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Pyroptosis and pyroptosis-inducing cancer drugs
Fan Yang1, Sahana N. Bettadapura2, Mark S. Smeltzer3, Hua Zhu4 and Shanzhi Wang5

Pyroptosis, an inflammatory form of lytic cell death, is a type of cell death mediated by the gasdermin (GSDM) protein family. Upon
recognizing exogenous or endogenous signals, cells undergo inflammasome assembly, GSDM cleavage, the release of
proinflammatory cytokines and other cellular contents, eventually leading to inflammatory cell death. In this review, we discuss the
roles of the GSDM family for anti-cancer functions and various antitumor drugs that could activate the pyroptosis pathways.
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INTRODUCTION
The primary role of pyroptosis is defending the host from
pathogens as part of the innate immunity system [1]. Pyroptosis
has been regarded as caspase-1 dependent programmed cell
death in response to certain pathogens. The identification of
caspase-4/5/11 for detecting cytosolic lipopolysaccharide (LPS)
broadened the spectrum of pyroptosis mediators (Fig. 1) [2, 3]. The
recent discovery of the GSDM family’s pore formation activities led
to the redefinition of the terms used to describe pyroptosis:
gasdermin-mediated lytic programmed cell death often but not
always requires the cleavage by inflammatory caspases [4–6].
Current chemotherapeutic agents are typically apoptosis inducers,
while resistance to apoptosis is a common strategy of tumor cells
to develop resistance. By triggering nonapoptotic cell death,
inducing pyroptosis can be an appealing strategy to overcome
chemotherapeutic drug resistance. Gasdermins are also linked to
genetic diseases where their mechanism of function is gradually
elucidated [7, 8].

GASDERMIN FAMILY
The GSDM protein family consists of six members, five of which
are associated with various roles in inducing cell death via pore
formation and pyroptosis. These five members are Gasdermin A
(GSDMA), Gasdermin B (GSDMB), Gasdermin C (GSDMC), Gasder-
min D (GSDMD), and Gasdermin E (GSDME). The other member,
Pejvakin, also called DFNB59 (GSDMF), is related to autosomal
recessive hearing loss and has a low sequence similarity to other
GSDMs. Except for DFNB59, inactive GSDMs comprise an
N-terminal effector domain and a C-terminal inhibitory domain
connected by a flexible peptide linker. DFNB59 does not have a
clear C-terminal inhibitory domain, suggesting that a different
mechanism might regulate its activity. The C-terminal domain also
binds to the N-terminal domain noncovalently, contributing to

maintaining the N-terminus at its inactive structure. The activation
of the N-terminus requires the cleavage of the linker, followed by
N- and C- termini separation (Figs. 1, 2). The “freed” N-terminus
then undergoes conformational changes for membrane insertion
and oligomerization. Completing the oligomerization leads to the
formation of transmembrane pores, through which cellular
contents, such as cytokines and electrolytes, could leak out of
the cells.
Human GSDMA has no homologs, while there are three GSDMA

homologs in mice (mGSDMA 1–3). Among the three homologs,
mutations of mouse GSDMA3 are associated with diseases such as
alopecia [9, 10], while polymorphisms in human GSDMA are
associated with different autoimmune diseases like asthma [7]. In
the meanwhile, GSDMA has been linked to gastric cancers when
the gene transcription is silenced [11]. Upon removal of the
inhibitory C-terminus, the genetically engineered N-terminus
binds to inner leaflet lipids of the mammalian cell membrane,
such as phosphatidylinositol (4,5)-bisphosphate [12]. Subse-
quently, GSDMA-N oligomerizes to form symmetrical pores.
Disulfide bonds are also formed between the neighboring
subunits to strengthen the pores. In cryo-EM structure, activated
mouse GSDMA3-N forms pores of 18 nm using an average of 27
units [13]. The pores release cellular contents and permit the influx
of extracellular molecules such as Ca2+. GSDMA3-N could also
bind to lipids from bacterium and mitochondria, such as
cardiolipin, which permeabilized these membranes from outside.
Although engineered GSDMA can trigger pyroptosis by targeting
inner leaflet lipids of mammalian cells and trigger bactericidal
activity by targeting the outer membrane lipid of the bacterium,
its physiological function is still not confirmed, and the protease
that cleaves GSDMA remains to be discovered [14]. On the other
hand, activatable GSDMA3 has been generated based on its
pyroptotic abilities. A bioorthogonal system constructed using the
compound phenylalanine trifluoroborate can enter cells, catalyze
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desilylation, and cleave the linker of a generated nanoparticle-
GSDMA3 conjugate [15]. When used to treat implanted tumors in
mice, the system enabled the controlled release of gasdermin
proteins in specific tumor cells and resulted in substantial tumor
suppression by inducing pyroptosis.
Like GSDMA, GSDMB is also associated with autoimmune

diseases such as asthma and irritable bowel disease. When
residues 1–275, the N-terminal domain of GSDMB were expressed
in 293 T cells, ~80% of cells underwent pyroptosis, while the
overexpression of the full-length (FL) or the C-terminus GSDMB
did not cause cell death [12]. Consistently, Panganiban reported
that the N-terminus of GSDMB proteins induced pyroptosis in the
human bronchial epithelial cells, and the cleavage of GSDMB
required the co-expression of caspase-1 [16]. The cleavage site of
GSDMB was later determined to be at residue D236, without

identifying the protease responsible for the cleavage. As such, the
activation of GSDMB was proposed to be similar to that of
GSDMD, where the C-terminus plays an inhibitory role while
cleavage by caspase-1 dissociates the C-terminus and activates
GSDMB for pyroptosis. Moreover, it was later discovered that
CSDMB could be cleaved by apoptotic caspases −3/−6/−7, not by
inflammatory caspase-1 [8]. In addition, the N-terminus of GSDMB
binds to phosphoinositides and sulfatide of the membrane,
although it was not shown if there was pore formation. Chen
et al. showed that the overexpression of FL GSDMB promotes
GSDMD cleavage and LPS-induced non-canonical pyroptosis,
which was accompanied by increased LDH release [17]. In
addition, FL GSDMB can directly bind to caspase-4 to enhance
enzymatic activity. Zhou et al. discovered the more definitive role
of GSDMB in cellular immunity where GSDMB of cancer cells was

Fig. 1 Roles of caspase-1 and −11 in GSDMD-mediated pyroptosis. GSDMD is common substrate for both caspase-1 and −11 while pro-IL-
18 and pro-IL-1β are only catalyzed by caspase-1.

Fig. 2 The activation of GSDMD followed by transmembrane pore formation. Steps 2–4 are based on the conclusions of reference (a). Step
1 is presented in both cartoon and structural views (b). PDB ID: 6N9O (before membrane insertion) and 6VFE (after membrane insertion).
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activated by granzyme A (GzmA) of nearby cytotoxic lymphocytes.
During this process, GzmA cleaves GSDMB at Lys244 primarily and
at Lys229 to a less extent, generating two products and liberating
its pore-forming domain. The authors showed that cells with
mutations at the two lysines were resistant to pyroptotic death.
These findings collectively suggest that enforced expression of
GSDMB may confer tumor clearance through the initiation of
pyroptosis.
GSDMC is highly expressed in the GI tract, including the

esophagus, stomach, colon, and spleen. It is also expressed in the
skin and trachea. The physiological function of GSDMC is mostly
unknown. This is in part because disease-related single nucleotide
polymorphism or null mutation of GSDMC has not been reported.
It is believed that GSDMC is related to oncogenesis and, under
certain circumstances, it functions as an oncogene. The upregula-
tion of GSDMC has been suggested to promote tumor proliferation
in colorectal carcinogenesis [18]. Similarly, its upregulation is
associated with the gaining metastasis of melanoma [19].
Interestingly, on the other hand, it was reported to be a tumor
suppressor in some gastric cancers [11]. Similar to other GSDMs, its
C-terminus plays an inhibitory role, albeit the enzyme to separate
N- and C- termini has not been identified. When its N-terminus
was overexpressed in a mammalian cell line 293 T cells, most cells
underwent pyroptotic death [12], implying a functional potential
akin to its other members in the GSDMs family.
GSDMD and GSDME are best studied for their functions when it

comes to pore formation and pyroptosis. They play significant
roles in defense against intracellular pathogens, conditions of
inflammation, and tumors. GSDMD consists of an N-terminal
domain and a C-terminal domain. The two domains are connected
by a peptide linker, which could be cleaved by activated
inflammatory caspases upon activation of the canonical or non-
canonical pyroptotic pathway. In addition to the peptide linker,
the C-terminus also interacts with the N-terminus using a large
hydrophobic patch. Upon cleavage, the N-terminus dissociates
from the C-terminus and becomes activated. Upon binding the
inner leaflet of the cell membrane, it undergoes conformational
changes to form a transmembrane β sheet and anchors itself to
the membrane. It then oligomerizes and forms pores on the cell
membrane to execute pyroptosis (Fig. 1). These pores will make
the mammalian cells more permeable to water molecules and
initiate pyroptosis. A recent pan cancer analysis by Qiu et al.
showed that GSDMD-mediated pyroptosis is closely associated
with the prognosis of adrenocortical carcinoma, renal clear cell
carcinoma, lower grade glioma, hepatocellular carcinoma, cuta-
neous melanoma, and rectal adenocarcinoma [20], highlighting its
role in antitumor immunity and arguing for developing future
drugs for activating of GSDMD.
GSDME, also called DFNA5 (deafness, autosomal dominant 5),

was originally associated with autosomal dominant nonsyndromic
hearing loss [21] where GSDME was expressed as a truncated
protein due to a mutation-induced skipping of exon 8 [22]. It was
first identified to execute pyroptosis after cleavage by caspase-3
[23, 24], similar to the activation of GSDMD by caspase-1. Certain
drugs, e.g., lobaplatin, cisplatin, and paclitaxel, induce pyroptosis
by activating GSDME in cancers [25, 26]. GSDME has long been
recognized to be a tumor suppressor in different cancer types,
such as primary gastric cancers [27] and melanoma cells [28].
Recently, Ibrahim et al. analyzed hundreds patient samples and
found that the putative GSDME promotors were hypermethylated
in colorectal cancers [29], arguing for using GSDME methylation as
a biomarker in colorectal cancers and activating GSDME as a
regimen for tumor treatment. Until recently, GSDME has been
shown to play its antitumor role directly by coordinating with
immune cells and executing pyroptosis with coordination of killer
lymphocytes, such as Natural Killer (NK) cells. NK cells release
protease granzyme B (GzmB) and the pore-forming perforin to

infiltrate target cancer cells, both of which, when coupled
together, exhibit tumor-regression capabilities [5]. GzmB is
secreted into the cancer cell from NK cell granules and directly
cleaves GSDME after residue D270. Alternatively, GzmB indirectly
induces cleavage by cutting and activating caspase-3 to cleave
GSDME after D270, thereby forming pores on the cancer cell
membrane. The cutting of GSDME by either GzmB or caspase 3
releases its functional pore-forming N-terminal fragment. The
generated N-terminus translocates to and permeabilizes the
cancer cell’s plasma membrane, triggering inflammatory cell
death [5]. The mechanisms and antitumor effects of GSDME may
extend to other GSDM proteins and be facilitated with a controlled
release.

CANONICAL INFLAMMASOME PATHWAY OF PYROPTOSIS
The pyroptotic pathways in which GSDMs are activated could be
inflammasome-dependent or inflammasome-independent. Cano-
nical inflammasome pathway is characterized by caspase-1
mediated cleavage of GSDMD, whereas the non-canonical
inflammasome pathway is characterized by caspase-11 (in human
caspase 4 and 5) mediated cleavage of GSDMD. The activation of
other GSDMs requires the activity of other caspases, granzymes,
and identified protease(s) without involving inflammasomes.
The inflammasome is a key player in the canonical pathway.

Generally speaking, inflammasomes are composed of a sensor
protein, an adapter protein (apoptosis-associated speck protein,
ASC), and an enzyme (pro-caspase-1). In some cases, the sensor
protein can directly recruit pro-caspase-1, such as NLRC4
inflammasome.
In the canonical pathway, the activation signals could come

from various sources, including pathogen-associated molecular
patterns (PAMPs) induced by invading pathogens or danger-
associated molecular patterns (DAMPs) induced by endogenous
cellular changes. There are multiple groups of cytosolic pattern
recognition receptors (PRR) that can recognize these cytoplasmic
signals, including absent in melanoma receptors (AIM2), Nod-like
receptors (NLRs), nucleotide-binding domain, leucine-rich repeat-
containing receptors (NLRs), and pyrin. Among these receptors,
NLRs, AIM2, and pyrin can assemble into inflammasomes.
Inflammasome activation leads to the activation of the canonical
pathway, during which pro-caspase-1 is recruited and further
cleaved into the active caspase-1. The active caspase-1 cleavages
GSDMD into its N- and C- terminal fragments. The N-terminal
fragments further oligomerize to form pores in the inner cell
membrane. In the meantime, caspase-1 also processes inflamma-
tory cytokines pro-IL-1β and pro-IL-18 into their corresponding
active IL-1β and IL-18. Subsequently, cells undergo pyroptosis and
lytic cell death.
There are several types of inflammasome sensors. NLRP3

inflammasomes are by far the most extensively studied [30–32].
It consists of an NLRP3 scaffold, ASC adapter, and pro-caspase-1.
The NLRP3 scaffold further consists of an LRR domain, a NACHT
domain, and a PYD domain. A diverse variety of PAMPs and
DAMPs could activate NLRP3 [32], including bacteria such as
Listeria and Staphylococcus species [33], fungi such as Candida [34]
and Saccharomyces species [35], or viruses such as Sendai
adenovirus [36] and influenza virus [37]. When the cells receive
PAMP and DAMP signals, there will be upregulation and activation
of the NLRP3 inflammasome. Upon NLRP3 activation, NLRP
receptors oligomerize, leading to clustering of the pyrin domain,
which recruits ASC complexes by pyrin-pyrin interaction. The
caspase recruitment domain (CARD) of the ASC then recruits
the CARD of pro-caspase-1. Clustering of pro-caspase-1 leads to
the autocleavage and activation of caspase-1.
NLRP1 is the first identified sensor that forms an inflammasome

[38]. Human NLRP1 comprises a nuclear binding domain, a pyrin
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domain, a leucine-rich repeat domain, a “function to find” domain
(FIIND), and a C-terminal CARD domain. In mice, there are three
NLRP1 homologs, NLRP1a, NLRP1b, and NLRP1c. The NLRP1b
activation by lethal factor secreted by Bacillus Anthracis has been
well established [38, 39]. There are two modes of activation of the
NLRP1b in mice, direct activation and indirect activation. In direct
activation, the N-terminal portion of the NLRP1b keeps the
molecule in an inactive state. The lethal factor cleaves the
N-terminus and thus activates NLRP1b. In the indirect activation,
NLRP1b is inhibited by an unknown host factor X. Lethal factor
cleaves host factor X and activates NLRP1b. NLRP1b is also known
to be activated with Toxoplasma gondii infection in mice [40].
NLRC4 is a receptor that was identified to be capable of

inducing inflammasome formation following Salmonella infection
[41–43]. It has also been shown to be the main inflammasome
activated upon Salmonella [44], Shigella [45], or Klebsiella
pneumonia [46] infection. Bacterial flagellin and flagellin-
associated secretion systems are the activators of NLRC4. Different
from other sensors, NLRC4 senses the ligands via NLR family
apoptosis inhibitory proteins (NAIPs) [42]. When an NAIP binds to
its ligands such as flagellin or Type 3 secretion systems [42], NLRC4
oligomerizes to initiate downstream inflammasome assembly with
ASC and pro-caspase-1 recruitment.
AIM2, a non-NRL family member, is another ligand sensor that

binds to cytosolic double-strand DNA. AIM2 can recognize a wide
range of dsDNA, including endogenous host, exogenous viral, or
bacterial DNAs [47, 48]. Unlike the typical oligomerization process
mediated by the central oligomerization domain of the inflamma-
somes, the oligomerization of the AIMs inflammasome is
mediated by clustering of the multiple units to surround the
ligand dsDNA [49]. Similar to NLRP1, The AIM2 sensor recruits ASC
through pyrin-pyrin interaction, followed by CARD-CARD interac-
tion between ASC and pro-caspase-1. Self-reactivation of pro-
caspase-1 occurs further triggering the proinflammatory cytokine
release.
Pyrin inflammasome has also been identified as an inflamma-

some sensor in recent years [50]. Its expression is mainly confined
to cells involved in the innate immune system [51]. In humans,
pyrin is composed of an N-terminal pyrin domain, a center B box
domain, and a C-terminal B30.2 domain. Pyrin inflammasome is
activated by covalent modification of some cytoskeletal proteins.
TcdB, a virulence factor of Clostridium Difficile, which is shown to
glycosylate and downregulate RhoA, can activate pyrin inflamma-
some [52]. Similar to the NLRP3 inflammasome assembly, via
pyrin-pyrin interaction, ASC is recruited to the pyrin domain of
pyrin receptor, thus, in turn, recruiting pro-caspase-1 via CARD-
CARD interaction.

NON-CANONICAL INFLAMMASOME PATHWAY OF
PYROPTOSIS
Non-canonical inflammasome pyroptosis, a pathway mediated by
caspase-4/5/11, is central to a cell’s immunological response to
gram-negative bacteria. The catalytic domain of caspase-1 and
caspase-11 (also to −4/−5) are similar in primary sequence and
structure (Fig. 3); however, their activation mechanism is different.
The process involves lipopolysaccharides (LPS), an endotoxin
found on the outer membrane of gram-negative bacteria, to be
directly bound to these caspases, which then cleave GSDMD
(Fig. 1). Extracellular LPS can center a host cell as part of the
membrane of a gram-negative bacteria or be carried by outer
membrane vesicles (OMVs). Intracellular LPS is sensed by caspase-
4/5/11 directly or relayed by GBP1 to form non-canonical
inflammasomes [53].
GBP1 constructs a GBP coat on cytosolic bacteria. When paired

together, GBP1 and GBP4 instigate the recruitment of caspase-4 to
the bacterial surface. GBP3 functions to initialize caspase
activation. GBP1 uses positive charges to attract the negative
charges of LPS for binding. The lipid A moiety of LPS binds to the
CARD and oligomerizes caspase-4 (caspase-11 and caspase-5 were
not reported and are likely to have the same mechanism).
Caspase-4 then cleaves the GSDMD linker, liberating the GSDMD-
N and GSDMD-C fragments and inducing pyroptosis [53].
It is important to note that in the non-canonical pathway,

caspase-4/5/11 activation precedes caspase-1 activation, and both
require the expression of interferon (IFN)-stimulated human
macrophages infected with Salmonella Typhimurium. Such an
overlap indicates crosstalk between the canonical and non-
canonical pathways. This is further supported in that caspase-1
and caspase-4 undergo dual activation in the same cell. This
crosstalk occurs at the inflammasome NLRP3, which mediates
caspase-1 activation. Together, the two pathways trigger pyr-
optosis through the formation of GSDMD-N [54].
The implications of non-canonical pyroptosis can extend

beyond defense against intracellular pathogens and into many
inflammation-related conditions, including sepsis. Overactivated
pyroptosis causes GSDMD-N to release an excess of cytokines,
leading to sepsis or eventually septic shock. Correlation between
the inhibition of pyroptosis and reduction in sepsis-related deaths
suggests that research in drugs inhibiting the pyroptosis pathway
could potentially lead to breakthroughs in sepsis treatment.

INFLAMMASOME-INDEPENDENT PATHWAYS
In contrast to GSDMD activation, other GSDMs seem only to
require the actions of respective proteases without the assembly

Fig. 3 Sequence and structural alignment of caspase-1 (green) and caspase-11 (cyan) without CARD domain. In the structural alignment,
dimeric caspase-1 was shown while one of the symmetric monomer of caspase-11 was not shown. PDB ID: 1SC1 (capase-1) and 6KMV
(caspase-11).
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of inflammasome complexes. Their primary functions are not
defending pathogens. Instead, they seem to play important roles
in tumor suppressive immunity. GSDMB in tumor cells could be
activated by GzmA released from nearly CTLs or NK cells, resulting
in tumor cell death through pyroptosis [4]. GSDME, upon
chemotherapy, can often be activated by caspase-3 cleavage
and switch cell death from apoptosis to pyroptosis [55]. Hou et al.
reported that nuclear PD-L1 promotes the transcription of the
GSDMC gene in hypoxia, where GSDMC is preferentially cleaved
by caspase-8 in response to TNFalpha treatment, resulting in the
generation of GSDMC-N, pores in the cell membrane and
pyroptosis in cancer cells [6].

CELLULAR RESPONSE TO PORE FORMATION BY GSDMD
The pore-forming protein GSDMD demonstrates an ability to
mediate pyroptosis in cells by damaging the plasma membrane
and disrupting electrolyte homeostasis, thereby inducing cell
death. GSDMD is cleaved via one of two ways—with canonical
inflammasomes mediated via the activation of caspase-1 or with
non-canonical inflammasomes via caspase-4/5 in humans and
caspase-11 in mice. The GSDMD cleavage generates a C-terminal
and an N-terminal, which targets and translocates to the cell
membrane. The N-terminal binds to phosphatidylinositides on the
membrane and proceeds to construct arc-, slit-, and ring-shaped
oligomers. These oligomers permeabilize the membrane to induce
lysis and begin the process of pyroptotic cell death [56].
However, cell death is not always the end result, as the cell may

attempt to survive by activating lysosomes, vesicles, and the
cytoskeleton. The disruption to the cell membrane causes an
imbalance in electrolyte concentration between the cytosol and
the extracellular fluids. In a response known as the “cellular
wound-healing response,” the cell triggers a rapid release of
potassium ions and an influx of calcium and sodium ions to
maintain homeostasis and repair the pores [1]. The influx of
calcium ions signals for the cytoskeleton and vesicles to repair the
GSDMD-induced damage. The cytoskeleton transports active
vesicles towards the wound site via a network of microtubules
using kinesin and myosin [57]. These vesicles proceed to fuse with
one other, assembling a barrier around the lesion for repair [58].
Additionally, calcium regulates the exocytosis of lysosomes,
specifically the lysosomal synaptotagmin isoform Syt VII. Syt VII
prompts cells to reseal the wounded plasma membrane [59].
Cooperatively, these processes are potentially able to patch the
damaged area and prevent pyroptosis.

These cellular mechanisms work together to reseal the GSDMD-
induced injury in the plasma membrane. If these efforts are
unsuccessful or the GSDMD pores overwhelm the cell, pyroptotic
cell death commences.
Itis worth noting that rupturing the plasma membrane during

various types of cell death was previously thought to be a passive
process. An unregulated influx of water leads to the rupture of the
plasma membrane. Plasma membrane rupture was recently
reported to be an active process mediated by transmembrane
ninjurin-1, which is triggered by cell death stimuli and oligo-
merizes to rupture the plasma membrane and releases inflam-
matory cellular contents [60]. Future studies are needed to detail
its functional association with GSDMD.

POTENTIAL ANTI-CANCER MOLECULES THAT TRIGGER
PYROPTOSIS
Now it has been widely accepted that pyroptosis pathways are
involved in tumor suppression. In general, activating the
pyroptosis pathways enhances tumor-suppressive immunity,
whereas suppression of the pyroptosis pathways promotes tumor
growth and metastasis. Some cancer cells have developed
strategies to evade tumor suppression via pyroptosis pathways,
which are usually achieved by epigenetic suppressions or genetic
mutations. Here we review the current literature on the molecules
that induce or enhance pyroptosis (Fig. 4 and Table 1). Interest-
ingly, some of these molecules have been used for years to treat
cancers, and their mechanisms have been solely attributed to
inducing apoptosis, such as cisplatin.

Compounds that activate pyroptosis
CARD-8, NLRP1/Caspase-1/GSDMD. DPP 8 and 9 (DPP8/9) are two
serine proteases in host cells. Johnson et al. showed that DPP8/9
inhibitors induce pyroptosis in myeloid cells, including most of the
available AML cell lines and AML samples from patients [61].
Importantly, cells of other lineages did not undergo pyroptosis.
NLRP1 and the CARD-containing protein CARD8 are two related
pattern recognition receptors (PRRs) that form canonical inflam-
masomes. Small molecule inhibitors of DPP8/9 activate both
NLRP1 and CARD8 by protease-mediated destruction of their N
terminal, thus releasing the active C terminus from autoinhibition.
In mouse myeloid cells, the inhibitors inhibit AML progression by
activating NLRP1b inflammasome, which recruits and activates
procaspase-1 for pyroptosis; in human myeloid cells, the inhibitors
induce the activation CARD8, which drives pyroptosis by recruiting

Fig. 4 The schematic view of drug-induced pyroptosis in cancer cells. The names of the pyroptosis-inducing drugs/compounds are in blue.
Double arrow means multiple steps are involved, although these steps for TMPs and α-NTEA are not elucidated.
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procaspase-1 independently of NLRP1 [61, 62]. Consistently, DPP9
has been reported to inhibit CARD8-mediated pyroptosis in
human T cells [63]. Interestingly, human DPP9 was recently
reported to inhibit the NLRP1 inflammasome by binding to the
NLRP1 receptor and regulating the inflammatory response in cells
[64]. It is unclear if CARD8 and NLRP1 are differentially used
among cell types, but DPP9 is the upstream inhibitor and could be
a good target for myeloid or lymphoid origin cancers.

NLRP3/Caspase-1/GSDMD. FL118, a camptothecin analog that is
well tolerated when taken orally, has anti-cancer activity against
several chemoresistant cancers [65]. It has a better resistance
profile when compared to other first-line drugs such as irinotecan
or topotecan. Tang et al. had shown that colorectal cancer cells,
SW480 and HT29, treated with FL118, display both an increase in
GSDMD expression and LDH release rate, indicating FL118’s ability
to induce pyroptosis in colorectal cancer cells. FL118 facilitates
caspase-1 dependent pyroptosis by promoting IL-18 and IL-1β
upregulation and the upregulation of upstream markers NLRP3
and ASC [66]. NLRP3 inflammasome activation initiates the release
of downstream inflammatory factors, with the pyroptosis end
products being detected by Western blot, ELISA, and immuno-
fluorescence staining. In both mouse models and a lung
metastasis model, FL118 effectively inhibits cancer cell prolifera-
tion, migration, and invasion. FL118 inhibits many proteins,
including survivin, Mcl-1, XIAP, cIAP2, MdmX, ERCC1/6, while
playing its antitumor activity [65]. Presumably, the inhibition of
these proteins leads to the activation of NLRP3 by activating a
factor upstream of NLRP3. However, the factor, which is the
linkage of these proteins and NLRP3, remains elusive.
Anthocyanin is a pigment in fruits and vegetables. It has been

known for its anti-inflammatory, bacteriostatic, anti-aging, and
antitumor activities [67, 68]. It is a class of flavonoids that dissolves
easily in water. Bai et al. reported that anthocyanin promotes
pyroptosis cell death in oral squamous cell carcinoma (OSCC) cells
[69]. The authors found increased levels of NLRP3, caspase-1, and
IL-1β as studied using qRT-PCR, immunofluorescence, and
Western blot. When caspase-1 inhibitors were used to pretreat
the cells, the antitumor effects were antagonized, suggesting that
pyroptosis through NRRP3 inflammasome was causing cell death.
Anthocyanin-induced pyroptosis in OSCC was confirmed by the
increased GSDMD level using Western blot and membrane
localization using confocal microscopy. On the other hand, it

has been widely reported that anthocyanin induces apoptosis, and
as such, the two mechanisms may complement each other in anti-
cancer therapies.

Caspase-1/GSDMD. Docosahexaenoic acid (DHA), the most
abundant omega-3 fatty acid in CNS, modulates the inflammatory
response and suppresses tumor cell proliferation [70]. Pizato et al.
found that tumor cells stimulated by DHA exhibited significant
pyroptotic characteristics and led to decreased cell viability [71].
Human breast cancer cells, MDA-MB-231, when treated with DHA,
underwent pore formation in the plasma membrane [71]. DHA
achieves this effect by inflammasome activation, particularly
lysosomal damage, reactive oxygen species (ROS) formation,
ASC, and caspase-1 activation. By activating caspase-1, DHA
triggers GSDMD cleavage and N-terminal release. DHA also
promotes high mobility group box 1 (HMGB1) translocation from
the cell nucleus to the cytoplasm and causes IL-1β secretion [71].
These mechanisms together enhance pore formation, membrane
damage, and eventually pyroptosis of breast cancer cells. Since
DHA has been suggested to induce apoptosis in the same cell line
[70], DHA seems to have dual effects on cancer cells. Unlike many
other drugs that induce apoptosis and pyroptosis using caspase-3/
GSDME dependent mechanism in pyroptosis, DHA induces
apoptosis using caspase-8 pathway [72] while inducing pyroptosis
using inflammasome/caspase-1/GSDMD canonical pathway.
Hence, DHA represents a case of inducing programmed cell
death through both canonical pyroptosis and apoptosis pathways.

Compounds that activate the non-canonical pathway
Caspase-4/GSDMD. α-NETA, originally designed to treat multiple
sclerosis (MS) as a choline acetylcholine transferase inhibitor, also
inhibited the binding between β-arrestin-2 to chemerin
chemokine-like receptor 1 (CMKLR1) [73]. The administration of
α-NETA improved the symptoms of experimental autoimmune
encephalomyelitis (EAE) [73], an accepted mice model for MS. It
has been known that the knockout of GSDMD alleviated EAE [74].
Qiao et al. reported that α-NETA induced pyroptosis in epithelial
ovarian cancer (EOC) cells using caspase-4/GSDMD pathway [75].
Compared to untreated cells, the expression of both caspase-4
and GSDMD expression increased significantly in cells treated with
α-NETA. At the same time, knockout of GSDMD or caspases-4
strongly reduced the cell killing effects of α-NETA. There were
inhibitory effects of α-NETA on EOC in vivo [75], suggesting that α-

Table 1. Compounds that activate pyroptosis in cancer cells.

Name of drug Target protein Caspase activated Gasdermin activated Cell types targeted

DPP 8/9 Inhibitors NLRP1, CARD8 Caspase-1 GSDMD Acute myeloid leukemia

FL118 NLRP3 Caspase-1 GSDMD Colorectal cancer

Anthocyanin NLRP3 Caspase-1 GSDMD Oral squamous cell carcinoma

Docosahexaenoic Acid NLRP3 Caspase-1 GSDMD Breast cancer

α-NETA Pro-caspase-4 Caspase-4 GSDMD Epithelial ovarian cancer

Cisplatin Caspase-3 Caspase-3 GSDME Lung cancer

Paclitaxel Caspase-3 Caspase-3 GSDME Lung cancer

BI2536, Cisplatin Caspase-3 Caspase-3 GSDME Esophageal squamous cell carcinoma

As2O3 NLRP1, 3 Caspase-3 GSDME Hepatocellular carcinoma

L61H10 Caspase-3 Caspase-3 GSDME Lung cancer

Iron Tom20 Caspase-3 GSDME Melanoma

Doxorubicin eEF-2K Caspase-3 GSDME Melanoma

Pyridoxine Caspase-3 Caspase-3 GSDME Acute myeloid leukemia

Lobaplatin JNK Caspase-3 GSDME Colon cancer

Miltirone MEK, ERK Caspase-3 GSDME Hepatocellular carcinoma

Metformin PELP1 Caspase-1 GSDMD Esophageal carcinoma
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NETA may serve as a potential drug candidate for ovarian cancers.
Still, there are multiple questions to be answered to elucidate the
role of α-NETA in pyroptosis further. First, Caspase-4 and GSDMD
are often present in immune cells, and their functions in EOC cells
are to be determined. In addition, it will be important to know if α-
NETA is selective toward cancer cells expressing high levels of
caspase-4 and GSDMD and the different expression levels of
caspase-4 and GSDMD in various EOC subtypes.

Caspase-3/GSDME. Cisplatin and paclitaxel are two traditional
agents used in lung cancer treatment that induce apoptosis via
different mechanisms. Cisplatin and paclitaxel have been shown
to activate caspase-3 and −7 to trigger apoptosis, where the ratio
of Bax and Bcl-2 was increased in cancer cells [76]. Ouyang et al.
showed that on top of inducing apoptosis, there are dying cells
displaying characteristics of pyroptosis [25] with blebbing on the
cell membrane and increasing levels of caspase-3 and GSDME-NT.
It is suggested that cisplatin and paclitaxel induce pyroptosis
through the GSDME pathway, whereby activated caspase-3
cleaves GSDME to generate active N terminal fragments for pore
formation. Paradoxically, caspase-3 specific inhibitor (Ac-DEVD-
CHO) suppressed the production of cisplatin- but not paclitaxel-
induced GSDME cleavage, indicating that paclitaxel-induced
GSDME activation might be independent of caspase-3. In addition,
GSDME knockdown significantly inhibited pyroptosis induced by
cisplatin but not by paclitaxel [25]. Cisplatin and paclitaxel have
been used for years to treat different cancers. It will be important
to understand if the therapeutic effects are from their differential
activation of apoptosis and pyroptosis.
Recently, Wu et al. showed that the combination of BI2536, a

PLK1 inhibitor, and cisplatin, an alkylating agent commonly used
in cancer treatment, could trigger a strong pyroptosis response in
esophageal squamous cell carcinoma (ESCC) tissue at a low dose.
PLK 1 gene and protein are involved in DNA repair response. In
addition, the authors showed that the pyroptosis in ESCC was
caspase-3 and GSDME dependent [77]. Consistently, GSDME is
significantly overexpressed in esophageal cancer tissues than
adjacent normal tissues. Cisplatin, a DNA alkylating agent
interfering cell cycle, and BI2536, an inhibitor of mitosis, could
both impair DNA repairs. It was shown that BI2536 sensitizes ESCC
cells to cisplatin treatment. ESCC cells treated with BI2536 and
cisplatin showed typical pyroptosis cell morphology such as cell
membrane “bubbling”; however, cells treated with BI2536 or
cisplatin alone failed to show the morphology of pyroptosis. Also,
ESCC cells treated with BI2536 and cisplatin showed increased
GSDME accumulation in the cytoplasm adjacent to the cell
membrane. These are promising data that could lead to a change
in esophageal cancer treatment and the treatment of other types
of cancers.
As a carcinogen, Arsenic Trioxide (As2O3) paradoxically has

antitumor activity and has been used for centuries to treat chronic
myeloid leukemia (CML) and other malignancies [78]. Currently,
As2O3 has been approved by FDA for the treatment of acute
promyelocytic leukemia (APL) [79], in which apoptosis of the
tumor cells is induced [80]. As2O3 and other arsenical compounds
have been reported to inhibit NLRP1, NLRP3, and NLRC4
inflammasomes in BMDMs [81], suggesting As2O3 interferes with
canonical pathway pyroptosis. In hepatocellular carcinoma (HCC)
cell lines Huh7 and Bel-7402, As2O3 and As2O3 nanoparticles
(As2O3-NPs) consistently induce pyroptosis [82]. Notably, As2O3

treatment triggers GSDME cleavage and downstream pyroptosis
in Huh7 cells, triggering GSDMD cleavage in Bel-7402 cells. As2O3-
NP triggers considerably higher levels of caspase-3 cleavage in
HCC cells. In a Huh7 xenograft mouse model, both free As2O3 and
As2O3-NPs showed the ability to inhibit tumor growth, with As2O3-
NPs showing more significant tumor inhibition effects. The
difference in effects could be due to the local injection of nano
delivery system utilized by As2O3-NPs, which increased local drug

concentration [82]. DNA methyltransferase proteins are associated
with hepatocarcinogenesis. These proteins are significantly less in
As2O3 treated groups, indicating that As2O3-induced pyroptosis in
cancer cells could be achieved by downregulation of DNA
methyltransferase expression. Since As2O3-NPs triggered GSDMD-
mediated pyroptosis in Bel-7402 cell lines and As2O3 inhibits
inflammasomes in BMDMs, it is elusive what is responsible for the
different cellular effects of As2O3-NPs and As2O3 in HCC cells and
BMDMs, respectively.
Curcumin, a natural compound, has anti-cancer activity but with

low bioavailability in vivo [83]. L61H10, a thiopyran derivative of
curcumin, shows good in vitro and in vivo antitumor activity for
lung cancers. In addition, Bcl-2 was downregulated while Bax was
upregulated, suggesting the induction of apoptosis. Chen et al. has
shown that L61H10 was also able to induce pyroptosis using
caspase-3/GSDME pathway [84]. The author further showed that
L61H10 could induce a switch from apoptosis to pyroptosis by
regulating NF-κB, promoting the expression of anti-apoptotic
genes. It was shown that L61H10 effectively inhibits tumor cells
both in vivo and in vitro with no observed toxicity, making it a
promising drug for lung cancer. In light of its promising in vitro and
in vivo effects, it requires further study to elucidate the
contributions of apoptosis and pyroptosis during L61H10 treat-
ment.
Iron can trigger oxidative stress by elevating ROS, which induces

different forms of programmed cell death, such as apoptosis,
necroptosis, and ferroptosis [85]. Zhou et al. reported iron induced
pyroptosis through caspase-3 and GSDME pathway in melanoma
cells. The authors showed that iron, in synergy with carbonyl
cyanide m-chlorophenyl hydrazine (CCCP), enhanced ROS signal-
ing that is sensed by Tom20 [86]. During the process, CCCP, an
uncoupler of mitochondrial oxidative phosphorylation, induced
ROS generation and activated ROS-associated pathways, which
were enhanced by the addition of iron. As a sensor for iron-
activated ROS signaling, Tom20 becomes oxidized upon encoun-
tering ROS and oligomerizes on the outer membrane of the
mitochondria. The oxidized and oligomerized Tom20 recruits Bax, a
pore-forming apoptotic protein, to mitochondria. Bax-mediated
pores permeabilize the mitochondria’s outer membrane to release
cytochrome c into the cytosol, which indirectly activates caspase-3.
Interestingly, the activated caspase-3 barely induces apoptosis in
the iron/CCCP treated melanoma cells. Instead, it cleaves GSDME to
start pyroptosis. A few drugs are known to moderately increase
ROS and are used to treat myeloma cells A375 [86]. In the absence
of iron, none of these drugs triggers pyroptosis. The role of iron
and ROS-induced pyroptosis was further verified using melanoma-
bearing mice, where tumor burden could be reduced by co-
administration of an ROS-inducing drug and iron. Melanoma is the
most aggressive skin cancer and is very resistant to apoptosis by
chemotherapy and radiotherapy [87]. The research provided an
exciting alternative mechanism to treat melanoma, where co-
administration of ROS-inducing agents will induce pyroptotic cell
death. In this process, activating Tom20 signaling is a key step for
triggering pyroptosis, but it is unclear if Tom20 is the coordinator
of apoptosis and pyroptosis.
Eukaryotic elongation factor-2 kinase (eEF2K) phosphorylates

and inhibits eEF2 at Thr56 under stress conditions, which
negatively regulates the elongation stage of protein synthesis. It
plays an important role in modulating the crosstalks between
autophagy and apoptosis in cancer cells under various stress
conditions, such as insufficient nutrition [88]. Under cellular stress,
eEF2K promotes cancer cell survival by mediating autophagy while
inhibiting apoptosis. Interestingly, crosstalk between autophagy
and pyroptosis recently reported autophagy inhibited pyroptotic
death of Legionella-infected macrophages [89]. Recently, Yu et al.
showed that doxorubicin treatment triggered pyroptosis in
melanoma cell lines, SK-MEL-5, SK-MEL-28, and A-375, where
GSDME is highly expressed. In the meantime, autophagy was also
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activated by doxorubicin, and the inhibition of autophagy further
augmented pyroptosis induced by doxorubicin [90]. Consistent
with this, MCF-7 cells, which express a low level of GSDME, did not
undergo pyroptosis upon doxorubicin treatment. The authors
further discovered that doxorubicin activated eEF2K in the
melanoma cells, which promoted autophagy and negatively
regulated pyroptosis [90]. As such, eEF2K bridges the crosstalk
between autophagy and pyroptosis in myeloma cells and
modulates the chemotherapeutic effects of doxorubicin. Since
eEF2K regulates translations under cell stress, such as doxorubicin
treatment, it will be important to elucidate the interplay among the
key mediators of autophagy and pyroptosis.
Pyridoxine, vitamin B6, plays multiple roles in cellular metabo-

lism [91]. Yang et al. discovered that THP-1 and U937 cells, 2 AML
cell lines, treated with pyridoxine trigger programmed cell death.
Surprisingly, it triggered apoptosis in the U937 cell line and
pyroptosis in the THP-1 cell line [92]. While caspase-3 is activated in
both cells, THP-1 cells undergo GSDME-dependent pyroptosis. In
addition, inhibition of caspase-3 could switch apoptosis/pyroptosis
to MLKL-dependent necroptosis, accompanied by a strong
inflammatory response. When tested in vivo, pyridoxine signifi-
cantly reduced tumor burden and degree of tumor invasion.
Pyridoxine is an orally available vitamin with low toxicity, making
the research exciting for AML treatment. Paradoxically, pyridoxine
level has been suggested to be a tumor marker in a few cancer
types [91], suggesting it might play different roles in different cell
types. THP-1 cell line is a typical cell line for pyroptosis induction. It
is unclear if the induction of pyroptosis by pyridoxine can be
extended to other AML cell lines.
Lobaplatin, an isomeric mixture of platinum complexes, attacks

tumors using a mechanism similar to cisplatin [93]. Yu et al.
showed that lobaplatin exhibits pyroptotic effects in colon cancer
cells [26]. HT-29 and HCT116 cells treated with lobaplatin
developed swelling and pore formation in the plasma membrane,
resulting in cell death. This effect is initiated by caspase-3
activation, which leads to the release of the N-terminal fragment
of GSDME and induction of pyroptosis. Lobaplatin-treated HT-29
and HCT116 cells exhibit an elevation in ROS levels. ROS signals to
protein kinase JNK, which responds with an increase in phosphor-
ylation in HT-29 and HCT116 cells, suggesting that JNK functions as
an upstream regulator of GSDME-dependent pyroptosis. JNK then
induces transportation of Bax to the mitochondria, triggering
caspase-3 activation and later pyroptosis of colon cancer cells.
Interestingly, knocking out GSDME did not affect lobaplatin’s
inhibitory effects for the growths of HT-29 and HCT116 cells, while
lobaplatin-mediated cell death switched from pyroptosis to
apoptosis [26]. One apparent difference between apoptosis and
pyroptosis that may affect the drug effects is the release of
inflammatory cytokines. Future studies investigating the role of
these cytokines in tumor treatment will help elucidate the benefit
of pyroptosis over apoptosis. It will be essential to elucidate the
detailed mechanistic studies of various cytokines in individual cell
death pathways.
Miltirone, an active compound from herbal medicine Salvia

miltiorrhiza Bunge, has been shown to have antileukemic activity
by triggering ROS production [94]. Zhang et al. demonstrated the
ability of militrone to reduce the viability of hepatocellular
carcinoma cells and induce pyroptosis in HCC cells [95]. Miltirone
dose- and time-dependently inhibits HCC cell growth and viability
by inducing typical pyroptotic morphological changes, including
swelling and bubble formation on the cell surface, eventually
leading to cell rupture. GSDME, whose activation depends on
caspase-3 cleavage, is a central mediator during militrone
pyroptosis. After the treatment of militrone, ROS was induced to
activate Bax, which induces the activation of caspase-3. Previously,
militrone was suggested to use ROS to inhibit MEK/ERK pathway to
induce apoptosis for its antitumor activity [94]. The authors showed
that the inhibition of the MEK/ERK pathway could also induce

pyroptosis. In the meantime, militrone could play a ROS-
independent role in cells by inhibiting the PI3K-Akt pathway [96].
It will be interesting to know which pathway plays a major role in
miltirone’s activity.
Drug induced activation of pyroptosis could also be seen in

normal tissues, such as in epithelial cells, which raises the concern
for the side effects during tumor treatment. Cisplatin, for example,
could also trigger pyroptosis in various normal cells [55].

MiR-497/PELPI/GSDMD. Metformin is a class drug in the treatment
of type 2 diabetes with few side effects. Proline, glutamic acid, and
leucine-rich protein 1 (PELP1) is a protein of multiple subunits,
playing an important role in cancer development and metastasis.
Wang et al. searched the database and found an increase in both
the mRNA and protein levels in different cell lines of ESCC. PELP1
was further correlated with recurrence and poor diagnosis of
ESCC. When metformin was tested for its antitumor effects, it
reduced the tumor size significantly in mice, which was associated
with the decrease in PELP1 level by upregulation of MiR-497 [97].
Large solid tumors acquired chemotherapeutic resistance by
evading apoptosis. Wang et al. searched for the antitumor effects
by investigating the mRNA level of death effectors, and GSDMD
was found to be significantly upregulated. Importantly, GSDMD-N
was significantly increased, suggesting pyroptosis was responsible
for cell death. As such, metformin seemed to induce pyroptosis
using a MiR-497/PELP1/GSDMD pathway [97]. However, it was
unclear which proteases cleaved GSDMD during the process. Thus
it was not certain which pathway led to GSDMD cleavage/
activation. In addition, there are many molecules involved in the
effects of metformin, and further elucidation of the roles of these
molecules is critical to establishing metformin’s therapeutic
potential. Considering that metformin is a widely used drug and
its safety has been well evaluated, the research has great potential
for subsequent drug development.

PYROPTOSIS INHIBITORS
Inflammasome-driven infectious illnesses demonstrate the poten-
tial to be treated and controlled by pyroptosis inhibitors through
mechanisms that prevent caspase activation. HIV infection-
induced cell death is mediated by caspase-1 through IL-1β
secretion and CD4 T-cell depletion. Therapy that blocks caspase-1
cleavage thereby would inhibit HIV-induced CD4 T-cell death and
further blocks the development of chronic inflammation [98].
Similarly, sepsis is triggered by uncontrolled pyroptosis in
response to infection. Targeting GSDMD or caspase-11 on the
non-canonical pathway and reducing cytokine levels alleviates
system-wide inflammation response and decreases the risk of
septic shock and death [99]. Diabetes and associated severe
complications are likewise propagated by greater levels of IL-1β
secretion, NLRP3 activation, and caspase-1 interaction [100]. Such
inflammatory conditions propelled by gasdermin-mediated pyr-
optosis may be alleviated using pyroptosis inhibitors, including
disulfiram or dimethyl fumarate (DMF), which orchestrate
blockage of the inflammasome pathway.
Disulfiram dose-dependently inhibits canonical human and

non-canonical mouse inflammasome pyroptosis pathways to
prevent cell death. Although it has previously been used in
treating chronic alcoholism, disulfiram has since been identified as
a potential treatment for cancer and other inflammatory illnesses
exacerbated by pyroptosis. Disulfiram prevents liposome leakage
in cleaved GSDMD but notably did not have this effect in cleaved
GSDMA3, suggesting GSDMD to be the primary operation
mechanism. Additionally, disulfiram works to block further pore
formation on the GSDMD membrane surface but does not act to
repair pre-existing pores. This is achieved by targeting Cys191 in
human GSDMD to undergo covalent modification, thereby
inhibiting caspase activity. Disulfiram obstructs IL-1β secretion
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primarily through pore formation prevention but not GSDMD
cleavage, proteolytic processes, or prior upstream events. This is
further substantiated by disulfiram’s ability to suppress the effects
of LPS-induced sepsis in mice. Mice treated with disulfiram after
LPS administration and the inflammatory cascade initiation
displayed significant delays in death. Cu(II) may improve this
effect, as shown in combination treatment of disulfiram and Cu(II),
which exhibited a moderate increase in survival rates. Disulfiram’s
mechanisms pose a contrast with other Cys-reactive GSDMD
inhibitors. Cys-reactive necroptotic inhibitor NSA blocks GSDMD-
mediated pyroptosis, while Bay 11–7082 inhibits the NLRP3
inflammasome. This is facilitated via liposome leakage control,
though to a lesser degree than disulfiram. Moreover, unlike
disulfiram, these two inhibitors primarily target caspase activity.
These findings collectively indicate disulfiram to be the most
effective and only direct inhibitor of GSDMD-mediated pyroptosis
by directly inhibiting pore formation [101].
Humphries et al. showed that DMF, independent of NRD2 or

GAPDH, can reduce GSDMD-N formation, impair pore formation,
and ultimately block cell death. DMF targets and inhibits LPS-Nig-
induced LDH and IL-1β secretion through GSDMD. This effect is
displayed in mice that, administration of a treatment dose of DMF,
could counteract a lethal dose of LPS and resist LPS shock,
thereby increasing survival rates. DMF then reacts with GSDMD to
generate 2-(succinyl)-cysteine at Cys191 in human GSDMD and
Cys192 in mice GSDMD. Cys52, Cys77, and Cys192 undergo a
combination of 2-monomethyl and 2-dimethyl GSDMD succina-
tion by exogenous or endogenous fumarate. This reduces GSDMD
interacting with and binding to caspase-1. Through these
mechanisms, DMF is able to limit GSDMD and GSDME pyroptotic
cell death considerably. DMF reduced T helper, CD4+, and CD8+ T
cell levels and myeloid cell infiltration in muroid tests. This effect

reveals the potential of DMF and similar analogs in treating
inflammatory conditions including multiple sclerosis, familial
Mediterranean fever, experimental autoimmune encephalitis, or
demyelination [102].
Some natural products have been shown to reduce inflamma-

tion by inhibiting NLPR3 inflammasome [103–105]. Interestingly,
scutellarin, a flavone that can induce apoptosis, regulates protein
kinase A (PKA) signaling to suppress caspase-11 activation and
pyroptosis in macrophages [106]. Scutellarin treated mouse
macrophages displayed increased phosphorylation of caspase
11, which reduces its proteolytic activity toward GSDMD. These
phosphorylation sites were attributed to the action of PKA, as
either PKA inhibitor, H89, or adenylyl cyclase (AC) inhibitor,
MDL12330A, could promote pyroptosis.

PANOPTOSIS
Panoptosis, an integration of pyroptosis, apoptosis, and necrop-
tosis, has recently emerged as a critical mechanism to fight
pathogens and cancer development [107–109]. PANoptosis is a
process of inflammatory programmed cell death that includes
essential characteristics of pyroptosis, apoptosis, and/or necrop-
tosis [110]. The process, which cannot be explained by one of the
three programmed cell death pathways, is mediated by the
PANoptosome complex [110] (Fig. 5).
Although pyroptosis, apoptosis, and necroptosis were pre-

viously considered independent processes, recent data suggests
that significant interactions and regulations exist among the three
pathways during some cellular events related to inflammation
[111, 112]. A well studied example is the discovery of Z-DNA
Binding Protein 1 (ZBP1) [113], a central regulator for the three
pathways after detecting influenza A virus infection in

Fig. 5 PANoptosis during the infection of influenza A virus. The ZBP1 PANoptosome is simultaneously triggering all three pathways.
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microphages. During the infection, ZBP1 activates caspase 1/3/8
and (Receptor Interacting Serine/Threonine Kinase 3) RIPK3
[113, 114], the hallmark proteins in pyroptosis, apoptosis, and
necroptosis. ZBP1 deficiency effectively prevents against cells
death caused by influenza A virus infection, while deletion of
essential proteins of a single pathway does not rescue the cell
death [113, 114]. In light of its role in cell death, PANoptosis
attracts significant attention for tumor treatment. It has been
established the synergy of coadministration of TNFalpha and
IFNgamma could trigger PANoptosis to inhibit tumor growth
[107]. In addition, many of the drugs in Table 1 that could
activate more than one programmed cell death may promote
PANoptosis.

CONCLUSIONS
Pyroptosis, which is a form of programmed cell death, has been
extensively studied in recent years. Compounds that activate the
pyroptosis pathway have been shown to be effective in cancer
treatment. In addition to the executor role for direct cell killing,
gasdermins can indirectly play a tumor suppressor role and
mediate the release of tumor antigens for immunogenic cell death
(ICD) of tumor cells. Meanwhile, inhibitors of the pyroptosis
pathways can suppress the inflammatory response during sepsis
and other immune-related diseases. More studies are needed in
several aspects of cancer treatment in light of the promising anti-
cancer role of pyroptosis. e.g., it is crucial to elucidate more
detailed mechanisms for the activation of gasdermins in tumor
cells, which will direct the development of agonists or activators;
it will be of diagnostic advantage to develop a non-invasive
method, such as using ultrasensitive IR detection, to evaluate
pyroptosis before/during/after treatment; it will significantly
reduce the side effects to suppress tumors without inducing
pyroptosis.
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