyroptosis, 
and it will also be a direction of our future research.

GSDMD vs. liver injury

The liver plays a critical role in sepsis, as it is an important 
line of defense against microorganisms and a common target 
of dysregulated inflammation [66, 67]. The study concluded 
that pyroptosis plays an important role in the development 
of liver disease, including sepsis-induced liver injury [68]. 
Overexpression of the p10/p20 activation domain of cas-
pase-1 or caspase-11 induces typical GSDMD-dependent 
pyroptosis in hepatocytes but not cell rupture after LPS 
stimulation in vitro and in vivo death is different [69]. In 
addition, Escherichia coli can also enter liver tissue and 
cause bacterial liver injury, and liver injury and pyropto-
sis are more severe in  CD38−/− mice, because CD38 defi-
ciency triggers extracellular molecule recognition to activate 
inflammasome NLRP3-GSDMD-mediated Pyroptosis leads 
to severe bacterial liver damage [70].

GSDMD vs. intestinal injury

In sepsis, the intestinal microenvironment is destroyed, the 
gut microbiota is imbalanced, and a large number of ROS 
and inflammatory factors are released, which increases the 
intestinal permeability, damages the intestinal mucosa, pro-
motes cell apoptosis, and finally induces intestinal failure 
[71, 72]. In recent years, studies have found that GSDMD 
play an important role in intestinal injury, especially intesti-
nal inflammation. In a dextran sulfate sodium (DSS)-induced 
colitis model, GSDMD was activated, and GSDMD-defi-
cient mice have less severe colitis than wild-type mice. In 
addition, the massive overgrowth of E. coli during colitis 
mediates the activation of GSDMD, and activated GSDMD 
promotes the release of interleukin-18 (IL-18), but not 
the transcriptional or maturation levels of IL-18, which in 
turn induces the loss of goblet cells, thereby inducing the 
occurrence of colitis [73]. Both caspase-8 and GSDMD are 
required for the development of mixed lineage kinase-like 
MLKL-independent ileitis in mice deficient in epithelial Fas 
associated with death domain FADD [74]. In DSS colitis 
mice and IBD patients, GSDMD is increased and localized 
in testinal epithelial cells (IECs), and its deficiency leads 
to reduce intestinal inflammation during experimental coli-
tis [75]. Colonic GSDMD was increased in CD patients 
compared with healthy controls. Meanwhile, studies have 
shown that LPS can also induce the expression of IL-1β and 
GSDMD in colonic epithelial cells [76]. However, the study 
of GSDMD in gut-derived sepsis has not been reported, but 
the study of GSDMD-mediated intestinal inflammation 
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provides new ideas for the treatment of sepsis-induced intes-
tinal damage.

Disease therapeutic drug candidate‑based 
on GSDMD inhibition

So far, the clinical treatment of sepsis has mainly relied on 
the use of antibiotics and clinical intensive care [77]. The 
initial drug exploration for sepsis was a polyclonal antibody 
targeting the J5 strain of Escherichia coli LPS [78], and sub-
sequent development of related targeted drugs focused on 
pattern recognition receptors-Toll Like Receptors (Toll Like 
Receptors) and the targeted neutralization of pro-inflamma-
tory factors [79], but the clinical effect is not significant, 
and there is still no specific drug. In recent years, with the 
research on the role of pyroptosis in sepsis, GSDMD inhibi-
tors have also been extensively developed to alleviate the 
release of pyroptosis, ROS, and inflammation, and also pro-
vide molecular targets for the treatment of related diseases 
(Table 1).

Disulfiram, an alcohol abstinence drug, was found to be a 
potent inhibitor of GSDMD-induced liposome leakage, and 
this molecule can modify the cysteine 191 (Cys191) resi-
due of GSDMD, thereby inhibiting the pore-forming activity 
of GSDMD. Experiments found that disulfide can inhibit 
nigericin-induced IL-1β secretion in THP-1 and can also 
inhibit LPS transfection-induced IL-1β secretion in iBMDM. 
Disulfiram treatment significantly improved survival and 
significantly decreased serum IL-1 and IL-6 concentrations 
in the LPS-induced sepsis mouse model. And disulfiram has 
proved to be the only direct and effective GSDMD inhibitor 
so far. Other studies have found that inhibition of GSDMD 
with disulfiram or gene deletion abolishes neutrophil extra-
cellular traps (NETs) formation and reduces multiple organ 
dysfunction and sepsis mortality [80]. Notably, disulfiram 
will be a promising target for future sepsis treatment [81].

Dimethyl fumarate (DMF), a derivative of fumarate in 
the Krebs cycle, is commonly used in immunomodulation to 
treat multiple sclerosis and psoriasis [82]. It was found that 
DMF can react with GSDMD at critical cysteine residues to 
form S-(2-succinyl)-cysteine regardless of its intracellular/
extracellular abundance. GSDMD succinylation prevents 
its interaction with caspases, limiting its ability to process, 
oligomerize, and induce cell death. Administration of DMF 
can prevent LPS shock and alleviates familial Mediterranean 
fever and experimental autoimmune encephalitis in mice by 
targeting GSDMD [83].

Unlike Disulfiram, necrosulfonamide (NSA) inhibits p30 
GSDMD pore formation by directly binding to GSDMD via 
Cys191 on GSDMD, and it inhibits pyroptotic cell death in 
immortalized mouse macrophages and human monocytes 
while improving the survival of GSDMD-induced sepsis Ta
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mice. Therefore, chemical inhibition of two forms of inflam-
matory cell death, pyroptosis and necroptosis, has high 
therapeutic potential in inflammatory disease patients [84].

TPNs are epigallocatechin-3-gallate (EGCG) derived 
from tea polyphenol nanoparticles. Mechanistic studies sug-
gest that TPNs can effectively inhibit pyroptosis by blocking 
GSDMD-NT oligomerization, which complements RONS 
clearance and thus synergizes the therapeutic effect of sep-
sis. In a sepsis model induced by intraperitoneal injection of 
LPS, the TPNs group had a 50% survival rate within 96 h of 
modeling, decreased IL-1α, IL-1β, IL-6, thickened alveolar 
walls, and pneumonitis in mice. There was less neutrophil 
infiltration and fewer inflammatory cells in the liver blood 
vessels. Additionally, TPNs block pyroptosis of NLRP3 
inflammasome and non-inflammasome activators in a dose-
dependent manner. This suggests that TPNs have the poten-
tial to treat sepsis and deserve more systematic preclinical 
studies for clinical translation [8].

Mg2+ inhibited canonical pyroptosis by preventing mem-
brane localization of GSDMD-NT, but did not affect the 
activation of the NLRP3 inflammasome, but inhibited typi-
cal pyroptosis in LPS- and ATP-induced iBMDMs. It also 
inhibited GSDMD-NT membrane binding and oligomeriza-
tion in HEK293T cells and attenuated LPS-induced lung 
inflammation and lung injury. These results suggest that 
 Mg2+ may have a protective effect against LPS-induced 
septic shock [85].

Interleukin 6 (IL-6), a cytokine with pleiotropic activ-
ity, protects streptococcus pneumoniae-induced pulmonary 
macrophages by inhibiting caspase-3-GSDME and cas-
pase-1-GSDMD-mediated pyroptosis death and inflamma-
tory damage to the lungs [86]. In addition, the PRY-SPRY 
domain of tripartite motif 21 (TRIM21) interacts with 
GSDMD, keeping it stable expression of GSDMD in the 
resting state, and inducing GSDMD-N aggregation during 
pyroptosis. TRIM21 gene ablation in mice protects them 
from LPS-induced inflammation and dextran sulfate sodium-
induced colitis. Therefore, TRIM21 plays an important role 
in GSDMD-mediated pyroptosis and may be a useful tool 
for the control and treatment of inflammation-related dis-
eases [87].

Summary and perspective

In the emergency ICU, sepsis usually has a higher mortality 
rate. Both clinical and basic research are trying to find the 
key points of sepsis at different stages and different times, 
to find corresponding therapeutic targets to reduce the mor-
tality of sepsis and improve the prognosis. However, due to 
the heterogeneity of individual differences in sepsis, there is 
still a lack of effective and specific therapeutic drugs. With 

COVID-19 sweeping the world today, critically ill patients 
infected by it have a higher risk of developing viral sep-
sis, making treatment more complicated [3, 88]. GSDMD 
simultaneously regulates the death of immune cells and 
the release of related inflammatory factors; both immunity 
and inflammation are also dysregulated in sepsis. Both cell 
and animal experiments show that the deletion of GSDMD 
can significantly inhibit the pyroptosis induced by LPS or 
infection and improve the severity of sepsis. These findings 
open new doors for targeted therapy in sepsis, and GSDMD 
is regarded as a novel ideal target for drug development in 
sepsis.
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