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NLRP3 inflammasome activation and cell death
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The NLRP3 inflammasome is a cytosolic multiprotein complex composed of the innate immune receptor protein NLRP3, adapter
protein ASC, and inflammatory protease caspase-1 that responds to microbial infection, endogenous danger signals, and
environmental stimuli. The assembled NLRP3 inflammasome can activate the protease caspase‐1 to induce gasdermin D-
dependent pyroptosis and facilitate the release of IL-1β and IL-18, which contribute to innate immune defense and homeostatic
maintenance. However, aberrant activation of the NLRP3 inflammasome is associated with the pathogenesis of various
inflammatory diseases, such as diabetes, cancer, and Alzheimer’s disease. Recent studies have revealed that NLRP3 inflammasome
activation contributes to not only pyroptosis but also other types of cell death, including apoptosis, necroptosis, and ferroptosis. In
addition, various effectors of cell death have been reported to regulate NLRP3 inflammasome activation, suggesting that cell death
is closely related to NLRP3 inflammasome activation. In this review, we summarize the inextricable link between NLRP3
inflammasome activation and cell death and discuss potential therapeutics that target cell death effectors in NLRP3 inflammasome-
associated diseases.
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INTRODUCTION
The innate immune response initiated by pattern recognition
receptors (PRRs) is the first line of defense against pathogen
invasion and maintains homeostasis in the body [1]. NOD-like
receptor (NLR) family pyrin domain-containing 3 (NLRP3) is an
important PRR in the cytoplasm that has a tripartite domain
organization consisting of a carboxy-terminal leucine-rich repeat
(LRR) domain that has autoinhibitory functions and signal
recognition capabilities, a central nucleotide-binding domain
(NACHT) that has ATPase activity and mediates self-oligomeriza-
tion, and an amino-terminal pyrin domain (PYD) that recruits
apoptosis-associated speck-like protein containing a CARD (ASC)
[2]. In response to a variety of stimuli, including pathogen-
associated molecular patterns (PAMPs, such as viral RNAs,
microbial toxins, and bacterial surface components) and danger-
associated molecular patterns (DAMPs, such as uric acid crystals,
ATP, aluminum adjuvant and β-amyloid peptide), NLRP3 acts as a
sensor and undergoes self-oligomerization via homotypic NACHT
domain interactions. Oligomerized NLRP3 recruits ASC via
homotypic PYD–PYD domain interactions and induces the
aggregation of ASC into a macromolecular focus, known as an
ASC speck [3]. Subsequently, the assembled ASC recruits pro-
caspase-1 through homotypic CARD–CARD domain interactions to
form the NLRP3–ASC–caspase-1 protein complex, which is known
as the NLRP3 inflammasome [4]. Once the NLRP3 inflammasome is
activated, it induces pro-caspase-1 self-cleavage and activation,
which results in the maturation of the proinflammatory cytokines

interleukin 1β (IL-1β) and interleukin 18 (IL-18). In addition,
activated caspase-1 also cleaves gasdermin D (GSDMD) and
releases its N-terminal domain, which is transferred to the cell
membrane and forms pores, mediating the release of cellular
contents, including the inflammatory cytokines IL-1β and IL-18,
and inducing the inflammatory cell death known as pyroptosis
[5–7]. Therefore, activation of the NLRP3 inflammasome is crucial
for host defense against pathogen invasion and maintaining
homeostasis. However, excessive activation of the NLRP3 inflam-
masome also contributes to the progression of various inflamma-
tory diseases, such as cryopyrin-associated periodic syndrome,
arthritis, atherosclerosis, type 2 diabetes, Alzheimer’s disease, and
cancers [8–10]. Therefore, activation of the NLRP3 inflammasome
must be strictly regulated, and the comprehensive mechanism of
its activation also needs to be further investigated.
For a long time, cell death has been considered an irreversible

biological process in which cells cease to perform their functions
and cause damage to the body. However, in recent decades, an
increasing number of studies have shown that cell death is a
normal physiological process in organisms and is essential for
maintaining homeostasis; for example, cell death has been shown
to eliminate damaged, harmful, and superfluous cells [11–13].
Depending on whether the process of cell death can be regulated,
cell death can be divided into accidental cell death (ACD) or
regulated cell death (RCD) [14]. ACD is an uncontrolled type of cell
death that can be triggered by chemical, physical, or mechanical
stress, such as extreme pH variations, high pressure, high
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temperature, and abnormal osmotic stress [15, 16], whereas RCD is
a tightly regulated form of cell death induced by intricate
molecular mechanisms. RCD was first discovered by Karl Vogt in
1842 when cell death was noticed in toads. The physiological form
of RCD that occurs in the absence of any exogenous environ-
mental disturbance is also known as programmed cell death (PCD)
[17, 18]. In addition, RCD can be triggered in response to
perturbations in the extracellular or intracellular microenviron-
ment, and RCD is conducive to maintaining homeostasis under
stress conditions by clearing damaged cells or releasing DAMPs
[18–21]. Recently, the field of cell death has rapidly advanced, and
multiple cell death pathways have been discovered, including
apoptosis, necroptosis, pyroptosis, ferroptosis, and autophagy-
dependent cell death [13, 22–24]. With further research on the
molecular mechanism of cell death, studies have shown that a
large number of effectors of cell death can regulate activation of
the NLRP3 inflammasome, and NLRP3 inflammasome activation
can lead to cell death through a variety of pathways, suggesting
that cell death is closely related to activation of the NLRP3
inflammasome [25–28].
In this review, we discuss our current understanding of the

inextricable link between NLRP3 inflammasome activation and cell
death, including apoptosis, necroptosis, pyroptosis, and ferropto-
sis, and discuss potential therapeutics that target cell death
effectors in NLRP3 inflammasome-associated diseases.

THE MECHANISM OF NLRP3 INFLAMMASOME ACTIVATION
Because the NLRP3 inflammasome can be activated by multiple
agonists, including PAMPs, such as viral RNAs, microbial toxins and
bacterial surface components, and DAMPs, such as uric acid
crystals, ATP, aluminum adjuvant, and β-amyloid peptide, its
activation mechanism is extremely complex. To date, studies have
shown that NLRP3 inflammasomes can be activated through
three different signaling pathways: canonical NLRP3 inflamma-
some activation, noncanonical NLRP3 inflammasome activation,
and alternative NLRP3 inflammasome activation, also known as
one-step NLRP3 inflammasome activation [29, 30] (Fig. 1).

Canonical NLRP3 inflammasome activation
Currently, it is generally accepted that canonical NLRP3 inflam-
masome activation requires two steps: the priming step and the
activation step. In the priming step, ligands (such as LPS,
pam3csk4, IL-1, TNF-α, and MDP) of Toll-like receptors (TLRs,
such as TLR2 and TLR4), cytokine receptors (such as IL-1 receptor
and TNF-α receptor), or NLRs (such as NOD1 and NOD2) can
induce the activation of the transcription factor NF-κB and
promote the expression of NLRP3 and pro-IL-1β [31–34]. In
addition to its role in transcriptional regulation, recent studies
have shown that the priming step can also regulate posttransla-
tional modifications (PTMs) of NLRP3, such as phosphorylation or
ubiquitination. The JAMM domain-containing Zn2+ metallopro-
tease BRCC3 (BRCC36 in humans) is a deubiquitinating enzyme
that can induce the deubiquitination of NLRP3 during the priming
step and promote the activation of the NLRP3 inflammasome
[35]. It has also been reported that c-Jun N-terminal kinase (JNK1)-
mediated NLRP3 S194 phosphorylation during the priming step is
essential for NLRP3 inflammasome assembly and activation [36].
These studies indicate that the priming step is crucial for NLRP3
inflammasome activation through transcriptional regulation
and PTMs.
The activation step is involved in the recognition of NLRP3

inflammasome agonists and in inflammasome assembly and
activation. In contrast to PRRs that can recognize only one or
several structurally similar stimuli, NLRP3 has been reported to be
activated by a wide variety of unrelated PAMPs and DAMPs, but
there is no evidence that NLRP3 binds directly to these effectors.
To date, multiple molecular and cellular events, including ion flux

(such as K+ efflux, Cl− efflux, Na+ influx, and Ca2+ mobilization),
mitochondrial dysfunction, the release of reactive oxygen species
(ROS) and mitochondrial DNA (mtDNA), lysosomal disruption and
trans-Golgi disassembly, induced by NLRP3 stimuli have been
proposed to be upstream signals for the assembly and activation
of inflammasomes [37–44]. Although NLRP3 agonists can activate
inflammasomes through the aforementioned signaling pathways,
none of these signaling pathways is applicable to all NLRP3
agonists, and there is no consistent pathway of NLRP3 activation.
Therefore, the exact mechanism by which NLRP3 senses these
stimuli and the mechanism by which the inflammasome is
assembled and activated remain to be further elucidated.

Noncanonical NLRP3 inflammasome activation
In addition to describing the caspase-1-dependent canonical
NLRP3 inflammasome, recent studies have shown that there is a
caspase-11 (caspase-4 and caspase-5 in humans)-dependent
noncanonical NLRP3 inflammasome signaling pathway [45, 46].
Typically, a priming signal is essential for noncanonical inflamma-
some activation in murine cells. During this step, the ligands of
TLRs and cytokine receptors induce the activation of the
transcription factor NF-κB and the production of type I interferons,
which upregulate the expression of caspase-11 through the JAK/
STAT pathway or the complement C3–C3aR axis [47, 48]. In
contrast, the priming signal is not necessary for noncanonical
NLRP3 inflammasome activation in human cells that constitutively
expresses caspase-4 [49]. Moreover, type I interferons also
promote the expression of a cluster of small interferon-inducible
GTPases known as guanylate-binding proteins (GBPs) and the
interferon-inducible protein IRGB10. It has been reported that
after infection with gram-negative bacteria, IRGB10 directly targets
the cell membrane of intracellular bacteria in a GBP-dependent
manner, where it compromises bacterial structural integrity and
releases LPS and lipid A into the cytoplasm [50, 51]. Recent studies
have shown that LPS and lipid A directly bind to the CARD domain
of murine caspase-11 or the human homologs caspase-4 and
caspase-5, resulting in caspase oligomerization and autoproteo-
lysis [49]. Activated caspase-4/5/11 proteolytically cleaves murine
gasdermin D (GSDMD) at Asp276 (Asp275 in human GSDMD) and
releases the N-terminal domain, which binds to cardiolipin,
phosphatidylinositol phosphates, and phosphatidylserine in the
plasma membrane and induces pore formation, pyroptosis
[6, 7, 52], and subsequent potassium efflux-dependent canonical
NLRP3 inflammasome activation [53]. In addition to gram-negative
bacteria, self-encoded oxidized phospholipid 1-palmitoyl-2-arachi-
donoyl-sn-glycero-3-phosphorylcholine (oxPAPC) has been shown
to bind directly to murine caspase-11 and orthologous human
caspase-4 and activate the noncanonical NLRP3 inflammasome in
dendritic cells (DCs) [54]. However, a recent study showed that
oxPAPC inhibited the noncanonical NLRP3 inflammasome by
competitively binding to caspase-11 and LPS in macrophages but
not DCs and consequently protected the organism against septic
shock [55]. The contradictory effects of oxPAPC on noncanonical
NLRP3 inflammasome activation in different cells require further
investigation.

Alternative NLRP3 inflammasome activation
In contrast to canonical and noncanonical NLRP3 inflammasome
activation, which requires two steps, a novel NLRP3 inflamma-
some activation pathway, the alternative NLRP3 inflammasome
pathway, was identified, and in this pathway, TLR ligands alone are
insufficient to activate caspase-1 or induce the maturation and
secretion of IL-1β in human and porcine monocytes [56, 57]. In
addition, the alternative NLRP3 inflammasome is activated
through the TLR4–TRIF–RIPK1–FADD–CASP8 signaling pathway,
which is upstream of NLRP3. Although alternative NLRP3
inflammasome activation also requires NLRP3–ASC–caspase-1 sig-
naling, this novel inflammasome lacks any characteristics of
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canonical and noncanonical NLRP3 inflammasome activation,
including ASC speck formation, pyroptosis induction, or K+ efflux.
Recent studies have shown that apolipoprotein C3 (ApoC3) also
activates the caspase-8-dependent alternative NLRP3 inflamma-
some in human monocytes. ApoC3 interacts with Tlr2 and Tlr4 to
induce their heterogenous dimerization and then facilitates Ca2+

influx, ROS production, and NADPH oxidase and caspase-8
activation through the TLR–SCIMP–Lyn–Syk–TRPM2 axis [58, 59].
Although caspase-8 is a key upstream molecule that activates the
alternative NLRP3 inflammasome, the exact mechanism remains
unknown. Therefore, the comprehensive link between NLRP3 and
caspase-8 in alternative NLRP3 inflammasome activation needs to
be further investigated.
Cell death is an irreversible biological process in which living

cells cease to perform their function. Various types of cell death
have been identified by cell morphology, pathogenesis, and
function [13]. In this review, we focus on summarizing the
signaling pathways and functions of pyroptosis, apoptosis,
necroptosis, and ferroptosis and their regulatory roles in NLRP3
inflammasome activation (Table 1).

THE NLRP3 INFLAMMASOME IN PYROPTOSIS
Pyroptosis is a form of inflammatory PCD that is triggered by
pathogen invasion and is dependent on caspase activation. In
contrast to other forms of cell death, pyroptosis exhibits unique
morphological and physical characteristics, including chromatin
condensation, intact nuclei, cellular swelling, and plasma-
membrane rupture [60]. Pyroptosis was originally observed by
two separate research groups when they infected macrophages
with Salmonella and Shigella and found a caspase-1-dependent
cell death pathway. However, these two groups continue to
contend that this discovery represents a novel form of apoptosis
[61, 62]. The term pyroptosis was proposed by Cookson and Boise
in 2001 to describe a particular type of proinflammatory PCD that
is dependent on caspase-1 [63, 64]. In addition to caspase-1,
recent findings indicate that pyroptosis can be induced by several
other inflammatory caspases, such as caspase-3, -6, -7, and -8,
murine caspase-11 and its human homologs caspase-4 and
caspase-5 [6, 65, 66]. Upon activation, caspases specifically cleave
gasdermin D (GSDMD) at the interdomain loop and release the N-
terminal pore-forming domain, which is then translocated to the

Fig. 1 Mechanisms of canonical, noncanonical, and alternative NLRP3 inflammasome activation. (Left) Canonical NLRP3 inflammasome
activation requires two steps: the priming step and the activation step. During the priming step, the ligands of toll-like receptors (TLRs), NOD-
like receptors (NLRs), and cytokine receptors induce the expression of pro-IL-1β and NLRP3 via the myd88-NF-κB pathway. During the
activation step, a wide variety of PAMPs or DAMPs promote NLRP3 inflammasome sassembly by multiple molecular and cellular events, such
as K+ efflux, Cl− efflux, mitochondrial dysfunction, reactive oxygen species (ROS) release, mitochondrial DNA (mtDNA) production, and
lysosomal disruption. Once the NLRP3 inflammasome is assembled and activated, it induces pro-caspase-1 self-cleavage and activation, which
results in the maturation of the proinflammatory cytokines interleukin 1β (IL-1β) and interleukin 18 (IL-18). In addition, activated caspase-1 also
cleaves gasdermin D (GSDMD) and releases its N-terminal domain, which transfers to the cell membrane and forms pores, mediating the
release of cellular contents, including the inflammatory cytokines IL-1β and IL-18, and inducing a type of inflammatory cell death known as
pyroptosis. (Middle) Noncanonical NLRP3 inflammasome activation is initiated by cytosolic LPS, which can be recognized by caspase-11 in
mice (or caspase-4 and caspase-5 in human) via direct interactions, resulting in caspase-11 autoproteolysis and activation. Then, activated
caspase-11 opens the pannexin-1 channel to induce K+ efflux, resulting in canonical NLRP3 inflammasome activation and IL-1β and IL-18
maturation. In parallel, activated caspase-11 also cleaves GSDMD to induce membrane pore formation and pyroptosis, which contribute to IL-
1β and IL-18 release. (Right) Alternative NLRP3 inflammasome activation only requires a single signal. TLR ligands alone are sufficient to
activate the NLRP3 inflammasome in human and porcine monocytes via the TLR4–TRIF–RIPK1–FADD–CASP8 signaling axis, which cannot
induce K+ efflux, ASC speck formation, or pyroptosis
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plasma membrane to form pores with inner diameters of 10–14
nm that consist of 16 symmetric protomers and induce pyroptosis
[67]. Gasdermin D is a coexecutor of pyroptosis, and accumulating
evidence indicates that other members of the gasdermin family,
including GSDMA3, GSDMB, and GSDME, can also be cleaved and
induce pyroptosis [6, 68–71]. It has been shown that the cleavage
of GSDME by caspase-3 facilitates chemotherapy drug-induced
pyroptosis in tumor cells [70, 72]. Moreover, granzyme B directly
cleaves GSDME at the same site as caspase-3 to induce pyroptosis,
enhancing antitumor immunity and acting as a tumor suppressor
[68]. In addition, recent studies have shown that GSDMB can be
cleaved by granzyme A to enhance antitumor immunity [69].
Although pyroptosis was originally thought to be a general innate
immune response against pathogen invasion, it is currently
thought to be involved in multiple diseases, including sepsis,
epilepsy, atherosclerosis, and Alzheimer’s disease [73–76].
As a form of inflammatory PCD, pyroptosis facilitates the release

of cell contents, including members of the IL-1 family of
proinflammatory cytokines, and has long been known to be
mediated by caspase-1, a protease that is activated by different
inflammasomes in response to a variety of pathogenic bacterial
infections and danger signals [60]. Recent studies have shown that
in addition to caspase-1, caspase-11 and its corresponding
proteases caspase-4 and caspase-5 in humans can trigger
pyroptosis by cleaving pyroptosis executors in the gasdermin
protein family [77]. These studies indicate that pyroptosis is
dependent on gasdermin but not caspase-1. Therefore, pyroptosis
has been recently redefined as gasdermin-mediated PCD [78].
The genes that encode the proteins of the gasdermin family are

highly conserved in vertebrates. There are six genes in humans
(GSDMA, GSDMB, GSDMC, GSDMD, GSDME, and DFNB59), and the
gasdermin gene family in mice contains five paralogous genes but
lacks Gsdmb [77]. Most gasdermin family members consist of a
similar N-terminal domain and a conserved C-terminal domain,
with the exception of DFNB59, which has a shorter and divergent
C-terminal domain [79]. The gasdermin N-terminal domain has
pore-forming activity, and it binds to the cell membrane to induce
cell death upon activation, while the C-terminal domain has
autoinhibitory activity that can suppress cell death by blocking the
release of the N-terminal domain [67, 80].
GSDMD is the most widely studied protein in the gasdermin

family and was first identified by three separate groups in 2015 as
a substrate of inflammatory caspases (caspase-1 and -11 in mice
and caspase-4 and -5 in humans) that initiates pyroptosis [6, 7, 81].
These groups found that GSDMD was required for pyroptosis and
IL-1β release but not IL-1β maturation or caspase-1 activation via
either the canonical or noncanonical NLRP3 inflammasome
response pathways [6, 7]. Mechanistically, activated inflammatory
caspases can directly cleave GSDMD at Asp276 (Asp275 in human
GSDMD), resulting in the release of the N-terminal domain, which
is subsequently transferred to the cell membrane to induce
pyroptosis in a cell-intrinsic manner [6]. These studies suggest that
GSDMD is a key target of inflammatory caspases and a critical
executor of pyroptosis. However, the functional mechanism of
action of gasdermin was unclear until a recent study showed that
the N-terminal domain of GSDMD can bind to phosphoinositides
and cardiolipin in membranes and form a pore with an inner
diameter of 10–14 nm, which consists of 16 symmetric monomers
[67]. However, by using cryo-electron and atomic force micro-
scopy, another study showed that the diameters of GSDMD
membrane pores were ~20 nm [82]. Regardless, the pore is large
enough to allow the release of IL-1β (4.5 nm) and IL-18 (5.0 nm)
prior to cell lysis [52]. In addition, the GSDMD membrane pores
damage normal permeability and induce water entry into the
cytosol, which causes an increase in cell volume and subsequent
cell lysis [83]. Usually, if there are very few GSDMD pores in the cell
membrane, compensatory mechanisms can reduce cell volume
and repair the pores via the ESCRT complex, thus reestablishingTa
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the integrity of the cell membrane [84, 85]. Alternatively, if the
number of GSDMD pores exceeds the membrane repair ability of
the cell, lysis ensues, releasing large amounts of soluble cellular
contents, such as lactate dehydrogenase and high mobility group
box 1 [86].
In addition to GSDMD, accumulating evidence has indicated

that most members of other gasdermin protein families can also
induce pyroptosis [6]. It has been shown that alopecia and skin
defects are associated with gain-of-function mutations in
GSDMA3, which disrupt the inhibitory effect of the GSDMA3 C-
terminal domain on its N-terminal domain, thus promoting pore
formation and triggering pyroptosis [6]. Similarly, the amino acids
encoded by SNPs related to asthma and inflammatory bowel
disease also affect the structure and function of the GSDMB C-
terminal domain [87]. Moreover, the apoptotic executioners
caspase-3, -6, and -7 have been shown to cleave GSDMB at
88DNVD91 in the N-terminal domain [87]. In addition, Zhou et al.
found that GSDMB can also be cleaved at Lys244 and Lys229,
which are within the interdomain linker, by granzyme A released
from cytotoxic T lymphocytes and natural killer cells, inducing
pore formation and pyroptosis [69]. However, a recent study
showed that GSDMB could not induce cell death alone but
mediated pyroptosis by promoting the cleavage of GSDMD [88].
Mechanistically, GSDMB binds to the CARD domain of caspase-4
directly and facilitates its protease activity, which is required for
GSDMD cleavage in the human monocyte cell line via non-
canonical pyroptosis [88]. Consistent with GSDMB, GSDME has
been shown to be cleaved by caspase-3 at Asp270 and convert
apoptosis to pyroptosis during chemotherapy [70]. In addition, a
recent study showed that granzyme B produced by natural killer
and CD8+ T lymphocytes also induced pyroptosis by cleaving
GSDME directly at the same site as caspase-3 [68]. Although the C-
terminal domain of GSDMC has also been shown to induce
pyroptosis [79], the specific mechanism of its function remains
unclear, and how it is cleaved and activated needs to be further
investigated.

REGULATION OF THE NLRP3 INFLAMMASOME BY APOPTOTIC
EFFECTORS
Apoptosis is a highly regulated form of PCD in which unwanted
cells are discarded to avoid damaging neighboring cells and to
maintain homeostasis during development and aging [89].
Although the principles and certain characteristics of apoptosis
were proposed many years prior [90], in 1972, the term apoptosis
was coined by Kerr, Wyllie, and Currie to describe a process of PCD
with unique morphological features, including cell shrinkage,
nuclear fragmentation, chromosomal DNA fragmentation, and
plasma-membrane blebbing [91–94]. Apoptosis can be initiated
through either the intrinsic or extrinsic pathway. The intrinsic
apoptosis pathway is triggered by various nonreceptor-mediated
stimuli, such as cell stress, radiation, DNA damage, growth factor
withdrawal, mitotic defects, and hypoxia [95–97]. In response to
these apoptotic stimuli, the proapoptotic proteins BAX and BAK
form pores in the mitochondrial membrane, disrupting mitochon-
drial membrane potential and inducing the release of the
proapoptotic proteins cytochrome C and apoptosis-inducing
factor (AIF) into the cytosol [97–100]. Cytochrome C binds with
apoptotic peptidase-activating factor 1 and pro-caspase-9 to form
a complex known as the apoptosome, which is critical for pro-
caspase-9 cleavage and activation. Activated caspase-9 can
catalyze the proteolytic activation of the executioners caspase-3
and -7, which cleave various substrates, including cytoskeletal
proteins and cytokeratins, to ultimately initiate apoptosis
[101–104]. AIF is translocated to the nucleus to induce chromatin
condensation and large-scale fragmentation of DNA (~50–300 kb)
[105, 106]. The extrinsic apoptosis pathway is triggered by various
transmembrane receptors, including tumor necrosis factor

receptor superfamily member 1A, Fas cell surface death receptor
(FAS), death receptor 4 (DR4), and DR5 [107–109]. Upon ligand
stimulation, these receptors recruit corresponding adapter pro-
teins to assemble a dynamic multiprotein complex known as the
death-inducing signaling complex (DISC) [110]. The adapter of the
Fas receptor, DR4, and DR5 is Fas-associated death domain protein
(FADD), and the adapter of the TNF receptor is TNF receptor-
associated death domain (TRADD), which also recruits FADD and
RIPK1 in the absence of cIAP1/2. FADD then recruits pro-caspase-8
via the death effector domain and induces pro-caspase-8
activation by autoproteolytic cleavage [111–113]. Activated
caspase-8 can directly cleave and activate effector caspases, such
as caspase-3 and -7, to initiate apoptosis. In addition, caspase-8
can cleave BID to induce the release of cytochrome C and the
subsequent activation of caspase-9, ultimately resulting in
apoptosis through the activation of effector caspases [114, 115].
Although apoptosis is considered a vital biological phenomenon
to maintain homeostasis and development, inappropriate apop-
tosis has been implicated in multiple diseases, including atrophy,
cancer, and neurodegenerative diseases [116–118]. To date,
various apoptosis effectors have been reported to be involved
in NLRP3 inflammasome activation and IL-1β release (Fig. 2).
BAX and BAK are two important apoptosis effectors that initiate

the intrinsic apoptosis pathway by inducing mitochondrial outer
membrane permeabilization (MOMP) and the release of proapop-
totic factors in response to a diverse range of cellular stressors,
such as hypoxia, DNA damage, infection, growth factor with-
drawal, radiation, and chemotherapy [119]. It has been shown that
BAX and BAK activate caspase-3 and -7 and subsequently induce
NLRP3 inflammasome activation and IL-1β secretion by inducing
potassium efflux [120]. In addition, recent research by Li et al.
showed that severe fever with thrombocytopenia syndrome virus
infection induced BAK- and BAX-dependent cytosolic release of
oxidized mtDNA, which bound to and activated the NLRP3
inflammasome [121]. However, it should be noted that vioprolides,
cyclic peptides isolated from myxobacteria, induce IL-1β release in
both inflammasome-dependent and inflammasome-independent
ways [122]. Mechanistically, vioprolides trigger BAX- and BAK-
dependent MOMP by inhibiting Mcl-1 and B-cell lymphoma-2 (Bcl-
2), which enables the activation of caspase-8, the main protease
that catalyzes IL-1β maturation in the intrinsic apoptosis pathway
[122]. Taken together, these studies indicate that Bax and Bak
promote NLRP3 inflammasome activation by regulating mito-
chondrial homeostasis, but the detailed mechanism remains to be
further explored.
Cellular FADD-like IL-1β-converting enzyme-inhibitory protein

(c-FLIP) is a major antiapoptotic regulator that suppresses the
activation of caspase-8 and -10, thereby preventing the initiation
of downstream apoptotic cascades [123]. Wu et al. reported that c-
FLIP promoted NLRP3 inflammasome activation by binding to
NLRP3 and pro-caspase-1, which is required for NLRP3 mitochon-
drial localization and inflammasome assembly. This finding
suggests that C-FLIP plays a caspase-8-independent role in
regulating NLRP3 inflammasome activation [124]. In addition to
c-FLIP, cellular inhibitor of apoptosis protein 1 (cIAP1) and cIAP2
have also been shown to facilitate NLRP3 inflammasome
activation [125, 126]. Labbé et al. found that cIAPs were critical
effectors of caspase-1 activation, and deficiency in cIAP1 (encoded
by Birc2) or cIAP2 (encoded by Birc3) impaired NLRP3 inflamma-
some activation. Mechanistically, cIAP1 and cIAP2 physically
interact with caspase-1 and mediate its activation and nonde-
gradative K63-linked polyubiquitination [125]. In parallel, Suzuki
et al. also showed that cIAP1 and cIAP2 acted as positive
regulators of NLRP3 inflammasome activation during Shigella
infection [126]. Thus, these results suggest that c-FLIP and cIAPs
bind to and activate the NLRP3 inflammasome. However, it is not
clear whether these regulators mediate apoptosis or NLRP3
inflammasome activation.
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Fas-associated protein with death domain (FADD) is an adaptor
protein that recruits pro-caspase-8 and -10 to form the DISC and
induce apoptosis. Recent studies have shown that FADD promotes
inflammasome activation by regulating the expression of NLRP3
during the priming step [127–129]. In addition, both apoptotic
initiator caspases (such as caspase-9) and executioner caspases
(such as caspase-3, -6, and -7) are important for NLRP3
inflammasome activation [120]. Caspase-3, -7, and -9 act upstream
of both NLRP3 inflammasome activation and IL-1β secretion by
inducing cell death and potassium efflux [120, 130]. Zheng et al.
discovered that caspase-6 was required for ZBP1-mediated NLRP3
inflammasome activation by binding to receptor-interacting
serine/threonine-protein kinase 3 (RIPK3) and enhanced the
interaction between RIPK3 and ZBP1 during influenza A virus
(IAV) infection [130]. In addition, this study showed that caspase-6
was a key regulator of ZBP1-mediated pyroptosis, apoptosis, and
necroptosis (PANoptosis). However, it is unclear how caspase-6
coordinates these events, and the detailed mechanism needs to
be further investigated.
In contrast to the promoting effect of these apoptosis effectors,

several effectors have been shown to inhibit NLRP3 inflamma-
some activation, including cytochrome c, Bcl-2, and X-linked
inhibitor of apoptosis protein (XIAP) [42, 131–136]. The release of

cytochrome c from the inner mitochondrial membrane is critical
for apoptosis. Shi et al. found that cytochrome c impaired
inflammasome activation by binding to the LRR domain of NLRP3
and reducing the interactions between NLRP3 and NEK7 [134]. Bcl-
2 is an antiapoptotic protein located in the outer mitochondrial
membrane. Together with several other groups, we found that
Bcl-2 inhibited classical agonist- and Zika virus infection-mediated
NLRP3 inflammasome activation by regulating mitochondrial
homeostasis and VDAC activity but had no effect on salmonella-
mediated IPAF inflammasome activation [42, 135, 136]. XIAP is a
key inhibitor of apoptosis that blocks cell death by binding to and
inhibiting specific caspases, such as caspase-3, -7, or -9. A recent
study showed that XIAP restricted TLR- and TNF-driven inflamma-
some activation and IL-1β secretion by regulating RIP1 ubiquitina-
tion and required RIP3 in DCs [131]. In addition, treatment of
macrophages with an antagonist of the XIAP Smac mimetic
triggered inflammasome activation, which depended on the
kinase RIP3 and ROS production [132]. Moreover, XIAP regulated
retinal pigment epithelial cell death by inhibiting NLRP3
inflammasome activation and thus contributed to age-related
macular degeneration [133]. However, the exact mechanism by
which XIAP inhibits the activation of the NLRP3 inflammasome
remains unclear.

Fig. 2 The regulation of NLRP3 inflammasome activation by apoptotic effectors. (Left) Several intrinsic apoptotic effectors regulate NLRP3
inflammasome activation through different signaling pathways. BAX and BAK, two important intrinsic apoptotic effectors, induce NLRP3
inflammasome activation by promoting oxidized mitochondrial DNA (mtDNA) release and caspase-3/7-dependent K+ efflux in the context of
severe fever with thrombocytopenia syndrome (SFTS) virus (SFTSV) infection, DNA damage, chemotherapy, or cellular stress. Cytochrome c,
which is released from the inner mitochondrial membrane, impairs inflammasome activation by binding to the LRR domain of NLRP3 and
reduces the interactions between NLRP3 and NEK7. Bcl-2, an antiapoptotic protein located in the outer mitochondrial membrane, restrains
NLRP3 inflammasome activation by inhibiting Bax- and BAK-mediated mitochondrial homeostasis and VDAC activity upon Zika Virus infection
or classical agonist stimulation. (Right) The extrinsic apoptosis pathway is triggered by various transmembrane receptors, many of which have
been reported to regulate NLRP3 inflammasome activation. Cellular FADD-like IL-1β-converting enzyme (FLICE)-inhibitory protein (c-FLIP) is an
antiapoptotic regulator that promotes NLRP3 inflammasome activation by binding to NLRP3 and pro-caspase-1 in a caspase-8-independent
manner. FADD promotes inflammasome activation by inducing the transcription of NLRP3 and pro-IL-1β, as well as caspase-8. Caspase-8, an
important effector of apoptosis, regulates NLRP3 inflammasome activation through multiple pathways, directly cleaves IL-1β as well as the
channel-forming glycoprotein pannexin-1 to induce K+ efflux, and mediates the transcription of NLRP3 and pro-IL-1β during priming. Other
caspases, such as caspase-3, -6, -7, and -9 promote NLRP3 inflammasome activation by inducing cell death and K+ efflux
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Notably, caspase-8, another apoptosis effector, was shown to
have the dual functions of both promoting and inhibiting NLRP3
inflammasome activation [127, 137–142]. It has been reported that
caspase-8 contributes to NLRP3 inflammasome activation and IL-
1β release through the cleavage of GSDMD upon TAK1 or IkappaB
kinase blockade by the Yersinia effector protein YopJ [137]. In
parallel, caspase-8 was shown to cleave the channel-forming
glycoprotein pannexin-1 to induce potassium efflux and subse-
quent NLRP3 inflammasome activation [138]. Moreover, caspase-8
provides a posttranslational priming signal to the NLRP3
inflammasome through its scaffolding function but not its catalytic
function during Toll-like receptor 3 (TLR3) binding to dsRNA [139].
Consistent with this finding, Gurung et al. discovered that caspase-
8 and FADD mediated transcriptional priming and posttransla-
tional activation of the canonical and noncanonical NLRP3
inflammasome [127]. In addition to indirectly promoting inflam-
masome activation by inducing cell death, caspase-8 also plays a
direct role in the cleavage of IL-1β. Maelfait et al. reported that
caspase-8 blockade by RNAi or inhibitors impaired IL-1β proces-
sing in poly(I:C)- and LPS-induced macrophages [140]. Mechan-
istically, caspase-8 directly cleaved pro-IL-1β at the same site as
caspase-1 [140]. Moreover, caspase-8 acted as a direct IL-1β-
converting enzyme during NLRP3 inflammasome activation in the
absence of caspase-1 upon sustained macrophage stimulation
with nigericin [142]. In contrast, caspase-8 also has an inhibitory
effect on NLRP3 inflammasome activation. Defects in caspase-8 in
DCs facilitated LPS-induced NLRP3 inflammasome activation,
which depended on the functions of RIPK1, RIPK3, MLKL, and
phosphoglycerate mutase family member 5 (PGAM5) but did not
cause cell death [141]. Collectively, these studies indicate that
caspase-8 plays an opposing role in NLRP3 inflammasome
activation, but our knowledge of the causes of these contra-
dictions remains limited.

NECROPTOSIS EFFECTORS IN NLRP3 INFLAMMASOME
ACTIVATION
Necroptosis is a programmed form of inflammatory cell death
with unique characteristics, including cell swelling and plasma-
membrane rupture [143]. The necroptosis pathway is triggered by
various specific death receptors, including the TNF receptor, FAS,
TLR3, TLR4, and Z-DNA-binding protein 1 (ZBP1), to protect
against pathogen infection and cellular damage [144–146]. The
activation of mixed lineage kinase domain like pseudokinase
(MLKL) and RIPK3 is well known to be a key step in the necroptosis
pathway [147]. Upon stimulation by TNF signals, the TNF receptor
recruits the adapters TRADD and RIPK1, as well as cIAPs and
TRAF2/5. In the absence of caspase-8 and cIAPs, RIPK3 is
phosphorylated and activated by RIPK1 via RIP homotypic
interaction motif (RHIM)–RHIM interactions to form an amyloid-
like filamentous signaling complex known as the necrosome
complex [148]. In addition to RIPK1, RIPK3 can also be activated by
RHIM-dependent interactions with other RHIM-containing pro-
teins, such as TIR-domain-containing adapter-inducing interferon-
β (TRIF), which is an adapter that is downstream of TLR3 (activated
by double-stranded RNA (dsRNA) in endosomes), TLR4 (activated
by lipopolysaccharide (LPS) or various PAMPs in the plasma
membrane), and ZBP1, which acts as a sensor of Z nucleic acids
[145, 146]. Activated RIPK3 phosphorylates the pseudokinase
MLKL and facilitates its oligomerization and translocation to the
plasma membrane, where it binds to phosphatidylinositol
phosphate and cardiolipin, disrupting the integrity of the
membrane and inducing necroptosis [149]. Previous studies have
shown that, in addition to MLKL, PGAM5 is another downstream
molecule of RIPK3 that induces the dephosphorylation of
dynamin-related protein 1 (DRP1) and drives mitochondrial
damage in necroptosis [150]. However, several subsequent studies
have shown that the PGAM5-DRP1 axis is dispensable for

necroptosis but promotes inflammation [151–154]. Therefore,
the intricate role of PGAM5-DRP1 in necroptosis remains to be
further investigated. Although necroptosis plays a key role in host
defense against pathogen invasion and the maintenance of tissue
homeostasis, dysregulation of necroptosis has been shown to be
associated with a variety of diseases, including pulmonary
diseases, neurodegenerative diseases, cardiovascular disease,
and cancer [155, 156]. Currently, several necroptosis effectors
have been reported to engage in crosstalk with the NLRP3
inflammasome to induce its activation, in addition to their roles in
cell death. Here, we summarize the latest studies on the regulation
of NLRP3 inflammasome activation by cell death effectors [157]
(Fig. 3).
RIPK3 is an essential effector of necroptosis, a lytic form of cell

death that causes inflammation by releasing intracellular mole-
cules [158]. RIPK3 induces NLRP3 inflammasome activation by
activating caspase-8 and subsequently apoptosis in response to
LPS in the absence of IAPs, and this process is independent of
RIPK3 kinase and MLKL activity [159]. However, RIPK3 kinase and
MLKL activity were shown to be essential for TLR-induced NLRP3
activation once both IAPs and caspase-8 were rendered defective
[159]. Consistent with this finding, a recent study showed that
RIPK3 formed a complex with MLKL to induce mitochondrial ROS
(mROS) production and then triggered NLRP3 inflammasome
activation via the mROS–AKT pathway to protect against
S. pneumonia infection [160]. Moreover, RIPK3 has been shown
to promote renal fibrosis by activating the NLRP3 inflammasome
in a mouse model of folic acid‐induced nephropathy. Furthermore,
dabrafenib, an inhibitor of RIPK3, effectively blocked the activation
of the NLRP3 inflammasome to treat tubulointerstitial fibrosis
[161]. In contrast, Moriwaki et al. found that RIPK3 had no effect on
vesicular stomatitis virus-induced NLRP3 inflammasome activation
or IL-1β secretion in bone-marrow-derived dendritic cells (BMDCs)
[152]. Overall, the role of RIPK3 in NLRP3 inflammasome activation
is complex, and the mechanism is also somewhat contradictory, as
RIPK3-induced NLRP3 inflammasome activation could be caused
by different stimuli in different cells.
MLKL has been identified as a key component downstream of

RIPK3 and has been suggested to be a terminal executor of
necroptosis and mediator of the inflammatory response [149, 162].
To date, several studies have shown that MLKL facilitates NLRP3
inflammasome activation [129, 139, 163, 164]. Previous studies
showed that MLKL induces NLRP3 inflammasome activation in a
cell-intrinsic manner, which requires the death effector four-helical
bundle and self-oligomerization, as well as translocation to cellular
membranes [163]. Mechanistically, activated MLKL induces
necroptosis and directly disrupts the plasma membrane via the
formation of pores that drive lytic cell death and mediate
potassium efflux. Moreover, activated MLKL mediates activation
of the NLRP3 inflammasome and IL-1β secretion independent of
the pyroptotic effector gasdermin D (GSDMD) [135]. Consistent
with this finding, Gutierrez et al. demonstrated that MLKL was an
endogenous activator of the NLRP3 inflammasome, and MLKL
activation of MLKL by a small-molecule ligand was sufficient to
induce the release of mature IL-1β in a GSDMD-independent
manner [164]. Moreover, MLKL, which is downstream of TLR3, has
also been shown to regulate NLRP3 inflammasome activation by
inducing potassium efflux in response to dsDNA in the context of
caspase-1 deficiency or blockade [139]. In addition to regulating
potassium efflux, MLKL also promotes inflammasome activation
by inducing ASC speck formation and NF-κB-dependent NLRP3
transcription [129]. However, the detailed mechanisms by which
MLKL regulates ASC speck formation and NLRP3 transcription
need to be further investigated.
In addition to MLKL, the mitochondrial phosphatase PGAM5 has

also been reported to act as a functional necroptosis executor
downstream of RIPK3 [152]. Although the functions of PGAM5 and
its substrate DRP1 in necroptosis have been challenged, various
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studies have reported that these factor play important roles in
NLRP3 inflammasome activation [141, 152, 154, 165–170]. Previous
research by our group and others showed that RNA viruses
induced the assembly of the RIP1/RIP3 complex, which
subsequently promoted NLRP3 inflammasome activation in a
DRP1-dependent but an MLKL-independent manner [154].
Mechanistically, the RIP1/RIP3 complex induces DRP1 activation
and promotes its translocation to mitochondria to drive mito-
chondrial damage [154, 167]. Consistent with our findings, Zhou
et al. discovered that DRP1, which is downstream of the RIP1/RIP3
complex, promoted NLRP3 inflammasome activation by causing
mitochondrial dysfunction and mtROS release during subarach-
noid hemorrhage-induced brain injury [165]. More recently,
three inhibitors of DRP1 were shown to block NLRP3 inflamma-
some activation and thus alleviate inflammasome-associated
disease [168–170]. In parallel, it has been shown that PGAM5
functions independently of RIPK3-mediated necroptosis to induce
ROS production and promote ASC polymerization and inflamma-
some activation in the context of infection with vesicular
stomatosis virus [152]. Moreover, PGAM5 also facilitated LPS-
induced assembly and activation of the NLRP3 inflammasome in
caspase-8-deficient BMDCs in a cell death-independent manner
[141]. However, it is unclear how PGAM5 induces NLRP3
inflammasome activation. One possible mechanism is that PGAM5
regulates mitochondrial homeostasis.
As a newly identified necroptosis effector, ZBP1, also known as

DNA-dependent activator of IFN-regulatory factors, has been
reported in two separate studies to be involved in the regulation
of NLRP3 inflammasome activation [28, 171–174]. Kuriakose et al.
found that ZBP1 was a sensor of influenza virus (IAV) nucleopro-
tein and polymerase subunit PB1 and triggered NLRP3

inflammasome activation and proinflammatory cytokine produc-
tion via the RIPK1–RIPK3–Caspase-8 axis [28]. In addition, ZBP1
was found to be essential for the release of IL-1β after infection
with IAV [173]. It has been shown that in C. albicans and
A. fumigatus infection, ZBP1 and its Zα2 domain were required for
inflammasome activation during fungal infection, similar to
infection with IAV [174]. Taken together, these findings indicate
that ZBP1 is a critical regulator of NLRP3 inflammasome activation
in host defense against IAV and certain kinds of fungal infections.
However, our previous study revealed that ZBP1 was indispen-
sable for defense against other RNA viruses, such as VSV-induced
NLRP3 inflammasome activation [154]. Thus, the detailed mechan-
ism that explains this discrepancy needs to be further explored.

FERROPTOSIS EFFECTORS IN NLRP3 INFLAMMASOME
ACTIVATION
Ferroptosis, a novel type of PCD, was first coined by Brent R.
Stockwell and Scott J. Dixon in 2012, when they discovered a
unique iron-dependent form of nonapoptotic cell death triggered
by the oncogenic RAS-selective lethal small-molecule erastin [175].
Ferroptosis differs from apoptosis and necroptosis morphologi-
cally and biochemically, depending on intracellular iron and
exhibiting unique characteristics, including lipid peroxide accu-
mulation, mitochondrial cristae loss, and mitochondrial membrane
rupture and condensation [176]. Ferroptosis is triggered by high
levels of iron- and ROS-dependent lipid peroxidation accumula-
tion [176]. Specifically, cystine is transported intracellularly from
the extracellular space by the xc

− cystine-glutamate antiporter
and is subsequently transformed into cysteine by thioredoxin
reductase 1 (TXNRD1), which contributes to the biosynthesis of

Fig. 3 Necroptosis effectors contribute to NLRP3 inflammasome activation. Several necroptosis regulators have been reported to crosstalk
with NLRP3 inflammasome activation, in addition to their roles in cell death. Mixed lineage kinase domain like pseudokinase (MLKL), a key
executor of necroptosis, facilitates NLRP3 inflammasome activation by inducing K+ efflux. Although the functions of phosphoglycerate
mutase family member 5 (PGAM5) and its substrate dynamin-related protein 1 (DRP1) in necroptosis have been challenged, their roles in
NLRP3 inflammasome activation are widely accepted. In response to VSV infection, PGAM5 dephosphorylates DRP1 and drives mitochondrial
fission, which then facilitates NLRP3 inflammasome activation by inducing ROS production in a cell death-independent manner. Z-DNA-
binding protein 1 (ZBP1), a novel effector of necroptosis, triggers NLRP3 inflammasome activation and IL-1β release via the
RIPK1–RIPK3–Caspase-8 axis during influenza virus (IAV) infection
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glutathione (GSH). GSH is an important cofactor of glutathione
peroxidase 4 (GPX4) and promotes the GPX4-mediated reduction
of phospholipid hydroperoxides into alcohols, ultimately reducing
ROS accumulation and iron-dependent cell death. Ferroptosis is
initiated when cysteine uptake is inhibited or GPX4-dependent
antioxidants are blocked [175, 177]. Although the inhibitory effect
of the system xc

−–GSH–GPX4 pathway on ferroptosis has been
widely accepted, recent studies have identified several other
GPX4-independent protective pathways [178–181]. Two indepen-
dent studies found that the CoQ oxidoreductase ferroptosis
suppressor protein 1 (FSP1) acted in parallel with GPX4 to inhibit
ferroptosis. FSP1 mediated the reduction of ubiquinone to
ubiquinol, as well as the conversion of the oxidized α-tocopheryl
radical (vitamin E) to oxidized α-tocopheryl as a nonradical form,
both of which function as antioxidants to inhibit lipid peroxidation
[178, 179]. In addition, squalene and di-/tetrahydrobiopterin (BH2/
BH4) also act as antioxidants to inhibit lipid peroxidation
[180, 181]. Ferroptosis, as an important mode of cell death, occurs
in not only mammals but also in plants, protozoa, and fungi [177].
More recently, it has been shown that ferroptosis has a
physiological role in tumor suppression and immune surveillance
and is thus a promising target for anticancer therapy, but further
studies are required to investigate its exact mechanism [182].
GPX4 is an important negative effector of ferroptosis and has

recently been shown to inhibit caspase-11-dependent pyroptosis
and IL-1β release [183]. The loss of GPX4 in BMDMs failed to affect
the priming signal for inflammasome activation but increased
caspase-11 activation and IL-1β maturation following Escherichia
coli infection or LPS electroporation. Moreover, conditional
knockout of Gpx4 in myeloid lineage cells facilitated susceptibility
to polymicrobial infection in a GSDMD- and caspase-11-
dependent manner [183]. Following this finding, another recent
study reported that a small molecule called compound C (6-[4-(2-
piperidin-1-yl-etoxy)-phenyl]-3-pyridin-4-yl-pyrazolo[1,5-a] pyrimi-
dine) protected mice against HFD-induced obesity and hepatic
steatosis by suppressing NLRP3 inflammasome activation. In
addition, compound C promoted GPX4 expression at the mRNA
level. These results suggest that GPX4 may have an inhibitory
effect on NLRP3 inflammasome activation [184]. Overall, these
studies indicate that GPX4 inhibits NLRP3 inflammasome activa-
tion and is as an important target in inflammasome-related
diseases. However, the exact mechanism by which GPX4 inhibits
NLRP3 inflammasome activation needs to be further explored.
Ubiquinone is a major substrate of FSP1, and its mitochondria-

targeted derivative MitoQ has been shown to ameliorate
experimental murine colitis by suppressing NLRP3 inflammasome
activation [185]. In addition to ubiquinone, GSH was shown to
strongly inhibit NLRP3 inflammasome activation in vitro and
in vivo by modulating redox homeostasis [186]. However, Alberts
et al. showed that TXNRD1 had no effect on NLRP3 inflammasome
activation and that IL-1β secretion proceeded independent of
oxidative stress in monocytes isolated from gout patients [187]. In
conclusion, these findings indicate that redox homeostasis has
opposite effects on NLRP3 inflammasome activation under
different conditions, and the reason for these discrepancies may
be due to differences in cell types.
In contrast to the inhibitory effect of the aforementioned

regulators, several other ferroptosis regulators have been reported
to promote NLRP3 inflammasome activation [188–190]. Desbien
et al. found that squalene was an adjuvant to the TLR4 agonist
GLA and potentiated GLA activity via caspase-1/11 and inflamma-
somes [188]. Coincidentally, inflammasome activation and the
subsequent release of IL-1β have been found to be central
effectors of squalene activity. Moreover, defects in ASC, NLRP3, or
IL-1R activity completely ablated the effect of squalene [189],
suggesting that squalene is a positive regulator of NLRP3
inflammasome activation. In addition, nuclear factor E2-related
factor 2 (NRF2) is a recently identified inhibitor of ferroptosis that

induces the expression of its target gene FSP1 [177]. Recent
research has shown that NLRP3 activators fail to induce IL-1β
secretion by inhibiting ASC speck formation in Nrf2-deficient
BMDMs and human monocytes/macrophages [190]. In another
proposed mechanism, NRF2 mediates the secretion of NLRP3 and
IL-β by controlling phagocytosis [190]. However, it remains unclear
how NRF2 regulates ASC speck formation and phagocytosis.

TARGETING CELL DEATH EFFECTORS TO TREAT NLRP3
INFLAMMASOME-ASSOCIATED DISEASES
The NLRP3 inflammasome is an important part of the body’s
innate immunity and plays a critical role in defending against
pathogen invasion and maintaining homeostasis. However,
aberrant and uncontrolled activation of the NLRP3 inflammasome
contributes to the pathogenesis of various inflammatory diseases,
such as gouty, type 2 diabetes, atherosclerosis, tumors, and
Alzheimer’s disease. Since various cell death effectors have been
reported to regulate the activation of the NLRP3 inflammasome,
their targeted inhibitors can be used to treat NLRP3-associated
diseases (Table 2).

Necrosulfonamide (NSA)
NSA is a specific inhibitor of MLKL that binds to the active domain
of MLKL to inhibit its activation, thereby preventing plasma-
membrane rupture and necroptosis. Previous studies showed that
NSA had a strong protective effect against pulmonary ischemia-
reperfusion injury, Alzheimer’s disease, and psoriatic and neuro-
logical impairments by inhibiting necroptosis. In addition, the role
of NSA in NLRP3 inflammasome activation has also been reported.
Kitur et al. showed that NSA could inhibit IL-1β release by blocking
MLKL‐mediated necroptosis. Moreover, NSA efficiently amelio-
rated NLRP3 inflammasome-dependent inflammatory pneumonia
and pulmonary damage during Staphylococcus aureus (SA)
infection [191]. Interestingly, another study discovered that NSA
also acted as a targeted inhibitor of gasdermin D by covalently
binding to a unique residue of human GSDMD, Cys191 (Cys192 in
mice), and could therefore inhibit NLRP3 inflammasome-mediated
pyroptosis and IL-1β release in primary cells [192]. More
importantly, NSA treatment in vivo improved the survival of
sepsis model mice [192]. However, a recent study by Rashidi et al.
showed that the loss of GSDMD or MLKL neither inhibited MSU
crystal-mediated release of bioactive IL-1β nor prevented MSU
crystal-mediated peritonitis, whereas the inhibitor NSA blocked IL-
1 production and cell death [193]. These results indicate that NSA
inhibits NLRP3 inflammasome activation and related diseases in a
GSDMD- and MLKL-independent manner, but the specific
mechanism remains to be further explored.

Disulfiram (DSF)
DSF is an established drug that was approved by the Food and
Drug Administration for the treatment of alcoholism in 1951. Since
it has been widely used in the clinic for 70 years with no apparent
side effects, DSF has been proven relatively safe for use by most
patients [194]. The pharmacological mechanism of DSF in the
treatment of alcoholism involves inhibiting the conversion of
aldehyde dehydrogenase to acetate, which promotes alcohol
consumption [195]. Increasing evidence indicates that DSF has
great potential for the treatment of a variety of diseases in
addition to alcoholism, especially NLRP3 inflammasome-related
diseases [194–197]. Deng et al. showed that DSF could effectively
inhibit NLRP3 inflammasome activation and IL-1β release [197].
More importantly, treatment with DSF showed notable therapeu-
tic effects on LPS-induced septicopyemia and MSU-induced
peritonitis. Mechanistically, DSF prevents lysosomal rupture and
the subsequent release of cathepsin B into the cytoplasm [197]. In
addition, DSF also inhibits ROS production, and ROS and cathepsin
B are essential upstream signals of NLRP3 inflammasome
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activation [197]. However, the specific target of DSF was unknown
until a recent study showed that it covalently modified GSDMD at
the same site as NSA to block membrane pore formation [196].
Consistent with previous studies, DSF improved the survival of
model mice with LPS-induced sepsis in an NLRP3 inflammasome-
GSDMD-dependent manner [196]. In general, DSF can effectively
inhibit NLRP3 inflammasome-associated diseases, although the
exact mechanism remains to be further explored.

Other small-molecule compounds
In addition to the aforementioned inhibitors, some other
antagonists of cell death regulators have also been shown to
control the occurrence of disease by regulating NLRP3 inflamma-
some activation. It has been reported that the caspase-8 inhibitor
Z-IETD-FMK blocks NLRP3 inflammasome activation in caspase-1/
11-deficient BMDCs and suppresses cryptococcosis induced by
Ab-opsonized Cryptococcus neoformans [198]. Compound C-
induced GPX4 expression significantly alleviated HFD-induced
obesity and nonalcoholic fatty liver disease by inhibiting NLRP3
inflammasome activation [184]. As a selective inhibitor of RIPK3,
GSK872 has also been observed to significantly ameliorate LPS-
induced acute lung injury by inhibiting the interaction between
NLRP3 and RIP3 and inflammasome activation [199]. In addition,
although originally identified as a B-raf inhibitor, dabrafenib was
recently shown to be a potent RIPK3 inhibitor [200]. Shi et al.
reported that dabrafenib treatment attenuated tubulointerstitial
fibrosis and increased the survival rate by suppressing NLRP3
inflammasome activation in a mouse model of diabetic nephro-
pathy [201]. In summary, these results suggest that Z-IETD-FMK,
compound C, GSK872, and dabrafenib are potential therapeutic
drugs for NLRP3-associated inflammatory diseases. However, the
therapeutic effects of small-molecule compounds that target
other cell death regulators on NLRP3 inflammasome-associated
diseases are unclear and need to be further investigated.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES
The NLRP3 inflammasome is a cytosolic multiprotein complex
consisting of NLRP3, ASC, and pro-caspase-1. Although the NLRP3
inflammasome plays a critical role in the host immune response,
abnormal inflammasome activation has been implicated in the
pathogenesis of various inflammatory diseases, such as diabetes,
cancers, and Alzheimer’s disease. In the past decade, under-
standing of the mechanisms of NLRP3 inflammasome activation
and regulation has advanced rapidly. Recent studies have begun
to reveal the inextricable link between NLRP3 inflammasome
activation and cell death, including pyroptosis, apoptosis,
necroptosis, and ferroptosis. A large number of cell death
effectors, such as c-FLIP, caspase-8, MLKL, and GPX4, have been
shown to directly or indirectly regulate NLRP3 inflammasome
activation and IL-1β release in response to a wide variety of PAMPs
and DAMPs. Moreover, various agonists and inhibitors of cell
death effectors have also been shown to be effective in treating
NLRP3 inflammasome-associated diseases. However, these mod-
ulatory molecules have multiple functions in regulating the NLRP3
inflammasome in different cell types and tissues, creating major
challenges for the clinical application of small molecules that
target cell death effectors, and these problems will not be solved
until the exact mechanisms by which these compounds regulate
NLRP3 inflammasome activation are elucidated. Moreover, why
these effectors have roles in NLRP3 inflammasome activation in
addition to their roles in cell death, how numerous cell death
pathways coordinate NLRP3 inflammasome activation, and the
role of the NLRP3 inflammasome in regulating cell death including
pyroptosis, apoptosis, necroptosis, and ferroptosis need to be
further examined. Overall, understanding the inextricable link
between NLRP3 inflammasome activation and cell death will not
only advance our knowledge of the inflammatory response butTa
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will also provide new therapeutic targets and strategies for NLRP3
inflammasome-related diseases.
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