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Role of pyroptosis in inflammation and cancer
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Pyroptosis is a form of programmed cell death mediated by gasdermin and is a product of continuous cell expansion until the
cytomembrane ruptures, resulting in the release of cellular contents that can activate strong inflammatory and immune responses.
Pyroptosis, an innate immune response, can be triggered by the activation of inflammasomes by various influencing factors.
Activation of these inflammasomes can induce the maturation of caspase-1 or caspase-4/5/11, both of which cleave gasdermin D to
release its N-terminal domain, which can bind membrane lipids and perforate the cell membrane. Here, we review the latest
advancements in research on the mechanisms of pyroptosis, newly discovered influencing factors, antitumoral properties, and
applications in various diseases. Moreover, this review also provides updates on potential targeted therapies for inflammation and
cancers, methods for clinical prevention, and finally challenges and future directions in the field.
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INTRODUCTION
Pyroptosis is a newly discovered programmed cell death regulated
by unique sets of critical inflammatory caspases that coordinate
biological effects [1, 2]. Scientists first discovered pyroptosis
induced by Shigella flexneri in infected macrophages; however, it
was misclassified as apoptosis because of the limitations of
biotechnology at the time [3]. Later research found that caspase-1
played a very pivotal role in bacteria-induced cell death, which
was not observed in other studies [4, 5]. The term “pyroptosis” was
first proposed in 2001, which comes from the Greek roots “pyro”
and “ptosis”, meaning fever and fall, respectively, to describe this
novel cell death in macrophages infected by Salmonella [6].
To date, it has been confirmed that Salmonella [4], Shigella

flexneri [5], Listeria [7], Pseudomonas aeruginosa [8], Legionella
pneumophila [9], and Yersinia [10, 11] can induce macrophage
death induced by caspase-1, not only in mononuclear macro-
phage cells but also in other cells, such as dendritic cells [12].
Additionally, the stimulus is not limited to conserved PAMPs
(pathogen‐associated molecular patterns); some nonbiological
stimuli, such as DAMPs (danger/damage-associated molecular
patterns), can also activate host pattern recognition receptors to
trigger pyroptosis [1, 13, 14]. The definition of pyroptosis has
expanded to include cell death triggered by many other caspases,
including caspase-4/5/11 [15].

Pyroptosis is executed by gasdermin D (GSDMD); manifests as
continuous cell expansion until the cytomembrane ruptures,
resulting in the release of cellular contents that activate a strong
inflammatory response; and is involved in many pathophysiolo-
gical processes [16, 17]. The effector of pyroptosis remained
unknown until 2015, when Shao Feng et al. discovered that
caspase-1/11/4/5 can induce pyroptosis by cleaving a protein
called GSDMD to release its N-terminal domain [18, 19]. The
N-terminus of GSDMD is highly aggregated and is capable of
binding membrane lipids and punching holes in the cell
membrane, which leads to changes in cell osmotic pressure and
gradual swelling until the final cell membrane ruptures [18, 20, 21].
Pyroptosis shares some aspects of apoptosis, necroptosis and
ferroptosis, such as the inducers of stimulation, key components in
the process, morphological changes, and cell release (Table 1).
The gasdermin family is classified as pore-forming effector

proteins that induce pyroptosis, and gasdermin D is one of six
gasdermins found in humans [22, 23]. Gasdermins have strong
sequence similarities with the autosomal DFNA5 (dominant
nonsyndromic sensory nerve 5) gene that codes for a protein
associated with human autosomal dominant nonsyndromic
hearing loss [22, 24]. Despite an increase in interest in the
mechanisms of gasdermins, their exact biological functions
remain poorly understood [22, 25].
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After years of searching, comprehensive research methods and
analysis tools for pyroptosis have become relatively mature. The
key to this field of research is to quantify inflammasome activation
and detect the activity of multiple downstream pathways in a
consistent and reproducible approach. The inflammasome can be
activated by corresponding activators, such as bacteria, viruses,
fungi, inflammatory diseases and cancer in vivo [26]. In vitro, bone
marrow–derived macrophages (BMDMs) need to first be isolated
and then differentiated before activating inflammasomes, which
are also triggered by bacteria, viruses, fungi, and ligand-based
activators [26]. Several different molecular techniques and assay
methods are currently available to monitor multiple components
of the inflammasome activation cascade and simultaneously
assess inflammasome-activated pyroptosis. The procedures
include real-time monitoring of cell status and cell death,
microscopy of ASC spots, and LDH (lactate dehydrogenase)
assays [26]. Simultaneously, ELISAs are used to determine the
release amount of cytokines such as IL-1β and IL-18 from cells into
the culture medium, and western blotting is performed to
determine caspase-1 and gasdermin D cleavage [26, 27].
Pyroptosis is an important natural immune response that

specifically antagonizes infection and endogenous danger signals
[1, 28, 29]. Pyroptosis can cause the release of cytokines, promote
the activation of macrophages and T lymphocytes, prompt the body
to produce a strong inflammatory response, and induce immune
phagocytosis [23, 30]. Several immune-mediated diseases in
humans have been associated with mutations in components of
inflammasome complexes [28]. Therefore, in-depth research is
needed to understand the function in inflammation and cancer.
This review will provide a comprehensive introduction of the latest
progress in comprehending the mechanisms of pyroptosis, newly
discovered influencing factors, and applications in treating diseases
caused by inflammation. We further summarize the antitumor role
of pyroptosis in several types of cancer and its potential applications
for the treatment of inflammation and cancer. Finally, we address
challenges and future directions in this field.

BASIC MECHANISMS OF CANONICAL AND NONCANONICAL
INFLAMMASOMES
Classic theory states that pyroptosis mainly relies on inflamma-
somes to activate caspase family proteins to cause various
physiological reactions [27, 31]. Inflammasomes are multimeric
complexes composed of essential components, wherein they
protect host cells against the assault of endogenous danger
signals and some pathogens [29, 32]. The pathways by which
inflammasomes trigger pyroptosis are traditionally grouped into
canonical pathways by caspase-1 activation or noncanonical
pathways by caspase-11 or caspase-4/5 activation in mice or
human beings, respectively [33, 34]. Canonical inflammasomes are
usually formed by sensor proteins called pattern-recognition
receptors (PRRs), an adaptor protein (ASC) called apoptosis-
associated speck-like protein containing a caspase recruitment
domain (CARD), and an inactive pro-caspase-1 [19, 35, 36] (Fig. 1).
There are five main types of inflammasomes in canonical
pathways: the NLRP3 inflammasome, AIM2 inflammasome, NLRP1
inflammasome, PYRIN inflammasome, and NLRC4 inflammasome
[37, 38]. When the PRR is stimulated, inflammasomes produce
mature caspase-1, which is different from the noncanonical
pathway [13, 39, 40]. Caspase-11 directly recognizes stimuli and
is activated by LPS (lipopolysaccharide), which is derived from
Gram-negative bacteria such as Escherichia coli [31, 41, 42].
Activated caspase-1/11 can cleave complete GSDMD into two
parts, namely, GSDMD-NT (N-terminal domain of GSDMD) and
GSDMD-CT (C-terminal domain of GSDMD), but only caspase-1 is
competent to induce IL-1β and IL-18 [13, 43, 44] (Fig. 1).
Recent research has identified some upstream signaling sources

that activate the different receptors involved in inflammasomeTa
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formation. Further studies have determined the structure of these
sources as large quaternary structure multiprotein complexes.
Inflammasomes identified thus far include members of the NLR
family (nucleotide binding and oligomerization domains (Nod)
and leucine-rich repeat-containing protein (NLR)), the PYHIN
family (Pyrin domains and HIN-containing domains) and AIM2
(absent in melanoma 2) [37, 45]. NLR inflammasomes contain the
common adaptor ASC on most occasions, but ASC-independent
complexes can also exist in certain cases [46].
Different inflammasomes react to a wide array of stimuli.

Endogenous danger signals, such as pore-forming toxins, crystalline
structures, and extracellular ATP or RNA, can trigger activation of the
NLRP3 inflammasome, which decreases the intracellular K+

concentration, promotes the release of cellular lysate from
lysosomes, and induces mitochondrial damage [13, 47]. In addition,
several pathogens, such as Staphylococcus aureus, and other factors,
such as ultraviolet radiation, are also thought to activate the NLRP3
inflammasome [37, 48]. NLRP1 is mainly activated by physiologically
relevant factors, including anthrax LeTx (a lethal toxin from Bacillus
anthracis), muramyl dipeptide, dsRNA and enteroviral 3 C protease
[37, 49, 50]. Humans only have a single NLRP1 gene, while the
NLRP1 gene in mice is polymorphic, of which NLRP1b is the main
research object [51, 52]. Some research has reported that NLRP1b
possesses autoproteolytic activity and that its N‐terminal fragments
are required for the subsequent activation of the NLRP1 inflamma-
some [52, 53]. Other activators of NLRP1 are less understood and
require further investigation. The NLRC4 inflammasome has been
studied in-depth in a mouse model, wherein it is shown that the
expression of NLRC4 is typically induced by bacterial flagellin or
PrgJ, both components of the bacterial type III secretion system
(T3SS) apparatus [54]. Unlike the aforementioned inflammasomes,
NLRC4 is activated by the distinctive receptor NAIP; however, it does
not require the adaptor protein ASC to induce pyroptosis [55].

Nevertheless, the presence of ASC can substantially augment
NLRC4-mediated pyroptosis [55, 56]. AIM2 is another type of
inflammasome that directly binds to cytosolic dsDNA from DNA
viruses through HIN-200 domains, unlike NLR inflammasomes
[57, 58]. However, AIM2 does not contain CARD domains; therefore,
signaling transmission requires the recruitment of ASC for
inflammasome activation [59]. The PYRIN inflammasome encoded
by the MEFV gene is also formed with ASC and caspase-1, but the
activation factors have remained unclear for some time [60, 61]. To
date, it has been found that the PYRIN inflammasome is activated
by pathogenic toxins, such as cytotoxic TcdB [62, 63] (Fig. 1).
Caspase-11 was largely ignored until recently due to its

function in the process of pyroptosis, which has challenged
the view of caspase-1 as the sole caspase protein responsible
for inflammasome-dependent pyroptosis [64]. Recent studies
have confirmed the critical role of LPS derived from Gram‐
negative bacteria, which is sensed by transmembrane TLR4 (Toll‐
like receptor 4) in caspase‐4/5/11‐dependent pyroptosis, and
intracellular LPS can directly bind to caspase-4/5/11 to result in
pyroptosis [65–67] (Fig. 1).

EMERGING MECHANISMS OF ESSENTIAL COMPONENTS IN THE
PYROPTOSIS PATHWAY
Pyroptosis is an extremely complex process in the body, so it is
understood that there are many positive or negative regulatory
mechanisms controlling the essential components in the process
of pyroptosis. Numerous mysteries about the regulatory mechan-
isms of pyroptosis have been clarified recently.

Novel regulation of NLRP3
Given its involvement in a variety of pathogens, including bacteria,
viruses and fungi, the NLRP3 inflammasome has drawn extensive

Fig. 1 Basic mechanisms of canonical and noncanonical inflammasomes. The mechanisms of pyroptosis are divided into canonical pathways
activated by caspase-1 and noncanonical pathways activated by caspase-11/4/5. Activated caspase-1/11 can induce the formation of GSDMD-
NT, which contributes to the perforation of the cell membrane and enhances the capability of processing IL-1β and IL-18. Canonical
inflammasomes, including NLRP3, AIM2, NLRP1, PYRIN, and NLRC4 inflammasomes, are usually composed of PRR, ASC, and pro-caspase-1.
NLRP3 is triggered by endogenous danger signals, such as pore-forming toxins, crystalline structures, extracellular ATP, and RNA. NLRP1 is
mainly activated by physiologically relevant factors, including the lethal toxin found in anthrax and muramyl dipeptide. NLRC4 typically
responds to bacterial flagellin and PrgJ, which are rod and needle proteins. AIM2 directly binds to cytosolic dsDNA from DNA viruses to
activate them. Pyrin activation is caused by exposure to pathogenic toxins. The noncanonical pyroptosis pathway is directly triggered by LPS
from extracellular Gram‐negative bacteria

X. Wei et al.

973

Cellular & Molecular Immunology (2022) 19:971 – 992



attention from researchers [68]. Recent studies have revealed
many exact mechanisms associated with the NLRP3 pathways that
can be activated or inhibited by many factors. The NLRP3 receptor
protein contains three domains: PYD, NACHT, and LRR [69, 70].
Upon NLRP3 inflammasome assembly, the PYD of NLRP3 interacts
with the PYD of ASC to form a homotypic PYD-PYD interaction,
while the CARD structure in ASC can recruit and combine with the
CARD domain of caspase-1 to generate a similar CARD-CARD
interaction [31, 70–72]. ASC functions here as a bridge to connect
the receptor protein and the effector protein. GSDMD, an essential
pyroptosis substrate of inflammatory caspases, is a crucial
executor of pyroptosis [1]. Mature caspase-1 cleaves GSDMD to
generate approximately 31-kDa N-terminal fragments that initiate
pyroptosis and induce the secretion of mature inflammatory
cytokines [18, 40, 73] (Fig. 2).
It is reported that the PINK1-PARK2 pathway is usually

considered to function in the pathogenesis of Parkinson’s disease
[74]. Additionally, the PINK1-PARK2 pathway can alleviate
inflammation by upregulating dopamine, thus downregulating
the activation of HIF1α [75]. HIF1α can activate the NLRP3
inflammasome and release abundant HMGB1, a molecular
transporter of LPS, into the cytoplasm in a mouse neuroimmune
model [75, 76]. EIF2AK2 (eukaryotic translation initiation factor 2
alpha kinase 2) is one of four mammalian kinases involved in the
ISR (integrated stress response), and its canonical activation is
triggered by dsRNA during viral infection [77]. The M2 isoform of
pyruvate kinase (PKM2), a glycolytic regulator, selectively triggers
EIF2AK2 phosphorylation to promote NLRP3 inflammasome
activation in macrophages, which may be a target for the

therapeutic treatment of sepsis [78]. The pharmacological PKM2
inhibitor shikonin and EIF2AK2 inhibitor C16 both effectively
suppress EIF2AK2 phosphorylation levels so that caspase-1
enzyme activity is somewhat inhibited in macrophages of septic
mice, ultimately promoting a higher survival rate from sepsis in
mouse experiments [78–80]. The kinase NEK7, which is responsible
for cell spindle formation and centrosome separation, is an on-off
regulatory protein that binds to NLRP3 protein and regulates the
activation of the NLRP3 inflammasome [81, 82]. Research on this
mechanism found that the Spata2 and CYLFD genes both play
important roles in regulating inflammasome complexes; these
genes promote the binding of PLK4 and NEK7 by removing the
ubiquitination linked to the centrosome of the kinase PLK4 at
position K63, thereby resulting in the phosphorylation of NEK7 at
the Ser204 site [83–85]. Studies have shown that phosphorylation
at the Ser204 site inhibits NEK7 from binding to NLRP3, thereby
negatively regulating the activation of the NLRP3 inflammasome
[84]. DDX3X is an enzyme that, when mutated, is associated with
the development of various cancers, including liver cancer, lung
cancer, and pancreatic cancer [86, 87]. DDX3X can combine with
the NACHT domain of full-length NLRP3, which influences whether
cells survive or are killed via pyroptosis [88]. One study revealed
that the formation of stress granules induced by sodium arsenite
specifically inhibited the activation of the NLRP3 inflammasome
[89]. After LPS stimulation, the authors used affinity purification
mass spectrometry to identify any physical interaction between
DDX3X and NLRP3 and examined the regulatory mechanism of
the packaging of the NLRP3 inflammasome, which may be a
candidate for the design of a targeted therapeutic [90] (Fig. 2).

Fig. 2 Novel regulation of NLRP3 and gasdermin D. There are many signaling pathways influencing the functions of the NLRP3 inflammasome
and gasdermin D to regulate the occurrence of pyroptosis. For example, the PINK1-PARK2 pathway induces the release of dopamine to
function on PYD to induce NLRP3 inflammasome activation. In addition, PKM2 selectively activates EIF2AK2 phosphorylation to trigger the
NLRP3 inflammasome in macrophages. The kinase NEK7 can combine with NLRP3 to control the activation of the NLRP3 inflammasome,
which is suppressed by phosphorylation of PLK4 and is formed by deubiquitinating the Spata2-CYLD complex. DDX3X is coupled with
the NACHT domain of full-length NLRP3. The CARD8 inflammasome senses the activities of HIV-1 protease and DPP8/9 inhibitor to regulate
NLRP3-caspase-1-dependent pyroptosis. VbP disrupts the interaction of NLRP1 and DPP9 to accelerate the degradation of N-terminal
fragments. The cGAS-STING pathway promotes the NF-κB function on caspase-1 to induce pyroptosis, which is suppressed by melatonin.
Furthermore, the mTORC1-Ragulator-Rag pathway promotes ROS production to regulate the oligomerization of GSDMD and pore formation.
The ESCRT system repairs membrane pores to alleviate pyroptosis and inhibit the production of IL-1β, which is otherwise upregulated by
calcium efflux. GPX4 blocks lipid peroxidation to suppress GSDMD activity and inhibits caspase-1/11 to prevent the production of GSDMD-NT.
ELANE-mediated GSDMD cleavage produces an active GSDMD-eNT that causes pyroptosis. Finally, IRF7 can physically interact with GSDMD-
NT to cause pyroptosis
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The work stated that CARD8 can trigger pyroptosis to clear
infected cells as a sensor for HIV (human immunodeficiency virus)
protease, which could be an effective tactic for the elimination of
HIV infection [91]. However, HIV can evade the perception of
CARD8, as its protease remains inactive before the virus buds in
the infected cells [92]. Some drugs can force HIV protease to be
expressed prematurely while the virus is still in immune cells,
which would then trigger the CARD8 inflammasome to destroy
the virus in infected cells [93]. The DPP8/9 inhibitor is also known
to induce pyroptosis in human monocytes and macrophages
[94, 95]. It has also been shown that the CARD8 protein regulates
NLRP3-caspase-1-dependent pyroptosis induced by the DPP8/9
inhibitor, which activates the sensor NLRP1 and directs mature
caspase-1 to cause cell death in human myeloid cells [96, 97]
(Fig. 2).
NLRP1, an inflammasome sensor whose N-terminus is degraded

by the proteasome, mediates the activation of caspase-1 and
induces cytokine maturation, which is inserted into the active site
of DPP9, and this process requires the presence of full-length
NLRP1 [98–100]. Val-boroPro (VBP) disrupts the interaction of
NLRP1 and DPP9, which promotes the degradation of NLRP1
N-terminal fragments, thereby triggering inflammasome activa-
tion [98, 101, 102]. The cGAS-STING signaling pathway is a
canonical innate immune system that is known to be closely
related to pyroptosis [103]. GSDMD in intestinal macrophages can
negatively regulate the cGAS-STING-mediated inflammatory
response by perforating the plasma membrane to increase the
efflux of potassium ions after the onset of colitis [104, 105]. The
cGAS-STING pathway promotes the interaction between NF-κB
and caspase-1 to induce pyroptosis, but melatonin inhibits the NF-
kB-induced GSDMD pathway to partially inhibit pyroptosis in
adipose cells of mice [106, 107] (Fig. 2).

Novel regulation of gasdermin D
Gasdermin D is a well-studied critical effector of pyroptosis, and
its regulatory mechanism is mainly focused on the upstream
factors that affect its early cleavage, which include pleiotropic
pyroptosis-associated complexes that exert pro- or anti-
inflammatory effects. However, few studies exist on the factors
that influence the formation of cytomembrane pores after
GSDMD cleavage. The mTORC1-Ragulator-Rag pathway plays an
essential role in membrane pore formation, wherein it promotes
reactive oxygen species (ROS) production that will regulate
oligomerization of GSDMD and pore formation [108, 109]. The
intracellular endosomal sorting complexes required for transport
(ESCRT) system is reported to restore membrane pores in the
downstream process of pyroptosis without affecting the activa-
tion of GSDMD, thus alleviating pyroptosis and inhibiting the
release of IL-1β, which is promoted by calcium influx to prevent
cell death [110–112]. Additionally, glutathione peroxidase 4
(GPX4) can suppress lipid peroxidation to inhibit phospholipase
C gamma 1 (PLCG1), thereby preventing the production of
GSDMD-NT, which can be improved by the antioxidant activity
of vitamin E to promote the survival rate in sepsis [113, 114].
Furthermore, the cleavage of GSDMD in neutrophils is not
dependent on caspase proteins but rather on ELANE (neutrophil-
specific serine protease, neutrophil elastase), which is a tissue-
specific protein complex [115–117]. GSDMD cleavage mediated
by ELANE produces an active GSDMD-eNT that induces
pyroptosis as efficiently as GSDMD-NT, and only its cleavage
site is upstream compared with the latter [115]. Moreover, IRF7
(interferon regulatory factor 7), promoted by NF-κB, can
physically interact with GSDMD-NT to form a complex that then
promotes adipocyte pyroptosis [107, 118] (Fig. 2).

Newly discovered roles of other gasdermins
Gasdermins, a conserved protein family, contain gasdermin A, B, C,
D, E, and DFNB59, most of which have recently been confirmed to

work on pore formation [119, 120]. In addition to GSDMD, there
have been many recent studies on the pyroptotic mechanisms of
other gasdermin families. Pyroptosis appeared to be only
activated by caspase families, but recent research findings have
challenged this notion. For example, a recent study revealed that
gasdermin can perform the punching function at non-Asp sites via
the hydrolysis of the serine protease Granzyme A, a serine
protease produced by cytotoxic lymphocytes [121, 122]. Gran-
zyme A can enter target cells through perforin and hydrolyze
the Lys229/Lys244 sites of GSDMB to trigger pyroptosis, and
GSDMB has tissue-specific expression and is highly upregulated by
interferon-γ in epithelial tumor cells [121]. Furthermore, cytotoxic
lymphocyte-mediated immunity is dependent on granzymes,
which can enhance antitumor immunity and may be a potential
candidate targeted site for tumor treatments [121, 123] (Fig. 3).
GSDMB can also be used as an antibacterial cytolysin, activated

by NK cells, in Shigella-infected cells through Granzyme A, and it
can self-cleave the N-terminus to perforate the bacterial
membrane [124, 125]. Unlike most gasdermin family members,
GSDMB demonstrates direct antibacterial activity, wherein it
recognizes phospholipids on the membrane of Gram-negative
bacteria [126]. However, the IpaH7.8 protein secreted by the
intestinal invasive species Shigella flexneri through the expression
of the T3SS ubiquitinates GSDMB for 26 S proteasomal degrada-
tion and inhibits granzyme A-mediated GSDMB activation to
protect Shigella from NK cells, creating a dynamic host‒pathogen
conflict [124, 127] (Fig. 3).
Granzyme B is also the most abundant granzyme in cytotoxic

granules and is transported to cancer cells, where it cleaves
caspase-3 and perforin to induce apoptosis [128, 129]. Granzyme B
can induce mature caspase-3 to cleave GSDME and can
simultaneously induce pyroptosis independent of caspase by
directly cutting GSDME at Asp270, which converts noninflamma-
tory apoptosis into pyroptosis in cells expressing GSDME [130]
(Fig. 3).
Recent studies have concentrated on the regulatory mechan-

isms of tumor pyroptosis, finding that the pyroptosis pathway of
tumor cells is completely different from that of macrophage
pyroptosis, as evidenced by the finding that the nPD-L1-GSDMC-
caspase-8 pathway mediates pyroptosis to lead to tumor death
[23, 131]. A large number of PD-L1 molecules enter the cells and
nucleus under hypoxic conditions, which is promoted by TNFα
and CHX treatment [132]. PD-L1 then interacts with p-Stat3-Y705,
which then binds to the GSDMC promoter region to increase the
expression of the latter, which can be induced by antibiotic
chemotherapeutics. Simultaneously, inhibition of phosphorylated
Stat3 can effectively prevent PD-L1 from entering the nucleus
[131, 133] (Fig. 3). TNF-α activates caspase-8 to cleave GSDMC at
amino acid Asp365 and release the GSDMC amino terminus in
tumor cells. The amino terminus is automatically integrated into
the cell membrane to form the hole that causes pyroptosis,
preventing caspase-8 from recruiting caspase-3 to the apoptosis
process, thus switching TNFα-induced apoptosis into pyroptosis
[131, 134, 135] (Fig. 3).
Unlike other protein families of GSDMs, the protease that

activates GSDMA was not discovered until recently, and its
physiological and pathological roles in host immunity have been
revealed [136]. Group A Streptococcus (GAS) is a global skin
pathogen that can cause a variety of acute infections, such as local
suppurative infections and even fatal invasive diseases, with high
morbidity and mortality [137]. Following GAS pathogen invasion,
the virulence factor of GAS cysteine protease SpeB (streptococcal
pyrogenic exotoxin B) is autocatalytically cleaved to produce
active protease, which cleaves GSDMA by direct proteolysis after
the Gln246 site [136]. Subsequently, cleaved GSDMA-NT forms
GSDMA pores in the host cell membrane, promoting pyroptosis of
infected cells and ultimately resulting in local inflammation and
clearance of pathogens [136]. Simultaneously, GSDMA deficiency
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or SpeB mutation fails to cleave GSDMA to form activated GSDMA-
NT, thus resulting in systemic dissemination and severe multi-
organ infection [136] (Fig. 3).

NEW INSIGHTS INTO VARIOUS FACTORS THAT INFLUENCE
PYROPTOSIS
Bacteria influence the immune response to manipulate
pyroptosis
Shigella, a strain of Gram-negative bacteria, is a common
pathogen that causes shigellosis in humans, which is character-
ized by evasion of immune defense, resulting in hemorrhagic
diarrhea and severe intestinal inflammation [138, 139]. Shigella
flexneri can suppress the function of caspase-4/11 via the secretion
of effector protein OspC3, a member of the OspC family, which
mediates a new posttranslational modification called arginine
ADP-riboxanation [139–141]. OspC3 modifies Arg314/Arg310 of
caspase-4/11 to prevent their activation and the cleavage of
GSDMD, which in turn inhibits LPS-induced pyroptosis, thus
escaping the immune mechanism of the host against intracellular
Gram-negative bacteria [140, 142] (Fig. 4A). This process is unique
compared with known direct or indirect bacterial inflammasome
regulation strategies, which can constitute a new research
direction in the field of protein posttranslational modification.
Unlike Shigella, most pathogens induce pyroptosis after

entering host cells. For example, YopJ, a virulence protein secreted
by Yersinia, activates the RIPK1-caspase-8 pathway by inhibiting
TAK1, further cleaving GSDMD and causing pyroptosis [10, 142].
Any macrophages infected with YopJ are sensed by TLR4, which
sends a signal to form a complex consisting of RIP1, caspase-8,

and FADD [10, 143, 144]. Under stimulating conditions, RIPK1 and
caspase-8 can be recruited to lysosomes that rely on the Rag-
Ragulator complex [142, 143]. RagC, in the form of GDP, can bind
to RIPK1/caspase-8 to promote cleavage and partial activation of
GSDMD via caspase-1/11 and cleavage of GSDME via caspase-3/7,
both of which trigger cytomembrane permeabilization when TAK1
is inhibited [10, 144]. Additionally, TAK1 can function on NF-κB
and MAPK to increase IL-1β and cFLIPL, respectively, which are
essential regulators of cell death and inflammation [145]. When
cFLIPL levels are high enough, both caspase-8 and pyroptosis are
inhibited, but when the level of cFLIPL is low, caspase-8 is prone to
forming homodimers to activate and cleave GSDMD, leading to
potassium efflux and inducing NLRP3-dependent pyroptosis
[81, 146] (Fig. 4B).
One strategy for combating the pathogenicity of mycobacteria

is to maintain their novel mechanism of chronic or persistent
infection by reducing their virulence [147]. Studies have dis-
covered a tuberculosis protein called EST12 that is able to induce
pyroptosis of macrophages and then binds to the Tyr80 binding
side of the activated endogenous host sensor protein RACK1 (the
receptor for activated C kinase 1) to form the EST12-RACK1
complex [147–149]. The complex recruits the deubiquitinating
enzyme UCHL5 to cause Lys48-linked deubiquitination of NLRP3
and subsequently induces GSDMD to cause macrophage pyr-
optosis and IL-1 secretion [147]. This study demonstrated that
RACK1 is an endogenous sensor protein for pathogens and
pyroptosis induced by its functions in mycobacterial-induced
immunity (Fig. 4C).
It has been revealed that bromodomain-containing protein 4

(Brd4), a significant transcriptional activator in the field of

Fig. 3 New roles of other gasdermins. Granzyme A can enter target cells through perforin and can hydrolyze gasdermin B, which is
upregulated by interferon-γ. The IpaH7.8 effector secreted by Shigella flexneri allows GSDMB to be used for 26 S proteasome degradation to
inhibit Granzyme A-mediated, GSDMB-induced pyroptosis. Another gasdermin, granzyme B, can induce the maturation of caspase-3 to cleave
GSDME, where the mechanism of cell death changes from apoptosis to pyroptosis. Under hypoxic conditions, PD-L1 interacts with p-Stat3-
Y705 to promote the GSDMC-induced triggering of pyroptosis, which is promoted by TNFα and CHX but prevented by Stat3. TNF-α activates
caspase-8 to cleave GSDMC, thus avoiding caspase-8 activation and instead activating caspase-3-induced pyroptosis. Activated GAS cysteine
protease SpeB cleaves GSDMA by direct proteolysis after the Gln246 site 134 to form GSDMA pores in the host cell membrane, promoting the
pyroptosis of infected cells and ultimately resulting in local inflammation and the clearance of pathogens
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epigenetics, regulates NAIP-NLRC4 inflammasome activation in
macrophages under infection with Salmonella [150–152]. Brd4 and
the macrophage lineage-determining transcription factors PU.1
and IRF8 colocalize on the NARP protein promoter to promote its
transcription, induce the maturation of caspase-1 and the
cleavage of both GSDMD and pro-IL-1β, ultimately contributing
to the infection-mediated inflammatory response and pyroptosis
[151, 153]. Simultaneously, the NARP-NLRC4 inflammasome can
activate caspase-8 to function in intestinal epithelial cell (IEC)
expulsion, which is accompanied by an actin rearrangement in
adjacent cells that maintains epithelial integrity [154] (Fig. 4D).

Viral infection triggers or avoids pyroptosis
The inflammasome sensor has the ability to recognize many
PAMPs, which indicates that proinflammatory caspases are
essential for cell self-defense against pathogens in almost all
fields. It has been reported that HIV has a deleterious role in
pyroptosis at the time of infection [1]. The CARD-8 inflammasome
is a natural alarm system in human immune cells and is a specific
protein needed for virus replication and spread that can recognize
active HIV protease that cleaves the N-terminus of CARD8 to
activate caspase-1 and GSDMD, triggering pyroptosis of infected
cells [91, 155, 156]. Unfortunately, HIV can exist in cells for a long
time without triggering this alarm, and when the HIV protease is
inactive, the CARD8 inflammasome is unable to detect it.
Unraveling the mechanism of the CARD8 inflammasome can
provide guidance for research on new drugs that can activate HIV
protease to cure HIV [93, 157] (Fig. 5).

The combination of SARS-CoV-2 spike protein and the angio-
tensin converting enzyme 2 (ACE2) receptor located on the surface
of the cells not only mediates the invasion of the virus but also
causes adjacent cells to fuse with each other to generate syncytia.
Caspase-9 can be activated in syncytia, which in turn activates
caspase-3/7 to cleave GSDME, releasing the N-terminal domain to
punch holes [158, 159]. In addition to S proteins, the N proteins of
SARS-CoV-2 can cleave ComC (complement cascade) to form two
segments, the C3a and C5a anaphylatoxins, both of which
collaborate with the C5b/C9 membrane attack complex (MAC) to
directly activate the NLRP3 inflammasome [160–162]. The P2RX7
receptor is mediated by the release of extracellular ATP when SARS-
CoV-2 enters the airway, which can lead to NLRP3 activation in
macrophages through unknown mechanisms [163, 164]. Further-
more, activation of the renin–angiotensin–aldosterone system
(RAAS) causes increased angiotensin II, which combines with the
AT1 receptor to activate the NLRP3 inflammasome in kidney, lung,
cardiomyocyte, and hematopoietic cells infected by SARS-CoV-2, all
of which drives the maturation of downstream caspase-1, the
secretion of IL-18 and IL-1β, and consequent pyroptosis
[160, 165, 166] (Fig. 5).
The H7N9 virus uses effective replications and injects ssRNA into

mouse alveolar epithelial cells, activating gasdermin E-mediated
pyroptosis. Then, the contents of the infected cells subsequently
trigger a cytokine storm, but the exact components at work are
unclear [167, 168]. The ssRNA of the virus activates caspase-3, which
cleaves gasdermin E to activate GSDME-NT to form pores in the cell
membrane and switches apoptosis to pyroptosis [167, 169] (Fig. 5).

Fig. 4 Bacteria influence the immune response to manipulate pyroptosis. Shigella flexneri inhibits caspase-4/11 through the secreted effector
protein OspC3 to mediate arginine ADP-riboxanation and block the maturation of caspase-4/11 and consequently GSDMD cleavage. Yersinia
secretes YopJ to inhibit TAK1, further activating RIPK1/caspase-8-dependent pyroptosis. Simultaneously, YopJ binds to RIPK1 to function on
the Rag-Ragulator complex, causing cleavage and partial activation of GSDMD by caspase-1/11 and cleavage of GSDME by caspase-3/7.
Mycobacteria secrete EST12, which binds to RACK1, recruiting UCHL5 to promote deubiquitination of NLRP3 and thus inducing NLRP3 and
GSDMD to trigger pyroptosis. Additionally, Brd4 regulates the activation of the NAIP-NLRC4 inflammasome by recruiting PU.1 and IRF8 to
initiate the maturation of caspase-1 and activate caspase-8 to cause IEC in cells infected by Salmonella
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Chemical factors promote or inhibit pyroptosis
Cell fate is closely related to metabolic homeostasis in cells [170].
Recently, it has been discovered that there are many chemical
factors in organisms that can affect pyroptosis. For example, α-
ketoglutarate (α-KG) penetrates cell membranes and effectively
induces tumor pyroptosis, which has a potential antitumor effect
on cells [171, 172]. α-KG is converted by the metabolic enzyme
MDH1 into another metabolite called L-2-hydroxyglutarate
(L-2HG) in an acidic environment, which results in increased ROS
levels and induces death receptor-6 (DR6), causing the cell
membrane to oxidize, polymerize, and undergo endocytosis to
form receptosomes [171, 173]. Endocytic DR6 recruits pro-caspase-
8 to the receptosomes through the mediation of the adaptor
protein Fas-associated via death domain (FADD) [171, 174].
GSDMC is also recruited to the receptosomes and is then cleaved
by mature caspase-8. Finally, the N-terminal of GSDMC perforates
the cell membrane and causes pyroptosis [171] (Fig. 6).
Iron is the critical ingredient of enzymes that produce ROS, such

as lipoxygenases (LOX) and the subunits of the mitochondrial
electron transport chain (ETC) [175]. Iron-induced production of
ROS or drugs induces an increase in ROS in melanoma cells,
resulting in the oxidation of Cys13 and Cys21 in Tom20, wherein
they oligomerize and accumulate [176]. Iron ions and oligomer-
ized Tom20 trigger the transfer of Bax from the cytoplasm to the
mitochondria to form Bax pores, leading to the cleavage of
caspase-3/9, the release of cytochrome c, and inhibition of tumor
growth and metastasis, which is caused by GSDME that resembles
GSDMD [176–178] (Fig. 6). In addition to pyroptosis, iron can
trigger several types of cell death, such as ferroptosis, iron-
induced necroptosis and apoptosis, all of which are consequences
of complex signaling pathways in cells [175, 179].
Among the noncanonical mechanisms of pyroptosis, LPS from

Gram-negative bacteria directly activates caspase-11 to trigger
cleavage of GSDMD, eventually resulting in pyroptosis. However,
the succination of dimethyl fumarate (DMF), a Krebs cycle
intermediate, can inactivate GSDMD and block pyroptosis
[42, 180]. Endogenous and exogenous DMF interacts with GSDMD
at essential Cys191/Cys193 sites to become S-(2-succinyl)-cysteine,

an irreversible posttranslational modification that prevents the
interaction between GSDMD and caspase, thus limiting GSDMD’s
ability to be processed, to oligomerize and to perforate the cell
membrane [40, 180, 181]. DMF delivery can protect mice from
lipopolysaccharide shock by targeting GSDMD as well as
alleviating familial Mediterranean fever and experimental auto-
immune encephalitis, supporting its potential as a therapeutic
drug to treat such diseases [180]. Furthermore, LPS is conducive to
secreting and releasing a lectin called galectin-1 that can combine
with β-galactoside, but the mechanism of secretion is still not well
understood [42, 182, 183]. The secretion of galectin-1 also results
from caspase-11-gasdermin D pathway signaling, and it is released
into the circulatory system in the course of sepsis, which suggests
that galectin-1 can promote and enhance the level of inflamma-
tion in the LPS-induced sepsis model [183, 184]. It is possible that
galectin-1 may be a candidate for the design of a drug to suppress
the cytokine storm during sepsis and can possibly be used as a
marker to identify critically ill patients [183, 184] (Fig. 6).
The prerequisite for the function of GSDMD-NT is the influx of

calcium ions, which are essential to the membrane localization of
GSDMD-NT. However, magnesium ions can act as physiological
Ca2+ antagonists and trigger disturbed Ca2+ signaling by causing
concentration changes in intracellular and extracellular environ-
ments [185–187]. Furthermore, Mg2+ blocks the influx of Ca2+ by
inhibiting the crucial ATP-gated calcium channel P2X7, as do Cu2+,
Zn2+ and Ni2+, and inhibits the process of GSDMD-NT oligomer-
ization and binding to the cell membrane synchronously
[187–189] (Fig. 6).

Noncoding RNA is associated with the regulation of
pyroptosis
Noncoding RNA is a type of RNA that does not encode proteins,
such as rRNA, tRNA, siRNA, piRNA, snRNA, microRNA, or lncRNA,
which also have a close relationship with pyroptosis [190–192]. For
example, recent studies have found that overexpression of miR-
148a can prevent pyroptosis by inhibiting inflammasomes,
thereby improving the symptoms of alcoholic liver injury [193].
Alcohol consumption suppresses the expression of FoxO1, the

Fig. 5 Virus infection triggers or avoids pyroptosis. CARD8 can recognize active HIV protease that cleaves its N-terminus to activate caspase-1
and GSDMD and can trigger pyroptosis to eliminate cells infected with HIV. Additionally, the SARS-CoV-2 spike protein interacts with ACE2,
causing the formation of syncytia that activate caspase-9/3/7 to lead to the cleavage of GSDME. N proteins can function in the ComC pathway,
which collaborates with MAC to directly activate the NLRP3 inflammasome. The P2RX7 receptor is mediated by ATP when SARS-CoV-2 enters
the airway, leading to NLRP3 activation. RAAS induces angiotensin II to combine with AT1 to trigger the NLRP3 inflammasome in cells infected
with SARS-CoV-2. Finally, H7N9 viruses inject ssRNA into the cells to trigger gasdermin E-dependent pyroptosis
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transcriptional activator of miR-148a, thereby downregulating the
expression level of miR-148a in cultured hepatocytes and liver
cells of mice [193–195]. Furthermore, miR-148a directly inhibits
thioredoxin-interacting protein (TXNIP) in such a way that the
target gene TXNIP is upregulated, which promotes NLRP3
inflammasome activation, caspase-1 maturation and pyroptosis
[193, 196, 197] (Fig. 7).
Another example, microRNA-9, can inhibit the activation of

caspase-1 and IL-1β in human cardiomyocytes by interacting with
the protein ELAVL1, whose expression, when increased, has a
concomitant decrease in a hyperglycemic environment [198, 199].
Ubiquitously expressed ELAVL1 combines and stabilizes the AU-
rich element (AUE) of TNF-α mRNA to induce the expression of
TNF-α in the cytoplasm, which promotes canonical pyroptosis via
NLRP3 inflammasome activation and downstream products, such
as caspase-1 and IL-1β, eventually leading to pyroptosis
[20, 198, 200]. Similarly, the long noncoding RNA MALAT1
participates in the pyroptosis of renal tubular epithelial cells in
diabetic nephropathy by inhibiting the level of miR-23c, whose
downregulation promotes the expression of the same target gene
ELAVL1 [201] (Fig. 7).
Additionally, lncRNA Neat1, which is transcriptionally activated

by hypoxia-induced factor HIF-2α, can directly participate in the
assembly and activation of inflammasomes [202, 203]. Upon
stimulation with hypoxia, Neat1 will facilitate the activation of the
NLRP3 inflammasome and directly interact with the caspase-1
p20 subunit through its 5’ end, and it can combine with pro-
caspase-1 to stabilize the aggregation of the complex or with the
mature caspase-1 tetramer to increase its stability and enzyme

activity during combination [204, 205]. In macrophages, Neat1
promotes the activation and assembly of inflammasomes through
activation of the aforementioned pathways, increases the forma-
tion of mature caspase-1 tetramers, promotes the maturation and
secretion of IL-1β and IL-18, and ultimately induces pyroptosis
[204]. Neat1 normally resides in paraspeckles, an irregular
substructural region in the chromatin gap of the nucleus, wherein
Neat1 dissociates from the nucleus and moves into the cytoplasm
to regulate the function of the NLRP3 inflammasome
[204, 206, 207] (Fig. 7).

PYROPTOSIS AND ANTITUMOR IMMUNITY IN CANCER
Numerous studies have indicated that pyroptosis is closely
associated with the development and metastasis of many cancers.
Tumorigenesis is regulated by various factors, such as the activity
of oncogenes, the immune microenvironment, and especially
chronic inflammation [208]. Long-term exposure to an inflamma-
tory environment increases the risk of cancer formation in cells
and tissues. Specifically, the cytokine release induced by
pyroptosis, such as IL-1 and IL-18, can promote infiltration in
tumors, thereby increasing the possibility of tumorigenesis and
metastasis [209]. Pyroptosis is a double-edged sword with respect
to cancers, as it can either promote or inhibit tumorigenesis. The
protumor role has been extensively studied, but the relationship
between pyroptosis and anticancer immunity is not fully under-
stood. Currently, we know that pyroptosis occurs in almost all
types of cancer; thus, an in-depth study of the relationship
between pyroptosis and cancer will broaden our understanding of

Fig. 6 Chemical factors promote or inhibit pyroptosis. An example of a chemical factor that affects pyroptosis is α-KG, which is changed into
L-2HG to trigger an increase in ROS levels as well as DR6 oxidation and polymerization to induce caspase-8 to cleave GSDMC and trigger
pyroptosis. Drugs that enhance ROS production, or iron, result in Tom20 oligomerization and the formation of Bax pores, leading to
cytochrome C release, which induces the cleavage of caspase-3/9 to trigger GSDME-dependent pyroptosis. Additionally, DMF interacts with
GSDMD at the Cys191/Cys193 position to generate S-(2-succinyl)-cysteine, which prevents the combination of GSDMD and caspase. Galectin-1
induced by GSDMD can promote and enhance LPS-induced pyroptosis. Finally, Mg2+ blocks the influx of Ca2+ into the cells by restraining the
ATP-gated calcium channel P2X7 to suppress GSDMD-NT oligomerization
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cancer and inform innovations in cancer prevention and
treatment.

Lung cancer
Lung cancer is one of the leading causes of death globally, as
evidenced by its high incidence and mortality rate [210, 211].
Polyphyllin VI (PPVI), a saponin isolated from Trillium tschonoskii
Maxim, exhibits significant antitumor properties, as it inhibits the
proliferation of non-small-cell lung cancer (NSCLC) cells via the
ROS/NF-κB/NLRP3/GSDMD signaling pathway [212]. Given the low
sensitivity of chemotherapy in NSCLC, this mechanism indicates
that PPVI could be a target for a novel NSCLC therapeutic drug in
the future [213]. In addition to triggering the nonclassical
inflammasome pathway, leading to the pyroptosis of innate
immune cells, LPS can also directly cause some tumors to regress
[214]; however, the mechanism of LPS’s influence on tumor cells is
still unclear, which limits its application. Recent studies have found
that a protein called SCGB3A2, predominantly secreted in the lung
airways, can combine with LPS, and the resulting SCGB3A2-LPS
complex can bind to the cell surface protein syndecan 1, allowing
LPS to enter Lewis lung carcinoma (LLC) cells to undergo
pyroptosis and thus inhibiting tumor proliferation and growth
[215] (Fig. 8).

Gastric cancer
Gastric cancer is the third most lethal cancer globally because it is
often diagnosed at an advanced stage, at which point
chemotherapy is the best course of treatment [216]. Chemother-
apeutic drugs can “reprogram” apoptosis to pyroptosis through
the cleavage of caspase-3-induced GSDME. For example,
5-fluorouracil can induce caspase-3/GSDME-dependent pyroptosis
in gastric cancer cells, which may help to elucidate the mechanism
of chemotherapeutic treatment of gastric cancer [217]. Further-
more, the expression level of GSDMD in gastric cancer cells is very
low compared to that in normal cells [218]. Studies have revealed
that diminished expression of GSDMD modulates the expression
of cell cycle-related proteins and accelerates the cell cycle S/G2
phase transformation, possibly by activating the STAT3 and ERK1/
2 signaling pathways, thereby promoting tumor cell growth [219].
In addition to GSDMD, GSDMA is also downregulated in gastric
cancer cells, but GSDMB is highly expressed in most precancerous

cancer samples, which may be related to tumor invasion, and both
GSDMs are candidates for antitumor drug targets [218, 220]
(Fig. 8).

Breast cancer
Breast cancer is a major global public health problem, but
identifying effective strategies and interventions to prevent breast
cancer remains challenging [221]. At present, many chemother-
apeutic drugs play an antitumor role by inducing pyroptosis. For
example, cisplatin (DDP) appears to improve complete pathologic
response rates and to inhibit tumor growth and metastasis, both
in vitro and in vivo, by inducing the NLRP3/caspase-1/GSDMD-
mediated pyroptosis pathway in triple-negative breast cancer
(TNBC), but the molecular mechanism remains unclear [222, 223].
Recent studies have found that DDP can increase the expression
of maternally expressed gene 3 (MEG3), a long noncoding RNA
that plays a critical part in the signaling process after DDP
treatment [222]. Deletions, mutations, or downregulation of the
innate viral nucleotide sensor known as retinoid-induced gene I
(RIG-I) were detected in only 1% of clinical breast cancer patients,
which suggests that RIG-I agonists are widely applicable for
activating innate immunity to treat breast cancer with a high
probability of remission [224]. RIG-I agonists trigger upregulation
of the expression and mitochondrial localization of RIG-I, thus
activating the expression of the proinflammatory transcription
factors STAT1 and NF-κB, which in turn induce pyroptosis in breast
cancer cells [224]. In addition, RIG-I agonists can augment the level
of lymphocyte-recruiting chemokines and type I IFN, thereby
increasing the number of tumor lymphocytes while reducing
tumor growth and metastasis [224]. These findings are significant
for understanding how RIG-I agonists induce tumor cell death and
regulate the tumor microenvironment in vivo (Fig. 8).

Hepatocellular carcinoma
Hepatocellular carcinoma (HCC) accounts for 90% of primary liver
cancer cases, and its pathophysiology involves the interaction of
various factors, such as the susceptibility of a population, viral
infection, some liver diseases, the tumor microenvironment, and
immune cells, which can serve as prospective therapeutic targets
[225]. Sorafenib, a kinase inhibitor, can reduce the major
histocompatibility complex class I (MHC-I) expression of HCC

Fig. 7 Noncoding RNA is associated with the regulation of pyroptosis. miR-148a inhibits the expression of TXNIP to suppress NLRP3
inflammasome activation, which is reversed by elevated FoxO1 expression induced by alcohol treatment. Additionally, microRNA-9 functions
on ELAVL1 to suppress the expression of TNF-α, which inhibits pyroptosis by preventing NLRP3 inflammasome activation in a hyperglycemic
environment. Similarly, MALAT1 downregulates the expression of miR-23c to induce ELAVL1 expression. Finally, the lncRNA Neat1, activated
by HIF-2α, activates the NLRP3 inflammasome and directly interacts with caspase-1 p20 subunits to yield mature caspase-1
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tumor cells and is reported to play an antitumor role by inducing
the pyroptosis of macrophages [226]. Sorafenib can upregulate
caspase-1 activity to induce pyroptosis in MΦs, which triggers the
release of proinflammatory cytokines and induces the proliferation
and activation of NK cells, ultimately driving the apoptosis of
tumor cells [226]. In addition to this indirect effect, pyroptosis
exhibits significant antitumor properties in HCC tumor cells
directly. For example, cannabidiol (CBD) can trigger an integrative
stress response (ISR) and mitochondrial stress in HCC tumor cells,
subsequently increasing the activation of ATF4 and its target gene,
CHOP, which promotes the expression of Bax protein from the
BCL-2 family, to cause caspase-3/caspase-9/GSDME-dependent
pyroptosis [227]. Similarly, miltirone may also combat the
progression of cancer through the induction of pyroptosis; thus,
it is a potential agent that can be used to target GSDME for the

treatment of HCC [228]. Miltirone significantly enhances the
intracellular accumulation of ROS to repress the phosphorylation
of mitogen-activated and extracellular signal-regulated kinase
(MEK), which suppresses the activity of extracellular regulated
protein kinases ½ (ERK1/2) and triggers BAX/caspase-9/caspase-3/
GSDME-dependent pyroptosis [228] (Fig. 8).

Colorectal cancer
Due to population aging and environmental deterioration, color-
ectal cancer (CRC) is the third most common source of malignant
tumors worldwide [225]. The incidence and mortality rates of CRC
in China are increasing annually, most recently ranking fourth
among cancer deaths [229, 230]. Lobaplatin has a strong
antineoplastic effect with few adverse effects and can promote
ROS elevation and JNK phosphorylation to induce the Bax/

Fig. 8 Pyroptosis and antitumor immunity in cancer. Manipulating pyroptosis to kill tumor cells and inhibit the proliferation, migration, and
invasion of tumor cells is a novel research avenue for cancer treatment. Pyroptosis plays antitumor roles in several cancers, including lung,
gastric, breast, hepatocellular, and colorectal cancers
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caspase-9/caspase-3-mediated pyroptosis pathway in HT-29 and
HCT116 cells [231]. The biological function of lncRNAs in CRC has
not been fully elucidated, but recent studies have found that they
may be useful biomarkers of cancer and thus may be applicable in
the future diagnosis and prognosis determination of CRC. For
example, lncRNA RP1-85F18.6 can probably inhibit the activity of
GSDMD by increasing the expression of ΔNp63, thus suppressing
the pyroptosis of CRC cells to promote the proliferation,
metastasis, and cell cycle disruption of CRC cells, ultimately
leading to cancer progression, although there is no statistically
significant association between lncRNA RP1-85F18.6 and GSDMD
expression [232] (Fig. 8).

PROSPECTS FOR PYROPTOSIS IN ANTICANCER THERAPY
Recent studies have demonstrated the feasibility and clinical
potential of utilizing pyroptosis as a mechanism of antitumor
immunity, and many researchers are attempting to combine
pyroptosis with other tumor treatments to treat cancers by
regulating pyroptosis to suppress the proliferation, migration, and
invasion of tumor cells.

Chemotherapy
Drug therapy remains one of the most common forms of cancer
treatment and is confirmed to elicit tumor cell death by triggering
pyroptosis. Shao et al. first reported that chemotherapy drugs,
including doxorubicin and topotecan, can treat lung cancer
through the cleavage of GSDME by caspase-3, which is usually
silenced in cancer cells [178]. Similarly, a series of small molecule
targeted inhibitors have also been identified to induce pyroptosis
via the caspase-3/GSDME pathway in lung cancer cells, which can
be used alongside apoptosis to improve the efficacy of targeted
anticancer therapies [233] (Fig. 9). Subsequently, an increasing
number of chemical target drugs, reagents, and natural products
have been found to cause pyroptosis in various types of cancers,
many of which imbue antitumor effects [234–241] (Table 2).

Chimeric antigen receptor engineered T cells (CAR-T)/Chimeric
costimulatory converting receptor (CCCR)
In the past few years, CAR-T therapy has yielded compelling
efficacy in anticancer treatment, especially in B-cell acute
lymphoblastic leukemia (B-ALL), which has a complete remission
rate of up to 90% [242]. CAR-T cells can induce primary B leukemic
cell pyroptosis, which rapidly induces the release of granzyme B to
activate caspase-3 cleavage of GSDME, ultimately resulting in
pyroptosis [243]. Furthermore, the concentration of granzyme B
and perforin triggered by CAR-T therapy rather than existing CD8+

T cells more effectively induces the pyroptosis of cancer cells
[243]. This multifaceted therapy, along with other methods to
promote the pyroptosis of cancer cells, may be a more efficient
way to prevent tumorigenesis than monotherapy. Recently,
researchers have designed a novel chimeric costimulatory
conversion receptor (CCCR), an NK92 cell containing the modified
CCCR comprising the extracellular domain of PD1, which can
rapidly induce GSDME-dependent pyroptosis of lung cancer cells
and effectively enhance antitumor activity by reversing the
immunosuppression of PD1 [244] (Fig. 9).

Immune stimulation
Activating the host’s immune system to recognize and fight
abnormal transformation of malignant tumor cells in the body is a
canonical cancer treatment. Several studies have confirmed that
granzymes activated by NK and CTL cells can trigger tumor cell
pyroptosis. Specifically, overexpression of GSDMB in HEK-293T
cells that are deficient in endogenous GSDM expression can
trigger pyroptosis of the 293 T cells when cocultured with human
NK cells, and this response appears to be independent of caspase
[121]. Furthermore, perforin, IFN-γ, and some cytokines mediated

by immune stimulation can kill tumor cells by inducing pyroptosis
[130, 245] (Fig. 9).

Bioorthogonal chemical system through NP-GSDM delivery
The bioorthogonal chemical system is an effective means by
which to study the process of cell death, and it has been used to
study the effect of pyroptosis on tumor immunity in animal
models. Researchers have established a bioorthogonal chemical
system consisting of a cancer imaging probe, phenylalanine
trifluoroborate (PH-BF3), and nanoparticles (NPs) that can enter
tumor cells as a delivery system [246]. When combined with
nanoparticle-mediated delivery, PH-BF3 catalyzes desilylation and
selectively cleaves the target protein from the nanoparticles,
resulting in controlled release of the effector protein, including
active GSDMs, that can induce pyroptosis of mouse tumor cells
in vivo [246]. One study found that pyroptosis occurred in under
15% of tumor cells, which was sufficient to eliminate 4T1 tumors
[246]. This result indicates a possible synergistic effect that may be
a promising antitumor immunotherapeutic mechanism (Fig. 9).

Epigenetic methods
The effector protein GSDM is significantly downregulated or
inactivated in many types of cancer, which is a main obstacle to
the development of anticancer strategies related to pyroptosis.
For example, GSDME is absent in breast cancer and colon
adenocarcinoma cells due to gene promoter hypermethylation
[247]. Epigenetic methods can prominently reverse GSDME
silencing by using decitabine (DAC) treatment, which causes
epigenetic stimulation to trigger the pyroptosis of tumor cells,
thus imparting antitumor action in conjunction with chemother-
apy [248]. Furthermore, Zinc Finger DHHC-Type Containing 1
(ZDHHC1) is frequently silenced due to DNA methylation among
various cancers, and its restoration can also curb tumor
progression by inducing ROS/ER stress-mediated pyroptosis
[249]. Unfortunately, no drugs for this epigenetic therapy have
been discovered (Fig. 9).
However, the application of pyroptosis to treat cancer in clinical

research still presents great challenges. Pyroptosis plays a dual
role in cancer, and its ambiguous role is related to the cancer
cell type, duration of pyroptosis induction, etc., so improper
handling may even promote cancer development [250]. In
addition, due to the complexity of pyroptotic pathways, multiple
pathways and overlapping components can lead to pyroptosis, so
the tumor-specific effect of each pyroptotic molecular component
is the overall tumor-specific effect of each pathway, which makes
the clinical regulation and utilization of tumor cell pyroptosis
difficult [251].

POTENTIAL TARGETED TREATMENT STRATEGIES FOR
PYROPTOSIS
The general mechanisms of pyroptosis have been uncovered in
the context of many different diseases, which benefits the study of
the pathology of these diseases and identifies critical components
of pyroptosis, such as the NLRP3 inflammasome, caspase-1,
caspase-3 and GSDMD, which play important roles in human
health. These mechanisms can contribute to informing us of some
targeted drug therapies for a wide variety of diseases.

Mechanisms of pyroptosis inhibition against NLRP3
The NLRP3 inflammasome works on our body’s innate immune
system, which recognizes pathogen-related and risk-related
molecular patterns, abnormalities or mutations that can con-
tribute to many human inflammatory diseases [252]. Anakinra, an
antagonist of the IL-1 receptor, significantly decreases TNF-α, pro-
IL-1β, and pro-caspase-1 to suppress pyroptosis, which alleviates
severe liver inflammation in mutant NLRP3 knockout mice [253]. It
was recently found that the extract of Huaier mushrooms can
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induce pyroptosis triggered by NLRP3 in vitro and in vivo, thus
exhibiting an antineoplastic effect in non-small-cell lung cancer
(NSCLC) cells [254]. Atorvastatin reduces the expression of the
canonical inflammasome pathway component NLRP3 at the
mRNA and protein levels through changes at the level of lncRNA
NEXN-AS1 or NEXN to inhibit pyroptosis, providing a new theory
on how to reverse atherosclerosis [255]. Additionally, kanglexin, a
novel anthraquinone compound, prevents cardiac injury from
myocardial infarction (MI) and alleviates cardiac dysfunction by
attenuating NLRP3 inflammasome activation and subsequent
NLRP3-mediated pyroptosis of myocardial cells, which indicates
that kanglexin has the potential to mitigate ischemic heart disease
[256]. In addition to kanglexin, there are many other agents
associated with cardiovascular diseases, such as glyburide
derivatives, colchicine, dapansutrile, melatonin, and liraglutide
[257–263] (Fig. 10).

Mechanisms of pyroptosis inhibition against caspase-1
Previous studies have confirmed that alkaloids of Dendrobium
(DNLA) have neuroprotective effects on oxygen-glucose depriva-
tion/reperfusion injury, wherein they can reduce the expression of
caspase-1 to inhibit pyroptosis-associated neuronal death and can
prevent cerebral ischemia reperfusion (CIR) impairment in the
hippocampal region [264]. Additionally, andrographolide effec-
tively prevents AIM2 from sensing DNA damage caused by
chemotherapeutic agents in macrophages, thereby suppressing
the maturation of caspase-1 and the release of cytokines, which
alleviates pyroptosis-induced lung tissue damage and progressive
fibrosis in the later phase of lung diseases [265]. Berberine can

reactivate caspase-1 expression and stimulate pyroptosis in
HepG2 cells, which inhibits the activity, migration and invasion
of hepatocellular carcinoma [266]. Metformin treatment, a new
intervention strategy for overcoming chemoradiotherapy toler-
ance, upregulates the microRNA497-PELP1 signaling pathway,
which is responsible for regulating caspase-1-mediated pyroptosis
of esophageal cancer cells to kill tumors [267]. In addition to these
agents, lncRNA GAS5, a well-known tumor suppressor, inhibits
proliferation, colony formation and pyroptosis of ovarian cancer
cells, similar to caspase-1-mediated pyroptosis, and can be used as
a potential targeted therapeutic treatment [268]. In contrast to the
aforementioned agents, AC-YVad-CMK suppresses the levels of
proinflammatory cytokines to promote the proliferation and
differentiation of alveolar osteoblasts, ultimately alleviating
periodontal disease [269, 270]. Treatment with HQH effectively
inhibited caspase-1-dependent pyroptosis to improve joint
inflammation in juvenile collagen-induced arthritis in rats [271]
(Fig. 10).

Mechanisms of pyroptosis inhibition against caspase-3
Recent studies have indicated that lobaplatin eradicates tumor
cells by promoting ROS production and the activation of C-Jun
positive terminal kinases to drive caspase-3-GSDME-dependent
pyroptosis in colon cancer, which has significant implications for
clinical application [231]. Doxorubicin, a common chemotherapy
drug, triggers caspase-3-dependent pyroptosis, producing anti-
tumor effects in melanoma cell lines [178, 272]. Galangin, a
ubiquitous natural flavonoid derived from plants, exerts a distinct
antitumor effect against glioblastoma by activating caspase-3 to

Fig. 9 Prospects for pyroptosis in anticancer therapy. The therapeutic feasibility and potential of manipulating pyroptosis as an anticancer
therapy have recently been explored. Chemotherapy is still the most common form of cancer treatment, as it elicits tumor cell death by
triggering pyroptosis. In addition, some novel target and delivery methods have been developed, such as chimeric antigen receptor
engineered T cells (CAR-T), chimeric costimulatory converting receptor (CCCR), immune stimulation, bioorthogonal chemical systems, and
epigenetic methods, all of which can effectively induce pyroptosis in tumor cells
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induce pyroptosis, which can be further improved by repressing
LC3B to inhibit autophagy in glioblastoma cells [273]. New
information indicates that joint treatment with cisplatin and
decitabine can ameliorate breast carcinoma and colon cancer by
acting on caspase-3, while cisplatin works in lung cancer and ESCC
[248, 274, 275]. As a kind of cancer with the fastest increasing
morbidity and mortality, lung cancer has gradually become the
most threatening cancer to human health, but there are many
drugs acting against caspase-3 or other targeted sites, such as

paclitaxel, bleomycin, topotecan, and actinomycin-D, which all
influence pyroptosis to treat lung cancer [178, 274] (Fig. 10).

Mechanisms of pyroptosis inhibition against gasdermin D
As the critical effector in the pyroptosis pathway, GSDMD has
attracted attention as a candidate for targeted therapies for the
treatment of various diseases. Here, we have summarized the
knowledge on several compounds that can suppress the GSDMD-
mediated pyroptosis pathway to treat inflammatory-related

Table 2. Summary of introductive drugs that may induce pyroptosis in several cancers

Cancer types Drugs Mechanisms of pyroptosis activation References

Lung cancer L61H10 Cell Cycle Arrest/NF-κB/GSDME [241]

13d, a derivative of EF24 NF-κB inhibition and lower cytotoxicity [234]

Paclitaxel and Cisplatin Caspase-3/GSDME [275]

Hepatocellular carcinoma Cannabidiol Caspase-3/GSDME [227]

Miltirone ROS/Bax/Caspase-3/GSDME [228]

Sorafenib Caspase-1/GSDMD in macrophages [226]

Colorectal cancer Lobaplatin ROS and JNK/Caspase-9/Caspase-3/GSDME [231]

FL118 NLRP3/Caspase-1/GSDMD [235]

A438079 NLRP3/Caspase1/GSDMD pathway by inhibiting P2X7R [236]

Gastric cancer Famotidine NLPR3/GSDME [237]

BIX-01294 Caspase-3/GSDME [238]

Diosbulbin-B (DB) PD-L1/NLRP3/Caspase1/GSDMD [239]

Breast Cancer DHA NF-κB/Caspase1/GSDMD [240]

Cisplatin MEG3/NLRP3/Caspase-1/GSDMD [222]

Melanoma cancer Doxorubicin eEF-2K/GSDME [272]

ESCC BI2536 and Cisplatin Caspase-3/GSDME [275]

Ovarian cancer α-NETA Caspase-4/GSDMD [215]

Fig. 10 Potential targeted treatment strategies for pyroptosis. Research on pyroptosis benefits the study of the pathological processes of
many different diseases, especially essential components in the process of pyroptosis, such as NLRP3, caspase-1, caspase-3, and gasdermin D,
all of which play critical roles in human health and have been developed into many targeted treatment drugs against several inflammatory
diseases
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diseases. Chitosan hydrogels can protect bone marrow mesench-
ymal stem cells during myocardial infarction through inhibition of
GSDMD in vascular endothelial cells [276]. Necrosulfonamide, an
inhibitor of MLKL, can suppress inflammasome responses to
increase the survival rate by inhibiting the oligomerization of
GSDMD-NT, which also promotes the proliferation and differentia-
tion of osteoblasts in fracture repair [277–280]. Disulfiram is
commonly used as an alcoholism drug approved by the FDA, but
it was recently confirmed to modify Cys191 of GSDMD covalently
to inhibit GSDMD-NT oligomerization, which is also applicable to
the treatment of sepsis [277, 278]. Similarly, punicalagin may also
inhibit GSDMD-NT oligomerization by interfering with membrane
fluidity, but its effect in vivo is unknown [281]. Many of the
potential drugs described above are versatile, as they can function
on several targets. Finally, many new potential treatments that
target pyroptosis are being developed to diagnose and treat a
variety of inflammatory diseases, including cancers (Fig. 10).

CONCLUSION AND PERSPECTIVES
Studies on pyroptosis have made great progress in the last
decade; therefore, this review was written to summarize some
recent developments in understanding the role of pyroptosis in
inflammation and cancer, thus illustrating the increasing impor-
tance of its functions in many diseases. Here, we describe the
most widely studied NLRP3 inflammasome and the new
regulatory mechanisms of the gasdermin family. We concluded
that activation or inhibition of these important critical factors in
the body may be promising for clinical applications, although
many unknown mechanisms remain that may have equal value.
However, it is obvious that the pyroptosis signaling pathway is
involved in chronic inflammation in the development of cellular
senescence, some cancers, and certain degenerative diseases.
Pyroptosis plays a critical role in antitumor immune function,

specifically the inhibition of tumor growth, although variability in
its effectiveness and the possibility of adverse effects limit its
clinical application in inflammation and cancer treatment. One of
the major challenges of integrating a pyroptosis-based approach
to cancer therapy is that, in different cancers, the expression and
function of key components involved in the process of pyroptosis
are impaired; for example, expression is inhibited or mutations can
lead to changes or loss of function. Fortunately, along with
advances in molecular genetics, epigenetic targeting, delivery
systems and personalized medicine can be used in conjunction
with pyroptosis as a novel emerging method in cancer treatment.
Cell metabolism can affect pyroptosis in many ways, for

example, the changes in the cell metabolism mode, modification
of metabolites, and changes in the intracellular microenvironment,
each of which can have a positive or negative effect on pyroptosis
regulation and cell fate. For example, the Krebs cycle, a metabolic
pathway in aerobic organisms, has recently emerged as the
immune metabolic center of macrophages, wherein metabolites
are different in inflammatory macrophages and immunomodula-
tory effects are exerted by modifying target proteins [282, 283].
For example, it has been reported that succination inactivates
gasdermin D, which in turn blocks pyroptosis, while itaconate
modifies NLRP3 to inhibit inflammasome activation [180, 284].
Regardless, pyroptosis always has some effects on the process of
cell metabolism; thus, detecting the changes in metabolites could
represent appropriate biomarkers of pyroptosis for monitoring
inflammation and cancer. In addition to the Krebs cycle, several
other metabolic processes associated with pyroptosis may be
useful biomarkers, such as changes in cholesterol metabolism of
AIM2 and NLRP3 inflammasomes [285, 286], which could be used
to manipulate pyroptosis to design effective therapeutic disease
treatments.
Inflammasomes that trigger pyroptosis are generally distributed

in the cytoplasm, where there are many signaling molecules. In

recent years, several mitochondria-related pyroptosis pathways
have been discovered, broadening the mechanisms by which
organelles trigger pyroptosis, and are thus of great significance for
future drug intervention. Additionally, stress factors selectively
activate pyroptosis instead of apoptosis through mitochondrial
permeability transition (MPT) via the Apaf-1/caspase-4 protein
complex [287]. Direct or indirect interactions between mitochon-
dria and the NLRP3 inflammasome can result in mitochondrial
instability, NLRP3 deubiquitination, and linear ubiquitination of
ASC, which promote the triggering of pyroptosis by the NLRP3
inflammasome [288, 289]. Similarly, whether other membrane
organelles, such as lysosomes, the Golgi apparatus, or endoplas-
mic reticulum (ER), are involved in pyroptosis remains to be
discovered. Lysosomes, whose primary function is the decom-
position of cells, have been considered a tool during apoptosis for
a long time [290]; however, it was recently confirmed that in
corneal stromal cells of macular corneal dystrophy (MCD),
lysosomes and autophagosomes can fuse, leading to lysosomal
dysfunction and the blockage of autophagic flux, which in turn
activates the pyroptosis signaling pathway [291]. The Golgi
apparatus and ER are essential for protein synthesis, which is
closely associated with the occurrence of pyroptosis; therefore, the
nature of the relationship between them warrants further
investigation.
Liquid‒liquid phase separation (LLPS) is a prominent research

field at present, and existing studies have shown that phase
separation is ubiquitous and is the basis for the formation of
membraneless compartments and the aggregation of specific
molecules in cells, thus forming a certain “order” inside the
“chaotic” cells [292–294]. It has since been discovered that dsRNA
can induce phase separation of the NLRP6 inflammasome to
generate an antiviral immune response, representing a break-
through linking pyroptosis and LLPS [292]. Whether other
inflammasomes require LLPS to function is still unknown.
However, LLPS allows similar components of pyroptosis pathways
to cluster or the sequestration of unrelated molecules to
accelerate biological reactions, which is likely to promote the
occurrence of pyroptosis. In addition, GSDMD punches holes in
the plasma membrane through oligomerization to cause pyr-
optosis, which may require the help of LLPS.
Pyroptosis is considered a self-defense mechanism of animal

cells, with bacteria thought to be the trigger, but new research
shows that pyroptosis also occurs in bacterial cells as a defense
against phage infection. It is likely that pyroptosis in mammals has
a common origin with the ancient bacterial antiphage defense
system [295, 296]. Similar to GSDM proteins, the overall structure
of bGSDMs in bacteria is largely homologous with the N-terminal
structure of GSDMs, and its activation disrupts the bacterial cell
membrane, resulting in effective resistance to E. coli phages
[295, 297].
Considering the potent proinflammatory properties of pyrop-

tosis, it is not unusual for multiple regulatory mechanisms to
influence pyroptosis. From the mechanism of evading inflamma-
some recognition and destroying inflammasome complex forma-
tion or function after pathogen infection to some endogenous or
exogenous substances that affect pyroptosis signaling, the
regulatory mechanisms of pyroptosis in the body are extremely
intricate, which is evidenced by the confirmation that bacteria,
viruses, chemical factors, and noncoding RNA, among other
factors, can affect the occurrence or process of pyroptosis. Some
regulators selectively inhibit complexes in one pyroptosis path-
way, while others might function on multiple components and
affect multiple pathways simultaneously.
Finally, this review summarizes several potential targeted

therapies for diseases related to the four key targeted sites in
the pyroptosis pathways and proposes challenges and future
directions in this field. To further explore new pyroptosis-based
therapeutic targets for the treatment of inflammation and cancer,
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we must better understand the comprehensive roles of pyroptosis
in the formation and proliferation of tumors.
Scientific interest in pyroptosis remains high, although striking

studies have revealed many questions regarding the function of
inflammasomes in recent years. However, as in all fields, these
recent developments raise important new questions. For example,
it remains to be seen whether there are other mechanisms that
modulate the newly discovered, noncanonical pyroptosis mechan-
ism induced by cytosolic LPS. At present, there is no agreement on
exactly how the GSDMD hole is assembled. The formation of many
inflammasomes is subject to a variety of stimuli, but some obvious
uniformity is not found in these stimuli. The complexities
surrounding pyroptosis, including its effective activators and
functions in inflammation and cancer, as well as its possible
clinical applications, will continue to attract the attention of
researchers, especially as drugs targeting pyroptosis are devel-
oped and clinically tested.
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