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Pyroptosis is a controlled form of inflammatory cell death characterized by inflammasome activation, pore formation, and cell lysis.
According to different caspases, pyroptosis can be divided into canonical, non-canonical, and other pathways. The role of pyroptosis in
disease development has been paid more attention in recent years. The trigger factors of pyroptosis are often related to oxidative
stress and proinflammatory substances, which coincide with the pathological mechanism of some diseases. Pyroptosis directly leads
to cell lysis and death, and the release of cytosolic components and proinflammatory cytokines affects cell activity and amplifies the
inflammatory response. All the above are involved in a series of basic pathological processes, such as matrix degradation, fibrosis, and
angiogenesis. Since these pathological changes are also common in musculoskeletal diseases (MSDs), emerging studies have focused
on the correlations between pyroptosis and MSDs in recent years. In this review, we first summarized the molecular mechanism of
pyroptosis and extensively discussed the differences and crosstalk between pyroptosis, apoptosis, and necrosis. Next, we elaborated
on the role of pyroptosis in some MSDs, including osteoarthritis, rheumatoid arthritis, osteoporosis, gout arthritis, ankylosing
spondylitis, intervertebral disc degeneration, and several muscle disorders. The regulation of pyroptosis could offer potential
therapeutic targets in MSDs treatment. Herein, the existing drugs and therapeutic strategies that directly or indirectly target pyroptosis
pathway components have been discussed in order to shed light on the novel treatment for MSDs.
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FACTS

● Pyroptosis is a controlled form of inflammatory cell death.
● The biological characteristics of pyroptosis consist of inflam-

masome activation, pore formation, and cell lysis.
● The mechanism of pyroptosis can be further classified into

canonical, non-canonical, and other pathways based on the
presence and subtype of caspases.

OPEN QUESTIONS

● What are the characteristics of different types of cell death?
● What is the interplay between pyroptosis and other forms of

cell death?
● What are the underlying mechanisms that pyroptosis is

involved in the progression of musculoskeletal diseases?
● Are there any inducers or inhibitors that can target pyroptosis

for the treatment of musculoskeletal diseases?

INTRODUCTION
Pyroptosis refers to a programmed cell death featured by
caspase-dependent membrane pore formation. Different from

non-inflammatory apoptosis, pyroptosis is a form of inflamma-
tory cell death that goes together with the disruption of
membrane integrity and proinflammatory intracellular contents
release. While this effect is based on regulated membrane pore
formation rather than passive membrane rupture, which is the
feature of necrosis [1]. Despite the differences in mechanisms,
pyroptosis has a complex interaction with other forms of cell
death [2]. Since the cause of pyroptosis is often associated with
oxidative stress and inflammasome formation, it has been widely
discussed in various diseases, such as cancers and neurological
diseases, and the associated effects involve cell death and the
elicitation of the immune response [3].
Musculoskeletal diseases (MSDs) are a group of locomotor

system disorders that affect bones, muscles, joints, and ligaments
[4]. MSDs remain a public health burden worldwide, and the risk
increases with age [5]. Many inflammatory mediators participate in
the occurrence and development of MSDs, including the
nucleotide-binding oligomerization domain, leucine-rich repeat
(LRR), and pyrin domain-containing 3 (NLRP3), IL-1β, and IL-18,
some of which are components of pyroptosis inflammasome or
act as upstream or downstream regulators [1]. The effect of
pyroptosis on MSDs is mainly mediated by the NLRP3 inflamma-
some. On the one hand, it accelerates the release of pro-
inflammatory cytokines, expands local inflammatory responses,
and causes inflammatory damage. On the other hand, through the
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formation of caspase-1 and Gasdermin(GSDM)D-N, membrane
pores can be formed, resulting in cell swelling and dissolution,
thus playing a cytotoxic role.
Since several MSDs have been attracting more attention in

recent years, we mainly focus on these diseases, including
osteoarthritis (OA), rheumatoid arthritis (RA), osteoporosis (OP),
gout arthritis (GA), ankylosing spondylitis (AS), intervertebral disc
degeneration (IDD), and some muscle disorders. The role of
pyroptosis itself and pyroptosis-related proteins in the occurrence
and development of MSDs were extensively summarized. Several
drugs and treatment strategies have been discussed, although
most of them are currently in the experimental stage.

MECHANISMS OF PYROPTOSIS
Molecular mechanism of pyroptosis
The mechanism of pyroptosis consists of the canonical pathway,
non-canonical pathway, and other pathways, which are classified
as per the presence and subtype of caspases. Canonical pyroptosis
is mediated by caspase-1, which is not involved in apoptosis, and
the critical event is the activation of canonical inflammasomes.
Typically, inflammasomes are comprised of sensors, adapters, and
effectors, and they are named after the sensors, which recognize
signals directly or through changes in cellular homeostasis [6].
Inflammasomes such as NLRP1/3, NLR family CARD domain
containing 4 (NLRC4), and absent in melanoma 2 (AIM2)
participate in the canonical pathway [7, 8], among which NLRP3
inflammasome is mostly investigated. NLRP3 inflammasome
consists of apoptosis-associated speck-like protein containing a
caspase recruitment domain (ASC), NLRP3, and pro-caspase-1, and
is activated by two-step signals [9]. The first step is provided by
pattern recognition receptors (PRRs) like toll-like receptors (TLRs)
and nucleotide-binding oligomerization domain (NOD)-like recep-
tors (NLRs), which recognize the intracellular and extracellular
signals, mainly the damage-related molecular patterns (DAMPs)
and pathogen-associated molecular patterns (PAMPs), then
upregulates the nuclear factor-kB (NF-kB) signals to enhance
transcription of proinflammatory components including NLRP3,
pro-caspase-1, and cytokines like IL-6/-8/-12, pro-IL-1β/-18. The
second step signals include Ca2+, reactive oxygen species (ROS),
mitochondrial dysfunction, and lysosomal breakdown [6], which
promotes inflammasome assembly and activation. Pro-caspase-1
is transformed into caspase-1 in activated inflammasome, then
cleaves GSDMD into GSDMD-C and GSDMD-N. The N-terminal
generates membrane pores and leads to cytokine release, K+
efflux, cell swelling, and eventual lysis. Upregulated pro-IL-1β/-18
is conversed to IL-1β/-18 with the help of caspase-1, and thereby
released into the extracellular matrix (ECM) through the GSDMD
pore. These proinflammatory cytokines also lead to the upregula-
tion of both matrix metalloproteinases (MMPs) and a disintegrin
and metalloproteinase with thrombospondin motif (ADAMTS) and
finally contribute to ECM destruction [10].
Non-canonical pyroptosis is mediated by the activation of

caspase-4/-5 in humans and caspase-11 in mice [8, 11], and these
caspases constitute non-canonical inflammasomes alone. While
extracellular endotoxin is detected by TLR4 especially, intracellular
lipopolysaccharide (LPS) stimulates non-classical inflammasomes
directly. Guanylate binding proteins (GBPs), which is induced by
interferon (IFN-γ), serve as the responder of cytosolic LPS and
provide a platform for the recruitment and activation of caspase-4
[12]. Then GSDMD is cleaved and oligomerized on the membrane,
thus leading to a cytotoxic effect. Meanwhile, pro-pannexin-1 is
also cleaved to form pannexin-1 (Panx-1) pore, which promotes
the outflow of K+ and ATP as well as the inflow of Ca2+, and
further enhances the activation of purinergic P2X7 receptor
(P2X7R) and ion channel opening [13]. Yang et al. demonstrated
that Panx-1 and P2X7 are downstream of caspase-11, which is
required for cytosolic LPS-induced pyroptosis in mice [14], while

caspase-4/-5 plays a similar role in humans. It is known that K+
efflux amplifies the activation of NLRP3 inflammasome. Though
not cleaving pro-IL-1β/-18 directly, caspase-4/-5/-11 could amplify
the inflammatory response and promote caspase-1 function, and
the efflux of K+ further promotes NLRP3 activation [15]. To
conclude, canonical and non-canonical pathways participate in
pyroptosis pathways jointly and share some important regulators
[10] (Fig. 1).
Caspase-3/-8, the primary actor of apoptosis, has been

confirmed to participate in pyroptosis as well [16, 17]. While
GSDMD acts as the critical player in pyroptosis, GSDME, GSDMB,
GSDMA, and GSDMC participate in other pathways. Caspase-3
activators include certain chemotherapeutics, TNF-α and caspase-
8 [18]. When caspase-3 is activated, the expression level of GSDME
determines the mechanism of cell death, and a high level of
GSDME switches apoptosis to pyroptosis, which is mediated by
GSDME pore [19, 20]. During Yersinia infection, caspase-8 cleaves
GSDMD/GSDME and elicits pyroptosis in mice macrophages [17].
Under hypoxia, programmed death-ligand 1 (PD-L1) raises GSDMC
expression, and GSDMC is cleaved by caspase-8, thereby
transforming TNF-α-mediated apoptosis into pyroptosis in cancer
cells [21]. Similarly, metabolite α-ketoglutarate (α-KG) leads to ROS
elevation and death receptor 6 (DR6) oxidation, then the latter
recruits GSDMC and caspase-8, thus inducing cell pyroptosis [22]
(Fig. 2).
Previously, it was believed that the GSDM family was cleaved

only by caspases, while two studies in 2020 pointed out that
granzyme could also cleave the GSDM family, thus broadening the
pathway of pyroptosis. Granzyme B released by chimeric antigen
receptor (CAR) T cells directly cleaves GSDME and activates
caspase-3 to enhance GSDME pore formation indirectly [23].
Granzyme A, which is released by CD8+ T cells and natural killer
(NK) cells, acts in a similar way. The difference is that granzyme B
cleaves GSDME while granzyme A cleaves GSDMB, and there is no
crosstalk among them [24]. The cleavage of GSDMA is executed by
the streptococcal pyrogenic exotoxin B (SpeB) protease of group A
streptococcus specifically, and triggers pyroptosis in keratinocytes
[25] (Fig. 2). These findings have expanded our understanding of
pyroptosis mechanisms.

Difference and Crosstalk between Pyroptosis and Other Forms
of Cell Death
As programmed cell death progress, pyroptosis differs from other
cell death pathways morphologically and biochemically. Table 1
provided a concise comparison of the different cell death modes.
Apoptosis, the most studied cell death, is characterized by DNA
cleavage, chromatin fragmentation, nuclear condensation, cell
shrinkage, and membrane blebbing [26]. The wrapped vesicles are
then eliminated by phagocytosis. Therefore, apoptosis is con-
sidered an active and non-inflammatory process [27]. Necrosis
exhibits organelles and cell swelling. As a result of impaired
membrane entity, cell content is released, and immune cells are
recruited, which is a passive and unregulated process [28]. For a
long time, necrosis has been considered uncontrolled cell death,
yet studies have shown that necrosis is through complex signal
conduction [29]. Necroptosis is defined as a regulated form of
necrosis [30]. Both apoptosis and necroptosis can be mediated by
death receptor pathways and mitochondrial pathways. Death
receptor-mediated pathways begin with the binding of death
ligands to the corresponding receptors, then complex I am
assembled and triggers the formation of complex II, which induces
cell survival, apoptosis, or necrosis depending on the subtype of
complex II [31]. Complex IIa activates caspase-8/-10, and the
downstream caspases-3/-7 are cleaved and activated, terminating
apoptosis [32]. Complex IIb phosphorylates receptor-interacting
protein kinase 1 (RIPK1) and RIPK3, then a mixed lineage kinase-
like domain (MLKL) is activated and oligomerized, which forms
channels on the plasma membrane to mediate necroptosis [33].
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Fig. 2 Mechanisms of other pyroptosis pathways. In other pathways, GSDMs are processed by apoptotic caspases, granzymes, and other
proteinases. Caspase-3 is activated by certain chemotherapeutic drugs, TNF-α, and caspase-8, then cleaves GADME and forms membrane
pores. GSDMD and GSDMC are cleaved by caspase-8 directly. Granzyme B released by CAR-T cells promotes the activation of caspase-3 and
cleaves GSDME directly. Granzyme A is released by NK cells and CD8+T cells to cleave GSDMB. GSDMA is cleaved by SpeB in keratinocytes to
induce pyroptosis.

Fig. 1 Mechanisms of canonical/non-canonical pyroptosis pathway. Extracellular and intracellular signals like bacteria and virus protein,
LPS, and MSU are detected by PRRs and activate NF-kB signaling to upregulate transcription of NLRP3, pro-caspase-1, and pro-IL-1β/-18. Then
NLRP3 inflammasome is assembled and activated. Caspase-1 cleaves GSDMD, and the N-terminal generates membrane pores which induce
cytotoxicity. Pro-caspase-1β/-18 is also cleaved by caspase-1, and mature cytokines are released through membrane pores. The non-canonical
pathway is triggered by intracellular LPS, which activates caspase-4/-5/-11 with the help of GBPs. Activated caspase-4/-5/-11 cleaves GSDMD
and pro-pannexin-1 and contributes to membrane pore formation. Pannexin-1 pore has a mutual promoting effect with P2X7 pore, and they
lead to K+ and ATP efflux and Ca2+ influx jointly.
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The critical event of mitochondria-mediated necrosis and apop-
tosis is the permeabilization of the inner or outer mitochondrial
membrane. Intracellular and extracellular death signals induce the
oligomerization of B cell lymphoma-2 (BCL-2)-associated X protein
(BAX) and BCL-2 antagonist/killer 1 (BAK), and the oligomers form
pores on the outer mitochondrial membrane. Cytochrome c gains
access to the cell plasma through the pore and activates caspase-
9, then caspase-3/-7 is activated, and mitochondrial apoptosis
happens [34]. Elevation of Ca2+ concentration in the mitochon-
drial matrix is the trigger of the mitochondrial permeability
transition pore (mPTP) opening on the inner mitochondrial
membrane. Opening of mPTP depletes the ion gradient and
drives ATP synthesis, resulting in energy deficiency and necrop-
tosis [35]. Another form of proinflammatory programmed cell
death, ferroptosis, is characterized by cytosolic iron overload and
lipid peroxidation, generally without nuclear pyknosis, and
featured smaller mitochondria and increased mitochondrial
membrane density [36]. Autophagy is a noninflammatory
catabolic pathway that also leads to cell death with intact but
amorphous cell membranes. The morphological features include
the swelling of organelles and the formation of phagocytic
vesicles [37].
Caspase-8 acts as the bridge in the crossing lines of apoptosis,

necroptosis, and pyroptosis. The presence of activated caspase-8
favors apoptosis but blocks necroptosis [38]. When RIPK3 is lowly
expressed, caspase-8 is automatically activated and initiates the
apoptotic pathway [39]. In contrast, when RIPK3 is highly
expressed, it interacts with RIPK1 to activate caspase-8; however,
the activated caspase-8 further cleaves RIPK1 and RIPK3. Thus, the
inactivation of caspase-8 is required for the initiation of
necroptosis [40]. As the core event of pyroptosis, the activation
of NLRP3 can be attributed to apoptosis and necroptosis. Caspase-
8 cleaves GSDMD directly and triggers NLRP3 activation. In death
ligand-mediated necroptosis, MLKL-dependent K+ efflux activates
NLRP3 [41]. The pore-forming substrates, GSDMD-N and MLKL,
induce IL-1β secretion [42]. In A20-deficient macrophages, MLKL
facilitates the LPS-induced release of IL-1β, and in vivo experi-
ments indicate that necroptosis plays an important role in
inflammasome-dependent arthritis [43]. RIPK1 and RIPK3 have
also been identified to activate NLRP3 inflammasome and mediate
pyroptosis [44]. The deterioration of RA is associated with the
accumulation of synovial macrophages. Lawdor et al. observed
that RIPK3 activates NLRP3 and IL-1β inflammatory responses in
synovial macrophages of RA model mice, and this effect is
independent of MLKL, promoting the chronicity of inflammation
and the progression of arthritis [45]. Caspase-3 is another
molecular switch that controls apoptosis, pyroptosis, and necrop-
tosis. During apoptosis, GSDME and GSDMD can be directly
cleaved by caspase-3, thus inducing pyroptosis or secondary
necrosis [46, 47]. Apoptosis of macrophage induces caspase-3
activation and opening of Panx-1 channels, thus activating NLRP3

and promoting pyroptosis [38, 48]. Both pyroptosis and apoptosis
of chondrocytes are associated with OA pathogenesis and share
an NF-kB signal as the upstream pathway. IL-1β produced by
caspase-1 also amplifies inflammation response and apoptosis
signals. Yu et al. demonstrated activated NF-kB signal and
significantly elevated apoptosis-related proteins, cleaved cas-
pase-1, and pyroptosis markers, cleaved caspase-3, NLRP3, and
GSDMD in OA model mice. The above molecules can be
downregulated by morroniside with the inhibition of OA
progression, while recombinant NF-kB protein reversed this effect,
suggesting that apoptosis and pyroptosis of chondrocytes are
regulated by the NF-kB pathway [49].
Interestingly, autophagy has been confirmed to regulate

inflammatory response and pyroptosis in various disorders. For
instance, accumulating evidence showed that nucleus pulposus
(NP) cells pyroptosis accelerates IDD progression. Liao et al.
demonstrated that moderate autophagy led to the degradation of
GSDMD-N and inhibited pyroptosis of NP cells, which was
mediated by the autophagy–lysosome [50]. Besides, Wu et al.
applied autophagy inducer Betulinic acid to a spinal cord injury
mouse model to inhibit pyroptosis and alleviate the injury [51].
Conversely, inhibition of autophagy enhanced hepatocytes
pyroptosis induced by As(III) [52]. Besides, ROS-induced autophagy
inhibited NLRP3 activation and mitochondria dysfunction in
vascular endothelial cells treated with Acrolein [53]. The degree
of pyroptosis activation in OA mice is related to autophagy. Yan
et al. observed higher levels of pyroptosis markers in OA model
mice. The autophagy activator, rapamycin, can reduce the mRNA
levels of these markers and alleviate OA at cellular and tissue
levels [54]. Autophagy marker light chain 3 plays as the NLRP3
inhibitor to reduce chondrocyte pyroptosis, thus alleviating
cartilage degeneration [54]. In addition to pyroptosis, autophagy
mainly interacts with apoptosis in MSDs [55]. In the pathogenesis
of RA, autophagy antagonizes the apoptosis of fibroblast-like
synoviocytes (FLSs) and CD4+ inflammatory T cells, promotes the
proliferation of FLSs and chronic self-antigen recognition [56], and
further contributes to RA pathogenesis. AKT-related pathways
have been targeted to regulate autophagy and apoptosis of RA
synovial cells [55]. However, in glucocorticoids-induced cartilage
degeneration, autophagy, in response to the ROS/Akt/FOXO3
pathway, reduces ROS in chondrocytes and inhibits their
apoptosis, thereby inhibiting the degenerative process of OA
and RA [57]. In GA, the crosstalk between autophagy and
pyroptosis was mainly mediated by 5’-monophosphate-activated
protein kinase (AMPK) and p62. AMPK promotes the autophagy
pathway and inhibits the NLRP3 inflammasome in macrophages,
while monosodium urate (MSU) inhibits AMPK phosphorylation.
Effective mitochondrial autophagy determines the appropriate
expression level of p62, thereby inhibiting NLRP3 activation [58].
In conclusion, pyroptosis is not isolated in the process of disease
occurrence but is mutually regulated by other death pathways.

Table 1. Difference between regulated cell death pathways.

Cell
death types

DNA Nuclear Cell plasma Cell
membrane

Inflammation Remark

Apoptosis Ordered
fragmentation

Condensation Shrink, vesicle
wrapped

Intact × Apoptosis body generates

Necroptosis Random
fragmentation

Condensation Swell, release Rupture √ –

Pyroptosis Random
fragmentation

Condensation Swell, release Rupture √ Inflammasome activation

Autophagy Random
fragmentation

Condensation Amorphous,
vacuolization

Intact × Autophagic vacuoles generates

Ferroptosis Random
fragmentation

Normal Swell, release Rupture √ Shrunken mitochondria, ruptured
mitochondrial membrane
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ROLE OF PYROPTOSIS IN MSDS
Pyroptosis and OA
OA is one of the most common chronic degenerative diseases
worldwide, which is characterized by the proliferation of
subchondral bone and age-related degeneration of the articular
cartilage [59, 60]. The etiology of OA is complicated with various
pathological factors involved, such as occupational/sports activ-
ities, joint malalignment, injury, and abnormal loading [61].
Common syndromes, including joint stiffness, pain, and disability,
are related to a series of pathological processes, such as synovial
fibrosis, ECM destruction, chronic inflammation, and angiogenesis
[59]. Recent studies have shown that pyroptosis regulators are
involved in OA pathogenesis, implicating novel insights to its
treatment strategy (Fig. 3).
Synovial fibrosis, as a fundamental pathological change of OA, is

highly correlated with joint stiffness and pain. Its pathogenesis is a
combination of inflammation and oxidative stress, in which
pyroptosis of fibroblast-like FLSs seems to play a vital role. Zhang
et al. reported that NLRPs and related cytokines were upregulated
in knee OA synovial and LPS-triggered isolated FLSs. In terms of
inducing cytokine activation, NLRP3 and NLRP1 mainly mediated
IL-18 and IL-1β activation, respectively [62]. Further research found
that increased hypoxia-inducible factor (HIF)-1α aggravated
synovial fibrosis in knee OA rats via FLSs pyroptosis, and this
effect can be abolished by GSDMD or HIF-1α siRNA [63]. Similarly,
another research demonstrated that co-culture with GSDMD
siRNA-transfected macrophages could downregulate fibrotic
markers in synovial fibroblasts, indicating macrophage pyroptosis
was also engaged in the pathological process of knee OA [64].
Cartilage degradation is the consequence of chondrocyte

imbalance and ECM destruction. Chondrocytes affect the

development of ECM by producing matrix, ECM degrading
enzymes, and inflammatory factors like IL-1β, IL-6, and TNF-α
[65]. Henceforth, in addition, to affecting their own balance,
pyroptosis of OA chondrocytes promotes ECM degradation
through disruption of anabolic and catabolic chondrocytes. Non-
selective cation channel P2X7 plays a role in non-canonical
pyroptosis. Li et al. found that the activation of P2X7R on
chondrocytes reduced cell viability and collagen II expressions,
while its antagonist downregulated caspase-1, NF-kB, NLRP3, MMP-
13, and IL-1β, reduced cartilage degeneration and chondrocyte
pyroptosis, and this function is mediated by crosstalk between NF-
kB and NLRP3 pathways [66]. Interestingly, the activation state of
P2X7R could affect its function. Based on the positive correlation
between P2X7 expression and exercise time, Li et al. further found
that moderate activation of P2X7R by exercise promoted
autophagy and inhibited pyroptosis, thus reducing the OA severity,
yet hyper-activated P2X7R may have the opposite effect [67].
Activation of the pyroptosis pathway induces the release of a
broad spectrum of cytokines, including IL-1β, TNF-α, and IL-18,
which are well known to be associated with cell death and ECM
destruction. IL-1β induces the apoptosis of chondrocytes and
stimulates the secretion of cartilage-degrading enzymes like MMP-
1/-3/-9/-10/-13 and ADMATS-4/-5, which further degrade collagen
II and proteoglycans [68, 69]. Moreover, the degraded particles of
collagen and proteoglycans could facilitate the production of IL-18
[70]. IL-18 inhibits proteoglycan synthesis and chondrocyte
proliferation [71]. Suppressant of NF-kB signaling, like morronside,
inhibits chondrocyte pyroptosis and increases collagen II expres-
sion, thus attenuating the progression of OA [49].
Excessive ROS leads to cartilage degeneration in terms of

reduced chondrocytes and disturbed ECM homeostasis. Directly,

Fig. 3 Pyroptosis in OA pathogenesis. The basic pathological processes of OA include cartilage degeneration, synovial fibrosis, and chronic
inflammation. On the one hand, excessive ROS can activate NLRP3 inflammasome and downstream caspase-1. On the other hand, it promotes
the processing and release of HMGB1, IL-1β/-18, and GSDMD. The activation of caspase-4/-5/-11 and P2X7R in the non-canonical pathway is also
involved in this process. NF-kB signal has crosstalk with both canonical and non-canonical pathways, which jointly promote pyroptosis of
chondrocytes, imbalance of matrix synthesis and degradation, and release of proinflammatory cytoplasmic components, leading to cartilage
degeneration. Synovial fibrosis is mainly mediated by FLSs pyroptosis, in which NLRP1 and NLRP3 participate in the classical pathway and
enhance the release of IL-1β/-18, resulting in tissue inflammation. Macrophage pyroptosis also enhances the process of synovial fibrosis.
Abnormal angiogenesis is related to cartilage degeneration and synovial inflammation, which is mainly mediated by VEGF. Together with
activated immune cells and cytokines, angiogenesis constitutes a chronic inflammatory environment and participates in the occurrence of OA.
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oxidative stress to chondrocytes contributes to induced DNA
damage and impaired function [72]. ROS is considered a common
signal of NLRP3 activation, and mitochondrial dysfunction during
pyroptosis also results in the production of ROS [73]. Nitric oxide
(NO) acts as an important mediator, which reduces the synthesis
of IL-1R antagonists in chondrocytes to increase the susceptibility
to other oxidants, enhances the production of MMPs and
inflammatory cytokines, and inhibits the synthesis of matrix
macromolecules [74]. OA induced by H2O2 is mediated by
ubiquitin-specific protease 7 (USP7), which increased the level of
ROS, thus aggravating GSDMD-dependent pyroptosis and ECM
remodeling [75]. In addition, endogenous ROS also plays a role in
OA pyroptosis. Evavold et al. found that ROS triggered by
mitochondrial poisons promoted the oligomerization of GSDMD-
N and pore formation, though the GSDMD cleavage was
independent of ROS function [76]. Stimulated by oxidative stress,
transcription factor nuclear factor erythroid-2-related factor 2
(Nrf2) plays a cytoprotective role by regulating the expression of
antioxidant proteins. Chen et al. observed upregulated Nrf2, heme
oxygenase-1, (HO-1), NLRP3, and ASC levels in both OA synovial
samples and the OA rat model. Silence of Nrf2 enhanced ROS and
NLRP3 activation [77], suggesting a pivotal role of Nrf2/HO-
1 signaling in ROS-induced NLRP3 activation.
OA is accompanied by chronic inflammation, which may

aggravate OA pathogenesis and reinforce cell pyroptosis mutually.
Upregulated NF-kB and IL-1 family cytokines are the features of
the proinflammatory microenvironment. Bauernfeind et al.
demonstrated the necessity of NF-kB-dependent signals on NLRP3
expression in mice macrophages, and its expression was
confirmed as the limiting factor of its activation [78]. Pyroptosis
also amplifies inflammatory reactions by recruiting immune cells
and releasing cellular contents, including alarmins, high mobility
group protein (HMGB)1, cleaved GSDMD, caspases, and chemo-
kines [79]. Elevated pyroptosis-related inflammatory components
were observed in both OA samples and experimental models. A
fivefold higher level of NLRP3 protein was found in the synovial
membrane of OA patients than that of normal controls [80]. It is
accepted that synovial LPS and ATP levels are associated with OA
severity and pain [81, 82]. A recent study by Shi et al. isolated FLSs
from OA knees after treatment with LPS and ATP, and identified
that this effect was mediated by increased levels of NLRP3
inflammasomes and IL-1β/-18 [83]. Uric acid is another stimulator
of NLRP3. In a knee OA cohort, Denoble et al. confirmed the
positive correlation between the synovial fluid uric acid level and
the severity of OA. They also identified IL-1β/-18 produced by
NLRP3 inflammasomes as the contributor to OA progression [84].
Downstream products of pyroptosis participate in the inflamma-
tory reaction of knee OA as well. HMGB1 is proven to correlate
with cartilage degeneration and synovial fibrosis. Xiao et al.
revealed a close association between HMGB1 secretion and FLSs
caspase-1-dependent pyroptosis in knee OA rat model, suggesting
that HMGB1 production might be attributed to FLSs pyroptosis
[85]. GSDMD acts as a critical component in the inflammasome
pathway. Yong et al. observed alleviated cartilage degradation,
synovial fibrosis, and subchondral bone sclerosis in GSDMD-
deficient mice with post-traumatic OA [86]. Antagonists to HMGB1
and GSDMD diminished pyroptosis in LPS-ATP-induced OA
chondrocytes, indicating the therapeutic potential by blocking
the expression of HMGB1 and GSDMD [87].
Pathological neovascularization occurs in OA cartilage and

synovium and disrupts the homeostasis of joints, and the
imbalance between proangiogenic and antiangiogenic factors is
the major cause [88]. Proangiogenic factors include PG, NO,
regulatory peptides, cytokines, chemokines, and growth peptides.
Osteochondral or synovial angiogenesis seems to be positively
correlated with OA severity, and it may be attributed to activated
macrophages in the inflammatory environment [88, 89]. Cuadra
et al. treated chondrocytes with IL-1β and observed upregulated

VEGF levels, suggesting that IL-1β may promote OA development
through the regulation of angiogenesis [90]. Collectively, patho-
logical angiogenesis is often a consequence of chronic inflamma-
tion, which affects OA development from the cartilage,
subchondral bone, and synovium aspects.

Pyroptosis and RA
RA, a chronic systemic autoimmune disease, is characterized by
symmetric and widespread peripheral arthritis, decreased synovial
fluid PH, synovial pannus formation, and progressive erosion of
the affected joints [91]. Aside from chondrocytes and FLSs,
immune cells and related cytokines play a critical role in RA
pathogenesis (details concluded in Fig. 4).
Pyroptotic proteins from immune cells are confirmed to be

involved in RA pathogenesis. IL-1 is known as a critical mediator in
rheumatoid cartilage destruction that is mainly derived from
macrophages. To explore the origin of IL-1 in RA, Walle et al.
constructed the RA susceptibility gene A20 deficit murine model
and observed significant upregulation of NLRP3, caspase-1, and IL-
1β in A20-KO macrophages. Furthermore, NLRP3 deletion
protected against inflammation and cartilage destruction, sug-
gesting that IL-1β in RA may be produced by NLRP3 inflamma-
some [92]. CD4+ T cells serve as a proinflammatory effector in RA;
Li et al. evaluated the function of DNA repair nuclease MRE11A in
RA and found that MRE11A deficiency led to metabolic
abnormalities accompanied by ROS, reduced ATP and the leakage
of mitochondrial RNA (mtRNA), which further promoted T cell
pyroptosis and tissue inflammation [93]. In addition, the fas-
associated death domain (FADD) regulates a variety of cellular
physiological processes and is identified as an inflammatory
biomarker. Mouasni et al. reported FADD secretion as an active
process controlled by NLRP3 activation in RA macrophages, which
requires K+ efflux, caspase-1, and extracellular glucose. They also
found a close correlation between synovial FADD level, inflam-
matory status, and joint structural damage in RA patients [94].
Moreover, innate immune component serum pentaxin 3 (PTX3) is
elevated in RA serum and joint fluid. Wu et al. confirmed the pro-
pyroptotic effect of RA serum on monocytes, and also explored
the synergy of C1q and PTX3 as well as the driving force of IL-6 in
the pyroptotic and inflammatory feedback loop [95].
Activation of the pyroptotic pathway in chondrocytes and FLSs

exacerbate RA progression directly. Since increased H+ level in
joint fluid is a feature of RA, it is suggested that acid-sensitive ion
channel (ASIC)1a may engage in RA pathogenesis by promoting
inflammation, synovium proliferation, and osteochondral destruc-
tion [96]. Previously, upregulated ASIC1a has been reported to
increase Ca2+ influx, activate NLRP3, and in turn, mediate
chondrocyte pyroptosis in OA [97]. Recent studies revealed a
similar correlation between ASIC1a and RA synovial inflammation
as well [98, 99]. In addition to the canonical pathway, studies
showed that the caspase-3/GSDMD pathway also mediated
pyroptosis of LPS-induced FLSs, and these two pathways were
regulated by upstream NF-kB and could jointly induce RA synovitis
[100]. Hypoxia is also an important contributor to RA. Hong et al.
reported that hypoxia-induced pyroptosis of FLSs through ROS/G
protein-coupled receptor kinase (GRK)2/HIF-1α/NLRP3 pathway
and HIF-1α inhibitor could block this signal and thus alleviate RA
progression [101].

Pyroptosis and OP
OP is featured by reduced bone mineral density and a higher risk
of fragility fractures [102]. The imbalance between osteoclast-
mediated bone resorption and osteoblast-mediated bone forma-
tion disturbs structural integrity and bone tissue homeostasis
[103, 104]. Under stimuli exposure, pyroptosis itself and related
inflammatory factors may cause the cellular death or functional
inhibition of osteoblasts, and the excessive proliferation and
activation of osteoclasts.
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Estrogen deficiency and hyperglycemia are considered pivotal
triggers in OP progression. In an ovariectomized OP rat model,
elevated IL-1, IL-6, and TNF-α were found to inhibit the
differentiation of mesenchymal stem cells (MSCs) to osteoblasts
[41]. In another similar model, postmenopausal OP rats, inhibition
of NLRP3 suppressed inflammatory release and increased
osteoblasts number, and bone density, suggesting that NLRP3
may play an important role in OP pathogenesis [105]. Moreover,
the diabetes-induced OP rat model showed similar inflammatory
factors release and differentiation inhibition, while knockdown or
silencing of TLR4 reduced IL-1, IL-6, and TNF-α and subsequently
improved osteoblast cell viability [106]. Pyroptosis of osteoblasts
may also participate in OP pathogenesis directly. Oxidative stress
induced by hypoxia, hyperglycemia, LPS, and ATP stimulation is
reported to cause osteoblast pyroptosis and osteogenic dysfunc-
tion [107]. Lei et al. reported that pro-inflammatory cytokine IL-17
inhibited proliferation and induced pyroptosis of murine primary
osteoblasts in the NLRP3-mediated pathway, which further
promoted the release of IL-1β and receptor activator of nuclear
factor-kappa B ligand (RANKL) and disrupted bone metabolism
[108].
In addition, pyroptosis pathway cytokines also affect osteoclast

activity. Osteoclast formation is driven by the appropriate
concentration of M-CSF and interaction with RANKL. IL-1β/-18
and TNF-α increase RANKL expression of T cells in a dose-
dependent manner, then RANKL triggers osteoclast formation and
bone absorption [109]. Among them, TNF-α is considered to be
the inhibitor of osteoblasts differentiation and a critical mediator
of bone loss [110]. But interestingly, Polzer et al. reported the
necessity of IL-1 in TNF-α-mediated inflammatory bone loss since
pathological changes were reversed with IL-1 deficiency [111]. In
addition, a cross-sectional study also revealed a relationship

between IL-1β haplotype and OP susceptibility [112]. IL-18 is also
involved in the Th17 cell response to produce IL-17 [113], which
plays an important role in OP bone loss. In addition, to directly
inducing human monocytes to differentiate into osteoclasts [114],
IL-17 can also induce murine dendritic cells (DCs) to transdiffer-
entiate into osteoclast, and this effect can be strengthened by
TNF-α and IL-1β [115]. Aside from proinflammatory cytokines
production, the osteolysis function of NLRP3 inflammasome can
also act in the inflammation-independent pathway, which
reorganizes the actin cytoskeleton, and degrades inhibitor of
osteoclastogenesis, thus enhancing osteoclast bone resorption
capacity [116]. In contrast to the pyroptotic effect of high glucose
on osteoblasts, osteoclasts from diabetic mice showed an
increased number and bone resorption capacity, which was
mediated by the upregulated ROS/mitogen-activated protein
kinases (MAPKs)/ nuclear factor kappa-B (NF-κB)/NLRP3 pathway
[117]. Similar to NLRP3, NLRC4 also participates in osteoclast
differentiation, and bone homeostasis, the absence of each leads
to higher bone mass and lower serum IL-1β levels. Unexpectedly,
the absence of both did not cause the effect, suggesting a certain
interaction between the two targets [118].

Pyroptosis and GA
GA, an autoimmune disease, is characterized by flares of
inflammation, fever, severe pain, and swelling of joints. The cause
and detection of gout is the long-lasting hyperuricemia and the
deposition of MSU crystals in the synovial fluid. Inflammasomes
are evoked by the accumulation of MSU and induced active
caspase-1, and IL-1β/-18 [119]. Elevated levels of NLRP3, IL-1β/-18,
the risk factors for gout, are detected in serum and synovial fluid
of the gouty patients than those of healthy counterparts. The
variance in susceptibility to gout is associated with single

Fig. 4 Pyroptosis in RA pathogenesis. RA is characterized by synovitis and cartilage degeneration. Autoimmune components and immune
cells are involved in RA. In synovial tissue infiltrating macrophages, NLRP3 is activated by PTX3 and C1q, which is enhanced by IL-6 and
regulated by A20. A deficit of mitochondrial gene MRE11A in T cells leads to mtDNA instability and leakage, decreased cytosolic ATP, and
activation of NLRP3 and AIM2 inflammasomes, which participate in canonical jointly. Decreased H+ in RA synovial fluid promotes the opening
of ASIC1a ion channels on chondrocytes and synovial cells, leading to Ca2+ influx and activation of NLRP3. In FLSs, the classical pyroptosis
pathway is mainly activated by ROS and LPS. LPS also leads to GSDMD cleavage and non-classical pore formation through caspase-3
activation.
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nucleotide polymorphisms (SNPs) in the NLRP3 inflammasome
gene. Only about 10% of patients with hyperuricemia develop GA,
demonstrating the importance of NLRP3 in the pathogenesis of
GA [120]. There is some crosstalk between NLRP3 activation and
the complement cascade. In the MSU-induced complement
cascade, C5a release leads to ROS production, which on the one
hand, promotes IL-1 production and attracts neutrophils to
chemotaxis, and on the other hand, activates the NLRP3
inflammasome and triggers downstream reactions [121].
P2Y14R is a kind of Gi-coupled receptor in macrophages and

other immune cells that inhibits cyclic adenosine monophosphate
(cAMP) synthesis and is thus considered a potential therapeutic
target in GA. The previous study has shown that blockage of the
P2Y14R-cAMP pathway suppressed NLRP3-mediated pyroptosis in
rat synovial tissue [122]. Similarly, in P2Y14R knockout animal
models, cAMP promoted ubiquitination and degradation of NLRP3
to play a key role in cellular pyroptosis. Lack of P2Y14R increased
cAMP content, thus improving GA resistance [123]. Another in vivo
experiment provided direct evidence of the effect of pyroptosis
inhibition in alleviating GA. Tian et al. measured dramatic
upregulation of pyroptosis markers, including NLRP3, caspase-1,
and GSDMD, in joint tissue homogenate of oxonate- or MSU-
induced mice model, while GSDMD antagonist disulfiram sup-
pressed cytokine levels and joint damage via inhibition of
pyroptosis [124].
Taken together, the pathogenesis of GA is relatively complex.

MSU enhances IL-1β release to promote infiltration of both
neutrophils and monocytes [121]. Besides, MSU also induces
macrophage necrosis [125]. At the same time, the activation of the
complement cascade also participates in the inflammatory
response [121], and its interplay with pyroptosis mainly focuses
on the NLRP3 inflammasome. All the above evidence reveals that
pyroptosis could take part in the crosstalk between MSU-activated
gouty and inflammatory cascade.

Pyroptosis and AS
AS, also termed radiographic axial spondylarthritis, is character-
ized by structural damage in the sacroiliac joints or spine,
vertebral fusion, and bone erosions. Clinical manifestations
include reduced mobility of joints and the spine with severe
chronic pain. AS has a genetic association with HLA-B27. It is
commonly known that its main pathogenesis comprises systemic
inflammation and osteogenesis, but the interaction between its
genotype and phenotypes still remains to be elucidated [126].
Currently, few studies have explored the relationship between AS
and pyroptosis. The details were presented as follows.
Generally, two pathways are located at the end of the immune

response: the IL-23/IL-17 axis and the TNF-α axis [126]. By
analyzing facet joints specimen of AS patients, IL-23 is found to
be secreted by granulocytes, mast cells, and DCs in the
subchondral bone marrow and fibrous tissue that replace normal
marrow [127]. Under the stimulation of IL-23, IL-17 is produced by
Th17 cells. But innate immune cells, mast cells, and granulocytes
might be of greater relevance as well [128]. IL-17 production of
mucosal-associated invariant cells (MAIT) cells is mediated by IL-7
rather than IL-23 or antigenic stimulation [129]. As to TNF-α, it
attributes to microvascular dysfunction and systemic inflamma-
tory reaction [130], and TNF inhibitors could alleviate symptoms
and comorbidities [131, 132]. Both two pathways could inhibit
bone formation, but the connection and hierarchical order
between them remains elusive [127].
It is plausible that pyroptosis pathway participants may affect

AS susceptibility. A case–control study confirmed the correlation
between SNPs in the IL-1A gene locus and AS susceptibility [133].
Besides, caspase recruitment domain (CARD) 8 acts as an NF-kB
inhibitor, and its minor allele is associated with AS susceptibility
[134]. In vitro experiments showed that IL-1β/-18 induced the
production and secretion of IL-23/-17, which can be blocked by

caspase-1 inhibitors [135]. Another case-control study identified
the increased NLRP3 inflammasome components in AS synovial
fluid [136], and higher levels of IL-23/-17/-1β and NLRP3 were all
measured in peripheral blood mononuclear cells (PBMCs) of AS
patients [136]. These studies implicate the effect of NLRP3
components and inflammatory cytokines in AS, suggesting that
NLRP3 might serve as a potential target of AS.

Pyroptosis in IDD
The intervertebral disc (IVD) is composed of three components:
the cartilaginous endplate (CEP), the annulus fibrosus (AF), and the
NP. Unlike articular cartilage, IVD is well-wrapped without
vascularization, and the nerves just reach the inner ring
[59, 137]. IVD is prone to degeneration due to these character-
istics. IDD is caused by cellular and biochemical changes, including
pro-inflammatory mediators, progressive ECM loss, altered cell
phenotype, and decreased active cells [138].
IL-1β and TNF-α have strong pro-inflammatory activities and are

associated with several pathological processes in IDD [139]. IL-1β
is secreted by immune cells and IVD cells, which both have a
positive correlation with IDD severity degree [140]. In IDD tissue,
IL-1β is up-regulated to activate MMPs and ADAMTS to promote
ECM degradation. TNF-α may also be involved in stromal
catabolism, and it primarily causes disk-derived pain through
nerve root stimulation [139]. Of note, IL-1β could promote its
expression through the upregulation of NLRP3, and this positive
feedback loop is inhibited by melatonin, which shows the
potential to treat IDD [141].
Additionally, NLRP3 also has a direct role in IDD. The

inflammatory response in this vascular-free tissue might be
different from other tissue [142]. In IVD tissues, NLRP3 over-
activation leads to increased production of downstream IL-1β and
caspase-1, and their expression levels are positively correlated
with IDD grade [143]. Recent studies showed that NLRP3 also
regulated anabolic and catabolic activity during IDD pathogenesis
and up-regulated ECM degradation via MAPK and NF-κB signaling
[144]. Oxidative stress may be responsible for NLRP3 activation,
and IVD damage since extracellular vehicles (EVs) delivering
antioxidant protein could downregulate the pyroptosis of NP cells
and retard the progression of IDD [145].

Pyroptosis and muscle diseases
Myogenesis and regeneration of muscle cause a series of muscle
disorders, including idiopathic inflammatory myopathies (IIMs),
hypoxia-related muscle injury, dexamethasone (Dexa)- and
doxorubicin (Dox)-induced muscle toxicity (DIMT). Previous
studies have revealed the positive effect of pyroptosis inhibition
on alleviating myocardial and skeletal muscle injury [146, 147]. For
IIMs, hypoxia-induced muscle injury, cigarette smoke-induced
muscle injury, and drug-induced muscle injury, the potential
triggering factors and their effects on myocyte pyroptosis were
summarized in Fig. 5.
IIMs, also known as myositis, is a group of systemic autoimmune

diseases, mainly including dermatomyositis (DM), polymyositis
(PM), and inclusion body myositis. Pathogenesis and clinical
manifestations of these subtypes are heterogeneous, but the main
and common characteristics are muscle weakness and systemic
inflammatory reaction [148]. Previous studies showed that
metabolism reprogramming regulates immune responses, espe-
cially the glycolysis pathway, and pyruvate kinase (PK) acts as the
rate-limiting enzyme [149]. Mass spectrometry analysis showed
that PKM2 and other glycolytic proteins are upregulated and co-
localized with activated NLRP3 in DM/PM muscle tissues, and the
pyroptosis pathway is blocked by PKM2 inhibitor [150]. In mice,
experimental autoimmune myositis (EAM) model, expression
levels of P2X7R, Panx-1, caspase-4/-5/-11, NLRP3, and GSDMD
were higher than that in the control group [13]. A GSDME-
mediated mitochondrial pyroptotic pathway leads to perifascicular
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atrophy in DM muscle, and elevated GSDME is specially cleaved by
caspase-3 and converts mitochondrial apoptosis to pyroptosis
[151].
Moreover, pyroptosis also mediates other types of skeletal

muscle dysfunction. Hypoxia-related muscle injury is crucial to
obstructive sleep apnea and its comorbidities. ROS induced by
hypoxia could activate NF-kB and HIF-1α pathways and upregulate
caspase-1 and GSDMD levels, thus mediating pyroptosis [152]. By
increasing histone deacetylase (HDAC) 1/2 level, cigarette smoke
exposure promotes skeletal muscle atrophy, morphological
changes, and ubiquitin degradation, and regulates pyroptosis
biomarkers P2X7R [153]. Similarly, congenital clubfoot muscle
phenotype can be induced by FHL1-/y or cigarette smoke
exposure during the embryo stage through P2X7R-mediated
pyroptosis [154]. The anti-inflammatory agent, Dexa, paradoxically
causes muscle inflammation, protein degradation, and muscle
atrophy mediated by receptors for advanced glycation end
products (RAGE), TLR4, and NLRP3 inflammasome. NLRP3 inhibi-
tors alleviate pyroptosis of skeletal muscle cells and muscle
atrophy [155, 156]. DIMT occurs commonly in cardiac muscle and
skeletal muscle. In the Dox-treated mice model, TLR4+ cell,
NLRP3+ cell, and ASC+ cell increase and take part in the
pyroptosis cascade. Reversely, the reduction of these molecules
ameliorates clinical manifestation [157, 158]. Therefore, drugs
targeting NLRP3 or its upstream molecules can be considered to
inhibit pyroptosis and alleviate DIMT [159, 160]. Therefore, studies
concerning the inactivation of pyroptotic-related proteins might
pave the novel way for the treatment of muscle dysfunction
induced by autoimmunity, hypoxia, cigarette smoke, drug toxicity,
and other pathological mechanism.

POTENTIAL TREATMENT STRATEGIES
At present, a series of drugs and therapeutic strategies targeting
MSDs are based on pyroptosis inhibition, including direct blocking
of NLRP3 inflammasome and other components of the pyroptosis
pathway, and indirect effects on pyroptosis pathway by regulating
oxidative stress and inflammatory response. Treatment strategies
include blockage of NLRP3, GSDMD, HMGB1, and other compo-
nents, regulation of endocrine hormones and endogenous
cytokines, and application of exosomes and plant extracts, etc.

The potential treatments as per the types of diseases were
summarized in Tables 2 and 3.

NLRP3 direct or indirect inhibitors
NLRP3 inflammasome is composed of an N-terminal pyrin domain,
a central NACHT domain, and a C-terminal LRR domain.
Hyperactivation of NLRP3 is the driving force of a wide range of
pyroptosis-related diseases. Accordingly, several molecules inhi-
biting NLRP3 directly or indirectly have been reported.
The NACHT domain mediates NLRP3 oligomerization, ATP

binding, and hydrolysis, which serves as essential processes in
downstream reaction [15]. Interaction between the NACHT
domain and drugs has been a potential treatment strategy.
Sulfonylurea-containing compounds have been identified to block
NLRP3 activation and IL-1β secretion. Glyburide, widely used in
type 2 diabetes treatment, has been confirmed as the specific
inhibition of NLRP3, not NLRP1 or NLRC4 [161]. Recent studies
suggested that glyburide and bright blue G (BBG) downregulated
non-canonical proteins, like caspase-4/-5/-11 and P2X7R, and
attenuated IIM [13]. Interestingly, another hypoglycemic drug,
metformin, has been shown to protect neurons and inhibit spinal
cord injury by activation of the AMPK pathway and suppressing
NLRP3 inflammasome, thus inhibiting pyroptosis [162]. MCC950
contains a diarylsulfonylurea domain, and this compound inhibits
NLRP3 activation in both canonical and non-canonical pathways
[163, 164]. MCC950 interacts with the NACHT domain directly and
inhibits its ATPase activity. Similar to glyburide, this inactivation
function is specific [164]. Therefore, MCC950 is widely used as a
pyroptosis inhibitor. Both in vitro and in vivo experiments
confirmed that MCC950 suppressed NLRP3, ASC, IL-18/-1β, and
GSDMD levels, inhibited inflammatory reaction and Dox-induced
myocardial injury [159], suggesting the treatment potential of
MCC950 in muscle injury.
CY-09 is another inhibitor of NLRP3, which functions directly

and selectively. In both surgical mice OA models and in vitro
cultured chondrocytes, CY-09 attenuated TNF-α induced inflam-
matory stress and showed therapeutic effects in cartilage
degeneration [165]. Wedelolactone phosphorylated Ser/Thr in
NLRP3 and inhibited pyroptosis through potentiating PKA
signaling on the MSU-induced RA model [53]. Interestingly, in
addition to pharmacological NLRP3 blockers, Li et al. reported that

Fig. 5 Pyroptosis in Muscle Disorders. Pyroptosis and abnormal function of skeletal muscle cells mediate a series of muscle diseases. The
pathogenesis of IIM is associated with glycolysis, and increased PKM2 activity promotes NLRP3 activation. ROS generation induced by hypoxia
activates NLRP3 through HIF-1α, and cigarette smoke stimulation enhances HDAC1/2 activity, which is involved in NLRP3, P2X7R and Panx-1
activation. The pyroptosis pathway mediated by caspase-3 and GSDME also leads to membrane pore formation. These pathways interact with
NF-KB to promote the release of IL-1β/-18 and DAMPs, amplify tissue inflammation, and thus participate in the pathogenesis.
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Table 2. Common and unique mechanisms related to pyroptosis in MSDs.

Shared pyroptosis
pathways

Unique upstream or downstream
pathways

Diseases Biological effects Target cells Ref.

NLRP3/Caspase-1/GSDMD,
IL-1β, IL-18

LPS-ATP/NLRP3 OA Fibrosis, synovitis FLSs [62]

HIF-1α/NLRP3 [63]

NLRP3/Caspase-1/IL-1β, IL-
18, HMGB1

Macrophage [64]

ATP/P2X7R/NLRP3 Cartilage degeneration Chondrocytes [66]

HA/NLRP3/ MMPs,ADAMTs Macrophages [71]

IL-1, TNF-α/iNOS/NO/NLRP3 Oxidative damage Chondrocytes [74]

H2O2/USP-7/NOX4/ROS/NLRP3 [75]

LPS/ROS/Nrf2/HO-1/ROS/NLRP3 FLSs [77]

Regulator-Rag/mTORC1/mROS/
GSDMD

GSDMD oligomerization Macrophages [76]

NF-kB, TLR2,3,4,7/NLRP3 Chronic inflammatory state Macrophages [79]

UA/NLRP3 [84]

NLRP3/Caspase-1/HMGB1 FLSs [85]

Chondrocytes [87]

NLRP3/Caspase-1/IL-18 RA Chronic inflammatory state Macrophage [92]

NLRP3/Caspase-1/FADD [94]

PTX3-C1q/NLRP3 Monocyte [95]

AIM2/NLRP3 T cells [93]

H+/ASIC1a/Ca2+/NLRP3 Chondrocytes [97]

LPS/TLR4/NF-kB/NLRP3 FLSs [100]

ROS/GRK2/HIF-1α/NLRP3 [101]

ROS/MAPKs/NF-kB/NLRP3 OP Enhanced bone resorption Osteoclasts [117]

LPS/NLRP3 [118]

MSU/NLRP3 GA Chronic inflammatory state Monocytes [120]

C5a/ROS/NLRP3 [121]

P2Y14R/cAMP/NLRP3 [122]

NLRP3/Caspase-1/IL-1β, IL-18/IL-
17,23

AS Enhanced autoimmunity T cells [135]

Monocytes [136]

IL-1β/NF-KB/NLRP3 IDD Chronic inflammatory state NPs [141]

TNF-α/NAMPT/MAPK, NF-kB/
NLRP3

[144]

PKM2 & NLRP3/Caspase-1/GSDMD Muscle
diseases

Myositis, atrophy Muscle cells [150]

NF-kB/NLRP3, HIF-1α/NLRP3 [152]

TLR4/NF-kB/NLRP3 [155]

NLRP1/Caspase-1/GSDMD,
IL-1β, IL-18

LPS-ATP/NLRP1 OA Fibrosis, synovitis FLSs [62]

NLRP1/Caspase-1/HMGB1 Chronic inflammatory state [85]

NLRP1/Caspase-1/HMGB1 Chronic inflammatory state Chondrocytes [87]

NLRC4/Caspase-1/GSDMD,
IL-1β, IL-18

LPS/NLRC4 OP Enhanced bone resorption Osteoclasts [118]

Caspase-4,5,11/P2X7R-
panx-1

P2X7/AMPK/mTOR OA Autophagy ↑ , pyroptosis ↓ Chondrocytes [67]

HDAC1,2/P2X7R Muscle
diseases

Myositis, atrophy Muscle cells [153]

NF-kB/IL-1β, IL-18 NF-kB/MMP13,IL-1β, TNF-α OA Cartilage degeneration Chondrocytes [66]

CARD8/NF-kB AS Chronic inflammatory state - [134]

NF-kB/IL-1β, TNF-α/MMPs, ADAMTs IDD Chronic inflammatory state NPs [140]

Caspase-3/GSDME LPS/TLR4/NF-kB/Caspase-3/
GSDME

RA Chronic inflammatory state FLSs [100]

Caspase-3/GSDME Muscle
diseases

Myositis, atrophy Muscle cells [151]
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moderate-intensity exercise-induced NLRP3 degradation by pro-
moting the moderate activation of P2X7R, which in turn enhanced
autophagy and inhibited pyroptosis [67]. This provides a strategy
for nonpharmacologic therapy against the NLRP3 inflammasome.

Hormone therapy
Based on the anti-pyroptotic capacity of some hormones,
hormone therapy is considered a viable strategy for modulating
inflammasome activation. Melatonin and its metabolites are
broad-spectrum antioxidants and free radical scavengers. In the
ox-LDL-induced atherosclerosis model, melatonin suppressed
lncRNA MEG3, thus upregulating miR223 to inhibit NLRP3
formation [166]. Chen et al. reported that melatonin inhibited
NF-kB and mitochondrial ROS production, thereby disrupting IL-
1β/NF-kB/NLRP3 positive feedback loop and playing a protective
role on the cartilage in IDD [141]. Another research further showed
the regulatory effects of nicotinamide phosphoribosyl transferase
on NLRP3 activation and matrix degradation in NP cells could be
inhibited by melatonin [144]. For OA chondrocytes, melatonin
inhibited oxidative stress by regulating mitochondrial and
endoplasmic reticulum function to exert an impact on pyroptosis
and alleviate the erosion of articular cartilage [74]. Similarly, A
more recent study also demonstrated that melatonin attenuated
mitochondrial oxidative stress, thereby restoring mitochondrial
function and protecting ECM homeostasis in OA chondrocytes
[167]. In addition, in human OA FLSs, estradiol exerted a protective
effect by diminishing activated NLRP3 and IL-1β/-18 [83]. Besides,
insulin may attenuate OP induced by diabetes mellitus. A study by
Yan et al. found that in high glucose-induced osteoclasts, ROS,
MAPKs-related protein, NF-kB, and NLRP3 were all upregulated,
while insulin could reverse this effect [117].

Exosomes treatment
Exosomes are vesicles released into the ECM containing bioactive
cargoes involved in cell–cell communication [168]. Xu et al.
isolated exosomes from bone marrow mesenchymal stem cells
(BMSCs) and incubated them with OA chondrocytes. The results
showed that BMSC-Exos repressed pyroptosis of chondrocytes by
delivering miR-326 to target HDAC3 and enhancing the STAT1/NF-
kB pathway [168, 169]. Another ncRNA, miR-26a-5p, was found to
be delivered by human umbilical cord mesenchymal stem cells-
derived exosomes (UMSC-Exo) and could degrade methyltransfer-
ase (METTL) 14 directly to protect NP cells from pyroptosis in IDD
[170]. To cope with the rapid clearance and disruption of
exosomes in IDD therapy, Xing et al. organized a thermosensitive
acellular ECM hydrogel coupled with adipose-derived mesench-
ymal stem cell (ADSC) exosomes (dECM@exo) to release ADSC-
derived exosomes persistently and inhibit NP cells from pyroptosis
[171]. For DIMT, Dessouki et al. and Dargani et al. reported the
protective effect of exosomes derived from embryonic stem cells
(ES-Exos), such as inhibition of TLR4-NLRP3 pyroptosis pathway,
increased synthesis of anti-inflammatory cytokines, and promotion
of macrophage differentiation into M2 phenotype [157, 158]. For
the skeletal muscle ischemic injury model, human UMSC-Exo
released circHIPK3 that targeted on miR-421/FOXO3a pathway,
resulting in the inhibition of pyroptosis and attenuated injury
[147]. Similarly, EVs containing antioxidant proteins have been
alternatives to protect against pyroptosis of NP cells in IDD. To
strengthen the uptake process, Liao et al. constructed caveolae-
associated protein 2 (Cavin-2) modified EVs and improved the
endocytosis process [145]. Above all, the utilization of exosomes
and EVs are limited to the clearance in ECM and endocytosis
efficiency, which determines whether it can function consistently.

Plant extracts
A variety of compounds extracted from plants exert biological
effects on regulating NLRP3 and thus show therapeutic potential
in MSDs. Licochalcone A (Lico A) could inhibit NLRP3

inflammasome via Nrf2/ HO-1/ NF-κB axis in LPS and surgery-
induced OA mouse models [172]. Icariin (ICA) exerts a similar
function by inhibiting NLRP3-caspase 1 axis [173]. Quercetin
blocks oxidative stress-induced pyroptosis in the LPS-induced OA
model [174], and morroniside exerts similar properties [49].
Another study investigated the anti-inflammatory effect of
quercetin on macrophages, showing that quercetin suppressed
TLR2/Myd88 and AMPK to downregulate macrophage pyroptosis
[175]. In RA, Ge et al. established a collagen-induced arthritis
model and found that punicalagin (PUN) retarded M1 polarization
and pyroptosis through the NF-kB pathway [176]. Besides,
paeoniflorin (MDP) is the main active ingredient of peony, and
monomeric derivatives of MDP regulate ROS/GRK2/HIF-1α/NLRP3
pathway by inhibiting GRK2 phosphorylation in hypoxia-induced
RA [101]. The effect of irisin has been explored in OP, and the
regulation of Nrf2 and inhibition of NLRP3 reduced the incidence
of postmenopausal OP [105]. Forskolin served as an adenylate
cyclase activator and regulated the P2Y14R/cAMP/NLRP3 axis in
MSU-induced pyroptosis of macrophages in Tohoku Hospital
Pediatrics-1 (THP-1) cell line, which provides a novel insight to
gouty arthritis treatment [123]. Last, natural antioxidants are
involved in regulating muscle cell pyroptosis. Sun et al. reported
that sulforaphane, as an activator of the Nrf-anti-oxidative
response element (ARE) pathway, reduced NLRP3 activation,
oxidative stress, and inflammatory response, thus participating
in ischemia/reperfusion muscular injury [177].

Molecules targeting other components of pyroptosis
Molecules targeting other components of pyroptosis pathways,
including the upstream and downstream proteins, are potential
treatments for MSDs. The combination of RAGE or TLR4 and
HMGB1 or advanced glycation end products (AGE) activates the
NF-kB pathway and leads to NLRP3 formation. Ecklonia cava
extract (ECE) and dieckol attenuated Dexa-induced muscle
atrophy by inhibiting this pathway [155]. GSDMD antagonists
have shown their effectiveness in pyroptosis inhibition. Hu et al.
identified disulfiram as a pore formation inhibitor by modifying
Cys191/Cys192 in GSDMD. Although the processing of IL-1β and
GSDMD still exists, the leakage of IL-1β and cellular contents
leakage is blocked [178]. In 2021, Li et al. applied GSDMD
antagonists (disulfiram) and HMGB1 antagonists (glycyrrhizic acid)
on LPS/ATP-induced OA chondrocytes and revealed that these
agents relieved inflammation and promoted proliferation, respec-
tively. Another study based on the potassium oxonate-and
monosodium urate-induced GA model also showed the anti-
pyroptotic and anti-damage effects of disulfiram [124]. However,
co-treatment of both had no such effect but led to oxidative stress
[87]. In cigarette smoke- or disuse-induced muscle atrophy,
HDAC1/2 protein upregulated P2RX7 and NLRP3, and HDAC
inhibitor trichostatin A (TSA) reversed this effect [153]. Besides,
TRIM25 ubiquitinates NLRP1 inflammasome, thus, overexpression
of TRIM25 may exert a protective effect in Dox-induced
cardiotoxicity [160]. Mitochondrial dysfunction of CD4+ T cells
has a pro-inflammatory effect and promotes pyroptosis in RA, in
which mtDNA leakage and caspase-1 activation may play a vital
role. Wang et al. constructed a chimeric NSG mice model and
found that overexpression of DNA repair nuclease-MRE11A
stabilized mtDNA structure and maintained homeostasis, which
showed a similar effect to the application of caspase-1 inhibitor
VX-765 [93]. Generally, RA is characterized by a decrease in the PH
of the joint fluid and increased H+ level could open ASICs to affect
Na+ and Ca2+ permeability. Wu et al. reported that ASIC
inhibitors, amiloride and psalmotoxin-1 (PcTx-1), impaired Ca2+
influx, and calcium chelating agent-BAPTA-AM reduced cytosolic
calcium concentration, through which both agents showed joint
protection in RA [97]. Moreover, previous studies showed that
Ca2+ level interacted with the pyroptosis process [179], thus, it
can be speculated that ASIC may mediate pyroptosis through the
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upregulation of Ca2+. Hypoxia-induced ROS leads to muscle
dysfunction, and antioxidants like N-acetylcysteine (NAC) or
sulforaphane (SFN) have positive therapeutic effects by targeting
suppression of HIF-1α synthesis or upregulation of the Nrf2- ARE
pathway [152, 180]. The inhibitory effect of Dexa on the
phosphorylation of PI3K/AKT/FoxO3a pathway is proven to be a
reason for the up-regulation of NLRP3-GSDMD pyroptosis pathway
and muscle atrophy. Wang et al. reported that trimetazidine
reversed this inhibitory effect, thereby downregulating pyroptosis
and alleviating Dexa-induced muscle atrophy [156].

Regulatory of endogenous cytokines
Regulation and application of endogenous cytokines may provide
a novel intervention strategy. Bone morphogenetic proteins
(BMPs), as a subdivision of TGF-β, are signal molecules that affect
many physiological processes [180]. Previous studies confirmed
that BMP-2 mediated osteogenic differentiation of MSCs induced
by simvastatin in OP [181]. Similarly, in streptozotocin-induced
diabetic myopathy, BMP-7 retarded pyroptosis of muscle cells
[182]. Collectively, these findings suggest that BMPs, as pyroptosis
inhibitors, may be a potential alternative for MSD treatment. A
homeostatic CXC chemokine, stromal cell-derived factor-1 (SDF-1),
has been explored in OA pathogenesis and treatment. OA
synoviocytes expressed significantly lower SDF-1 and higher
pyroptosis biomarkers. SDF-1 activated the AMPK/PI3K-mTOR
signaling pathway and suppressed NLRP3, suggesting that SDF-1
serves as a potential agent for OA treatment [183].

FUTURE PERSPECTIVES AND CONCLUSIONS
Previous studies have revealed multiple mechanisms of pyroptosis
and discussed the possible intervention strategies. However, it
should be noted that some studies may be contradictory to the
results mentioned above. For instance, Busso et al. demonstrated
that IL-α and IL-1β are not key mediators in murine OA models
[184]. Another study by Bougault and colleagues also reported
that knockout of NLRP3 and inhibition of caspase-1 or IL-1β did
not inhibit the expression of MMP-3/-9/-13, indicating a negative
role in ECM degradation and MSDs development [185]. Therefore,
further validation of these studies is still demanded. In addition,
there are some prospects for future research directions.
First, various cell death pathways interplay with each other to

participate in the occurrence and development of MSDs. Treatment
strategies should focus on co-effectors of different cell death
pathways, rather than only lay interventions on a single pathway.
One critical target among the crosstalk of cell deaths is caspase-8,
which could induce apoptosis and pyroptosis, and inhibit
necroptosis [38]. Other caspases shared in different cell death
pathways need to be explored for their unique roles. Channels on
cell membranes formed by GSDMD, MLKL, or Panx-1 induce K+
efflux and thus activate NLRP3 inflammasome [41, 48], while
autophagy mostly shows an inhibitory effect on pyroptosis [52].
Thus, the effect of pyroptosis on MSDs should be viewed as the
systemic regulation of multiple pathways in order to offer better
treatment with enhanced efficacies and minimal adverse effects.
Second, exosomes have provided a novel therapeutic strategy

for MSDs. However, its clinical utilization faces a number of
challenges. First of all, its stability in ECM and the ability to bind
with target cells could largely affect its efficacy. Currently, several
methods have been attempted to solve these problems, either by
constructing a matrix that preserves exosomes or by modifying
vesicle membranes [145, 171]. Besides, other active components
in exosomes, such as miRNA and antioxidants, need to be further
explored. For example, the regulatory effects of miRNAs that
inhibit NLRP3 on other physiological processes need to be studied
to clarify the possible side effects.
Third, most of the current studies are based on in vitro or in vivo

experiments, while clinical trials are still insufficient. On the one

hand, genes involved in pyroptosis between mice and humans are
different. For instance, caspase-11 in the non-canonical pathway only
exists in rodents, but not in humans. Accordingly, cellular or animal
models may not mimic the internal microenvironment in humans,
which may introduce potential bias to the clinical interpretation of
these studies. On the other hand, many treatments are not yet in
clinical use. This requires the development of clinical drugs and more
extensive research based on basic and pre-clinical investigations.
In this review, we have concluded the canonical, non-canonical,

and alternative pathways in pyroptosis, and discussed the
crosstalk between pyroptosis and other regulated cell death
pathways, like apoptosis, necroptosis, and autophagy. Then we
summarized the pathological role of pyroptosis in several MSDs,
including OA, RA, OP, GA, AS, IDD, IIMs, and muscle injury. The
current therapeutic strategies that target pyroptosis in these MSDs
were depicted, most of them are based on direct or indirect
inhibition of NLRP3 by exosomes, hormones, and plant extracts. It
is speculated that research on the correlation between pyroptosis
and MSDs will flourish continuously with an improving under-
standing of its underlying mechanisms and advancing practical
application, which will offer more clinical strategies for diagnosis
and treatment in the near future.

DATA AVAILABILITY
The data used to support this study are included in the article.

REFERENCES
1. Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death and inflamma-

tion. Nat Rev Microbiol. 2009;7:99–109.
2. Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and apoptosis: an

intricate game of cell death. Cell Mol Immunol. 2021;18:1106–21.
3. Rao Z, Zhu Y, Yang P, Chen Z, Xia Y, Qiao C, et al. Pyroptosis in inflammatory

diseases and cancer. Theranostics 2022;12:4310–29.
4. Murray CJ, Vos T, Lozano R, Naghavi M, Flaxman AD, Michaud C, et al. Disability-

adjusted life years (DALYs) for 291 diseases and injuries in 21 regions,
1990–2010: a systematic analysis for the Global Burden of Disease Study 2010.
Lancet. 2012;380:2197–223.

5. Huang K, Cai HL, Bao JP, Wu LD. Dehydroepiandrosterone and age-related
musculoskeletal diseases: connections and therapeutic implications. Ageing Res
Rev. 2020;62:101132.

6. Christgen S, Place DE, Kanneganti TD. Toward targeting inflammasomes:
insights into their regulation and activation. Cell Res. 2020;30:315–27.

7. Yu P, Zhang X, Liu N, Tang L, Peng C, Chen X. Pyroptosis: mechanisms and
diseases. Signal Transduct Target Ther. 2021;6:128.

8. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death. Nature 2015;526:660–5.

9. Li T, Zheng G, Li B, Tang L. Pyroptosis: a promising therapeutic target for
noninfectious diseases. Cell Prolif. 2021;54:e13137.

10. An S, Hu H, Li Y, Hu Y. Pyroptosis plays a role in osteoarthritis. Aging Dis.
2020;11:1146–57.

11. Kayagaki N, Stowe IB, Lee BL, O’Rourke K, Anderson K, Warming S, et al. Caspase-
11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature
2015;526:666–71.

12. Santos JC, Boucher D, Schneider LK, Demarco B, Dilucca M, Shkarina K, et al.
Human GBP1 binds LPS to initiate assembly of a caspase-4 activating platform
on cytosolic bacteria. Nat Commun. 2020;11:3276.

13. Ma M, Chai K, Deng R. Study of the correlation between the noncanonical
pathway of pyroptosis and idiopathic inflammatory myopathy. Int Immuno-
pharmacol. 2021;98:107810.

14. Yang D, He Y, Muñoz-Planillo R, Liu Q, Núñez G. Caspase-11 requires the
pannexin-1 channel and the purinergic P2X7 pore to mediate pyroptosis and
endotoxic shock. Immunity 2015;43:923–32.

15. Coll RC, Schroder K, Pelegrín P. NLRP3 and pyroptosis blockers for treating
inflammatory diseases. Trends Pharm Sci. 2022;43:653–68.

16. Hu L, Chen M, Chen X, Zhao C, Fang Z, Wang H, et al. Chemotherapy-induced
pyroptosis is mediated by BAK/BAX-caspase-3-GSDME pathway and inhibited
by 2-bromopalmitate. Cell Death Dis. 2020;11:281.

17. Sarhan J, Liu BC, Muendlein HI, Li P, Nilson R, Tang AY, et al. Caspase-8 induces
cleavage of gasdermin D to elicit pyroptosis during Yersinia infection. Proc Natl
Acad Sci USA. 2018;115:E10888–e97.

S. Wang et al.

13

Cell Death Discovery           (2022) 8:492 



18. Zeng CY, Li CG, Shu JX, Xu LH, Ouyang DY, Mai FY, et al. ATP induces caspase-3/
gasdermin E-mediated pyroptosis in NLRP3 pathway-blocked murine macro-
phages. Apoptosis 2019;24:703–17.

19. Rogers C, Erkes DA, Nardone A, Aplin AE, Fernandes-Alnemri T, Alnemri ES.
Gasdermin pores permeabilize mitochondria to augment caspase-3 activation
during apoptosis and inflammasome activation. Nat Commun. 2019;10:1689.

20. Jiang M, Qi L, Li L, Li Y. The caspase-3/GSDME signal pathway as a switch
between apoptosis and pyroptosis in cancer. Cell Death Discov. 2020;6:112.

21. Hou J, Zhao R, Xia W, Chang CW, You Y, Hsu JM, et al. PD-L1-mediated gas-
dermin C expression switches apoptosis to pyroptosis in cancer cells and
facilitates tumour necrosis. Nat Cell Biol. 2020;22:1264–75.

22. Zhang JY, Zhou B, Sun RY, Ai YL, Cheng K, Li FN, et al. The metabolite α-KG
induces GSDMC-dependent pyroptosis through death receptor 6-activated
caspase-8. Cell Res. 2021;31:980–97.

23. Liu Y, Fang Y, Chen X, Wang Z, Liang X, Zhang T, et al. Gasdermin E-mediated
target cell pyroptosis by CAR T cells triggers cytokine release syndrome. Sci
Immunol. 2020;5:eaax7969.

24. Zhou Z, He H, Wang K, Shi X, Wang Y, Su Y, et al. Granzyme A from cytotoxic
lymphocytes cleaves GSDMB to trigger pyroptosis in target cells. Science.
2020;368:eaaz7548.

25. Deng W, Bai Y, Deng F, Pan Y, Mei S, Zheng Z, et al. Streptococcal pyrogenic
exotoxin B cleaves GSDMA and triggers pyroptosis. Nature 2022;602:496–502.

26. Su Z, Yang Z, Xu Y, Chen Y, Yu Q. Apoptosis, autophagy, necroptosis, and cancer
metastasis. Mol Cancer. 2015;14:48.

27. Burgess DJ. Apoptosis: refined and lethal. Nat Rev Cancer. 2013;13:79.
28. Del Re DP, Amgalan D, Linkermann A, Liu Q, Kitsis RN. Fundamental mechan-

isms of regulated cell death and implications for heart disease. Physiol Rev.
2019;99:1765–817.

29. Hitomi J, Christofferson DE, Ng A, Yao J, Degterev A, Xavier RJ, et al. Identifi-
cation of a molecular signaling network that regulates a cellular necrotic cell
death pathway. Cell 2008;135:1311–23.

30. Vanden Berghe T, Vanlangenakker N, Parthoens E, Deckers W, Devos M, Festjens
N, et al. Necroptosis, necrosis and secondary necrosis converge on similar cel-
lular disintegration features. Cell Death Differ. 2010;17:922–30.

31. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. Mole-
cular mechanisms of cell death: recommendations of the Nomenclature Com-
mittee on Cell Death 2018. Cell Death Differ. 2018;25:486–541.

32. Shan B, Pan H, Najafov A, Yuan J. Necroptosis in development and diseases.
Genes Dev. 2018;32:327–40.

33. Murphy JM, Czabotar PE, Hildebrand JM, Lucet IS, Zhang JG, Alvarez-Diaz S, et al.
The pseudokinase MLKL mediates necroptosis via a molecular switch
mechanism. Immunity 2013;39:443–53.

34. Bock FJ, Tait SWG. Mitochondria as multifaceted regulators of cell death. Nat Rev
Mol Cell Biol. 2020;21:85–100.

35. Bonora M, Giorgi C, Pinton P. Molecular mechanisms and consequences of
mitochondrial permeability transition. Nat Rev Mol Cell Biol. 2022;23:266–85.

36. Pan F, Lin X, Hao L, Wang T, Song H, Wang R. The critical role of ferroptosis in
hepatocellular carcinoma. Front Cell Dev Biol. 2022;10:882571.

37. Parzych KR, Klionsky DJ. An overview of autophagy: morphology, mechanism,
and regulation. Antioxid Redox Signal. 2014;20:460–73.

38. Fritsch M, Günther SD, Schwarzer R, Albert MC, Schorn F, Werthenbach JP, et al.
Caspase-8 is the molecular switch for apoptosis, necroptosis and pyroptosis.
Nature 2019;575:683–7.

39. Zhang Y, Chen X, Gueydan C, Han J. Plasma membrane changes during pro-
grammed cell deaths. Cell Res. 2018;28:9–21.

40. Yang J, Hu S, Bian Y, Yao J, Wang D, Liu X, et al. Targeting cell death: pyroptosis,
ferroptosis, apoptosis and necroptosis in osteoarthritis. Front Cell Dev Biol.
2021;9:789948.

41. Demarco B, Grayczyk JP, Bjanes E, Le Roy D, Tonnus W, Assenmacher CA, et al.
Caspase-8-dependent gasdermin D cleavage promotes antimicrobial defense
but confers susceptibility to TNF-induced lethality. Sci Adv. 2020;6:eabc3465.

42. Conos SA, Chen KW, De Nardo D, Hara H, Whitehead L, Núñez G, et al. Active
MLKL triggers the NLRP3 inflammasome in a cell-intrinsic manner. Proc Natl
Acad Sci USA. 2017;114:E961–e9.

43. Polykratis A, Martens A, Eren RO, Shirasaki Y, Yamagishi M, Yamaguchi Y, et al. A20
prevents inflammasome-dependent arthritis by inhibiting macrophage necrop-
tosis through its ZnF7 ubiquitin-binding domain. Nat Cell Biol. 2019;21:731–42.

44. Speir M, Lawlor KE. RIP-roaring inflammation: RIPK1 and RIPK3 driven NLRP3
inflammasome activation and autoinflammatory disease. Semin Cell Dev Biol.
2021;109:114–24.

45. Lawlor KE, Khan N, Mildenhall A, Gerlic M, Croker BA, D’Cruz AA, et al. RIPK3
promotes cell death and NLRP3 inflammasome activation in the absence of
MLKL. Nat Commun. 2015;6:6282.

46. Jiang S, Zhou Z, Sun Y, Zhang T, Sun L. Coral gasdermin triggers pyroptosis. Sci
Immunol. 2020;5:eabd2591.

47. Rogers C, Fernandes-Alnemri T, Mayes L, Alnemri D, Cingolani G, Alnemri ES.
Cleavage of DFNA5 by caspase-3 during apoptosis mediates progression to
secondary necrotic/pyroptotic cell death. Nat Commun. 2017;8:14128.

48. Chen KW, Demarco B, Broz P. Pannexin-1 promotes NLRP3 activation during
apoptosis but is dispensable for canonical or noncanonical inflammasome
activation. Eur J Immunol. 2020;50:170–7.

49. Yu H, Yao S, Zhou C, Fu F, Luo H, Du W, et al. Morroniside attenuates apoptosis
and pyroptosis of chondrocytes and ameliorates osteoarthritic development by
inhibiting NF-κB signaling. J Ethnopharmacol. 2021;266:113447.

50. Liao Z, Li S, Liu R, Feng X, Shi Y, Wang K, et al. Autophagic degradation of
gasdermin D protects against nucleus pulposus cell pyroptosis and retards inter-
vertebral disc degeneration in vivo. Oxid Med Cell Longev. 2021;2021:5584447.

51. Wu C, Chen H, Zhuang R, Zhang H, Wang Y, Hu X, et al. Betulinic acid inhibits
pyroptosis in spinal cord injury by augmenting autophagy via the AMPK-mTOR-
TFEB signaling pathway. Int J Biol Sci. 2021;17:1138–52.

52. Zhong G, Wan F, Ning Z, Wu S, Jiang X, Tang Z, et al. The protective role of
autophagy against arsenic trioxide-induced cytotoxicity and ROS-dependent
pyroptosis in NCTC-1469 cells. J Inorg Biochem. 2021;217:111396.

53. Pan H, Lin Y, Dou J, Fu Z, Yao Y, Ye S, et al. Wedelolactone facilitates Ser/Thr
phosphorylation of NLRP3 dependent on PKA signalling to block inflammasome
activation and pyroptosis. Cell Prolif. 2020;53:e12868.

54. Yan J, Feng G, Yang Y, Ding D, Ma L, Zhao X, et al. Autophagy attenuates
osteoarthritis in mice by inhibiting chondrocyte pyroptosis and improving
subchondral bone remodeling. Bosn J Basic Med Sci. 2022.

55. Zhao J, Jiang P, Guo S, Schrodi SJ, He D. Apoptosis, autophagy, NETosis,
necroptosis, and pyroptosis mediated programmed cell death as targets for
innovative therapy in rheumatoid arthritis. Front Immunol. 2021;12:809806.

56. van Loosdregt J, Rossetti M, Spreafico R, Moshref M, Olmer M, Williams GW, et al.
Increased autophagy in CD4(+) T cells of rheumatoid arthritis patients results in
T-cell hyperactivation and apoptosis resistance. Eur J Immunol.
2016;46:2862–70.

57. Shen C, Cai GQ, Peng JP, Chen XD. Autophagy protects chondrocytes from
glucocorticoids-induced apoptosis via ROS/Akt/FOXO3 signaling. Osteoarthr
Cartil. 2015;23:2279–87.

58. Zhao J, Wei K, Jiang P, Chang C, Xu L, Xu L. et al. Inflammatory response to
regulated cell death in gout and its functional implications. Front Immunol.
2022;13:888306.

59. Huang H, Xing D, Zhang Q, Li H, Lin J, He Z, et al. LncRNAs as a new regulator of
chronic musculoskeletal disorder. Cell Prolif. 2021;54:e13113.

60. Johnson VL, Hunter DJ. The epidemiology of osteoarthritis. Best Pr Res Clin
Rheumatol. 2014;28:5–15.

61. Vina ER, Kwoh CK. Epidemiology of osteoarthritis: literature update. Curr Opin
Rheumatol. 2018;30:160–7.

62. Zhao LR, Xing RL, Wang PM, Zhang NS, Yin SJ, Li XC, et al. NLRP1 and NLRP3
inflammasomes mediate LPS/ATP‑induced pyroptosis in knee osteoarthritis. Mol
Med Rep. 2018;17:5463–9.

63. Zhang L, Zhang L, Huang Z, Xing R, Li X, Yin S, et al. Increased HIF-1α in knee
osteoarthritis aggravate synovial fibrosis via fibroblast-like synoviocyte pyr-
optosis. Oxid Med Cell Longev. 2019;2019:6326517.

64. Zhang L, Xing R, Huang Z, Zhang N, Zhang L, Li X, et al. Inhibition of synovial
macrophage pyroptosis alleviates synovitis and fibrosis in knee osteoarthritis.
Mediators Inflamm. 2019;2019:2165918.

65. Speziali A, Delcogliano M, Tei M, Placella G, Chillemi M, Tiribuzi R, et al. Chon-
dropenia: current concept review. Musculoskelet Surg. 2015;99:189–200.

66. Li Z, Huang Z, Zhang H, Lu J, Tian Y, Wei Y, et al. P2X7 receptor induces
pyroptotic inflammation and cartilage degradation in osteoarthritis via NF-κB/
NLRP3 crosstalk. Oxid Med Cell Longev. 2021;2021:8868361.

67. Li Z, Huang Z, Zhang H, Lu J, Tian Y, Piao S, et al. Moderate-intensity exercise
alleviates pyroptosis by promoting autophagy in osteoarthritis via the P2X7/
AMPK/mTOR axis. Cell Death Discov. 2021;7:346.

68. Haseeb A, Haqqi TM. Immunopathogenesis of osteoarthritis. Clin Immunol.
2013;146:185–96.

69. Zhan S, Wang K, Song Y, Li S, Yin H, Luo R, et al. Long non-coding RNA HOTAIR
modulates intervertebral disc degenerative changes via Wnt/β-catenin pathway.
Arthritis Res Ther. 2019;21:201.

70. Li Z, Huang Z, Bai L. The P2X7 receptor in osteoarthritis. Front Cell Dev Biol.
2021;9:628330.

71. Jin C, Frayssinet P, Pelker R, Cwirka D, Hu B, Vignery A, et al. NLRP3 inflamma-
some plays a critical role in the pathogenesis of hydroxyapatite-associated
arthropathy. Proc Natl Acad Sci USA. 2011;108:14867–72.

72. Martin JA, Klingelhutz AJ, Moussavi-Harami F, Buckwalter JA. Effects of oxidative
damage and telomerase activity on human articular cartilage chondrocyte
senescence. J Gerontol A Biol Sci Med Sci. 2004;59:324–37.

73. He Y, Hara H, Núñez G. Mechanism and regulation of NLRP3 inflammasome
activation. Trends Biochem Sci. 2016;41:1012–21.

S. Wang et al.

14

Cell Death Discovery           (2022) 8:492 



74. Hosseinzadeh A, Kamrava SK, Joghataei MT, Darabi R, Shakeri-Zadeh A, Shahriari
M, et al. Apoptosis signaling pathways in osteoarthritis and possible protective
role of melatonin. J Pineal Res. 2016;61:411–25.

75. Liu G, Liu Q, Yan B, Zhu Z, Xu Y. USP7 inhibition alleviates H(2)O(2)-induced injury in
chondrocytes via inhibiting NOX4/NLRP3 pathway. Front Pharm. 2020;11:617270.

76. Evavold CL, Hafner-Bratkovič I, Devant P, D’Andrea JM, Ngwa EM, Boršić E, et al.
Control of gasdermin D oligomerization and pyroptosis by the Ragulator-Rag-
mTORC1 pathway. Cell 2021;184:4495–511.e19.

77. Chen Z, Zhong H, Wei J, Lin S, Zong Z, Gong F, et al. Inhibition of Nrf2/HO-
1 signaling leads to increased activation of the NLRP3 inflammasome in
osteoarthritis. Arthritis Res Ther. 2019;21:300.

78. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, et al.
Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors
license NLRP3 inflammasome activation by regulating NLRP3 expression. J
Immunol. 2009;183:787–91.

79. Liu X, Xia S, Zhang Z, Wu H, Lieberman J. Channelling inflammation: gasdermins
in physiology and disease. Nat Rev Drug Discov. 2021;20:384–405.

80. Clavijo-Cornejo D, Martínez-Flores K, Silva-Luna K, Martínez-Nava GA, Fernán-
dez-Torres J, Zamudio-Cuevas Y, et al. The overexpression of NALP3 inflam-
masome in knee osteoarthritis is associated with synovial membrane prolidase
and NADPH oxidase 2. Oxid Med Cell Longev. 2016;2016:1472567.

81. Huang ZY, Stabler T, Pei FX, Kraus VB. Both systemic and local lipopoly-
saccharide (LPS) burden are associated with knee OA severity and inflammation.
Osteoarthr Cartil. 2016;24:1769–75.

82. Kumahashi N, Naitou K, Nishi H, Oae K, Watanabe Y, Kuwata S, et al. Correlation
of changes in pain intensity with synovial fluid adenosine triphosphate levels
after treatment of patients with osteoarthritis of the knee with high-molecular-
weight hyaluronic acid. Knee 2011;18:160–4.

83. Shi J, Zhao W, Ying H, Zhang Y, Du J, Chen S, et al. Estradiol inhibits NLRP3
inflammasome in fibroblast-like synoviocytes activated by lipopolysaccharide
and adenosine triphosphate. Int J Rheum Dis. 2018;21:2002–10.

84. Denoble AE, Huffman KM, Stabler TV, Kelly SJ, Hershfield MS, McDaniel GE, et al.
Uric acid is a danger signal of increasing risk for osteoarthritis through
inflammasome activation. Proc Natl Acad Sci USA. 2011;108:2088–93.

85. Xiao Y, Ding L, Yin S, Huang Z, Zhang L, Mei W, et al. Relationship between the
pyroptosis of fibroblast‑like synoviocytes and HMGB1 secretion in knee
osteoarthritis. Mol Med Rep. 2021;23:97.

86. Yang T, Sun K, Wang C, Swarnkar G, Quan S, Kress D, et al. Gasdermin D
deficiency attenuates arthritis induced by traumatic injury but not
autoantibody-assembled immune complexes. Arthritis Res Ther. 2021;23:286.

87. Li C, Li L, Lan T. Co-treatment with disulfiram and glycyrrhizic acid suppresses
the inflammatory response of chondrocytes. J Orthop Surg Res. 2021;16:132.

88. Mapp PI, Walsh DA. Mechanisms and targets of angiogenesis and nerve growth
in osteoarthritis. Nat Rev Rheumatol. 2012;8:390–8.

89. Walsh DA, Bonnet CS, Turner EL, Wilson D, Situ M, McWilliams DF. Angiogenesis
in the synovium and at the osteochondral junction in osteoarthritis. Osteoarthr
Cartil. 2007;15:743–51.

90. Borgonio Cuadra VM, González-Huerta NC, Romero-Córdoba S, Hidalgo-Miranda
A, Miranda-Duarte A. Altered expression of circulating microRNA in plasma of
patients with primary osteoarthritis and in silico analysis of their pathways. PLoS
ONE. 2014;9:e97690.

91. Xu F, Jin L, Jin Y, Nie Z, Zheng H. Long noncoding RNAs in autoimmune diseases.
J Biomed Mater Res A 2019;107:468–75.

92. Vande Walle L, Van Opdenbosch N, Jacques P, Fossoul A, Verheugen E, Vogel P,
et al. Negative regulation of the NLRP3 inflammasome by A20 protects against
arthritis. Nature 2014;512:69–73.

93. Li Y, Shen Y, Jin K, Wen Z, Cao W, Wu B, et al. The DNA repair nuclease MRE11A
functions as a mitochondrial protector and prevents T cell pyroptosis and tissue
inflammation. Cell Metab. 2019;30:477–92.e6.

94. Mouasni S, Gonzalez V, Schmitt A, Bennana E, Guillonneau F, Mistou S, et al. The
classical NLRP3 inflammasome controls FADD unconventional secretion
through microvesicle shedding. Cell Death Dis. 2019;10:190.

95. Wu XY, Li KT, Yang HX, Yang B, Lu X, Zhao LD, et al. Complement C1q synergizes
with PTX3 in promoting NLRP3 inflammasome over-activation and pyroptosis in
rheumatoid arthritis. J Autoimmun. 2020;106:102336.

96. Xu Y, Chen F. Acid-sensing ion channel-1a in articular chondrocytes and synovial
fibroblasts: a novel therapeutic target for rheumatoid arthritis. Front Immunol.
2020;11:580936.

97. Wu X, Ren G, Zhou R, Ge J, Chen FH. The role of Ca(2+) in acid-sensing ion
channel 1a-mediated chondrocyte pyroptosis in rat adjuvant arthritis. Lab
Invest. 2019;99:499–513.

98. Zhang Y, Qian X, Yang X, Niu R, Song S, Zhu F, et al. ASIC1a induces synovial
inflammation via the Ca(2+)/NFATc3/ RANTES pathway. Theranostics
2020;10:247–64.

99. Niu R, Hang X, Feng Y, Zhang Y, Qian X, Song S, et al. ASIC1a promotes synovial
invasion of rheumatoid arthritis via Ca(2+)/Rac1 pathway. Int Immuno-
pharmacol. 2020;79:106089.

100. Yang P, Feng W, Li C, Kou Y, Li D, Liu S, et al. LPS induces fibroblast-like
synoviocytes RSC-364 cells to pyroptosis through NF-κB mediated dual signal-
ling pathway. J Mol Histol. 2021;52:661–9.

101. Hong Z, Zhang X, Zhang T, Hu L, Liu R, Wang P, et al. The ROS/GRK2/HIF-1α/
NLRP3 pathway mediates pyroptosis of fibroblast-like synoviocytes and the
regulation of monomer derivatives of paeoniflorin. Oxid Med Cell Longev.
2022;2022:4566851.

102. Tao Z, Wang J, Wen K, Yao R, Da W, Zhou S, et al. Pyroptosis in osteoblasts: a
novel hypothesis underlying the pathogenesis of osteoporosis. Front Endocrinol
(Lausanne). 2020;11:548812.

103. Li Y, Ling J, Jiang Q. Inflammasomes in alveolar bone loss. Front Immunol.
2021;12:691013.

104. Weitzmann MN, Ofotokun I. Physiological and pathophysiological bone turn-
over—role of the immune system. Nat Rev Endocrinol. 2016;12:518–32.

105. Xu L, Shen L, Yu X, Li P, Wang Q, Li C. Effects of irisin on osteoblast apoptosis
and osteoporosis in postmenopausal osteoporosis rats through upregulating
Nrf2 and inhibiting NLRP3 inflammasome. Exp Ther Med. 2020;19:1084–90.

106. Zhang Y, Shen X, Cheng L, Chen R, Zhao F, Zhong S, et al. Toll-like receptor 4
knockout protects against diabetic-induced imbalance of bone metabolism via
autophagic suppression. Mol Immunol. 2020;117:12–9.

107. Liu S, Du J, Li D, Yang P, Kou Y, Li C, et al. Oxidative stress induced pyroptosis
leads to osteogenic dysfunction of MG63 cells. J Mol Histol. 2020;51:221–32.

108. Lei L, Sun J, Han J, Jiang X, Wang Z, Chen L. Interleukin-17 induces pyroptosis in
osteoblasts through the NLRP3 inflammasome pathway in vitro. Int Immuno-
pharmacol. 2021;96:107781.

109. Dai SM, Nishioka K, Yudoh K. Interleukin (IL) 18 stimulates osteoclast formation
through synovial T cells in rheumatoid arthritis: comparison with IL1 beta and
tumour necrosis factor alpha. Ann Rheum Dis. 2004;63:1379–86.

110. Lu X, Gilbert L, He X, Rubin J, Nanes MS. Transcriptional regulation of the osterix
(Osx, Sp7) promoter by tumor necrosis factor identifies disparate effects of
mitogen-activated protein kinase and NF kappa B pathways. J Biol Chem.
2006;281:6297–306.

111. Polzer K, Joosten L, Gasser J, Distler JH, Ruiz G, Baum W, et al. Interleukin-1 is
essential for systemic inflammatory bone loss. Ann Rheum Dis. 2010;69:284–90.

112. He Z, Sun Y, Wu J, Xiong Z, Zhang S, Liu J, et al. Evaluation of genetic variants in
IL-1B and its interaction with the predisposition of osteoporosis in the north-
western Chinese Han population. J Gene Med. 2020;22:e3214.

113. Weaver CT, Harrington LE, Mangan PR, Gavrieli M, Murphy KM. Th17: an effector
CD4 T cell lineage with regulatory T cell ties. Immunity 2006;24:677–88.

114. Yago T, Nanke Y, Ichikawa N, Kobashigawa T, Mogi M, Kamatani N, et al. IL-17
induces osteoclastogenesis from human monocytes alone in the absence of
osteoblasts, which is potently inhibited by anti-TNF-alpha antibody: a novel
mechanism of osteoclastogenesis by IL-17. J Cell Biochem. 2009;108:947–55.

115. Speziani C, Rivollier A, Gallois A, Coury F, Mazzorana M, Azocar O, et al. Murine
dendritic cell transdifferentiation into osteoclasts is differentially regulated by
innate and adaptive cytokines. Eur J Immunol. 2007;37:747–57.

116. Qu C, Bonar SL, Hickman-Brecks CL, Abu-Amer S, McGeough MD, Peña CA, et al.
NLRP3 mediates osteolysis through inflammation-dependent and -independent
mechanisms. FASEB J. 2015;29:1269–79.

117. An Y, Zhang H, Wang C, Jiao F, Xu H, Wang X, et al. Activation of ROS/MAPKs/NF-
κB/NLRP3 and inhibition of efferocytosis in osteoclast-mediated diabetic
osteoporosis. FASEB J. 2019;33:12515–27.

118. Alippe Y, Kress D, Ricci B, Sun K, Yang T, Wang C, et al. Actions of the NLRP3 and
NLRC4 inflammasomes overlap in bone resorption. Faseb j. 2021;35:e21837.

119. Spel L, Martinon F. Inflammasomes contributing to inflammation in arthritis.
Immunol Rev. 2020;294:48–62.

120. Zhang QB, Qing YF, He YL, Xie WG, Zhou JG. Association of NLRP3 poly-
morphisms with susceptibility to primary gouty arthritis in a Chinese Han
population. Clin Rheumatol. 2018;37:235–44.

121. Khameneh HJ, Ho AW, Laudisi F, Derks H, Kandasamy M, Sivasankar B, et al. C5a
regulates IL-1β production and leukocyte recruitment in a murine model of
monosodium urate crystal-induced peritonitis. Front Pharm. 2017;8:10.

122. Wang W, Liu C, Li H, Tian S, Liu Y, Wang N, et al. Discovery of novel and potent
P2Y(14)R antagonists via structure-based virtual screening for the treatment of
acute gouty arthritis. J Adv Res. 2020;23:133–42.

123. Li H, Jiang W, Ye S, Zhou M, Liu C, Yang X, et al. P2Y(14) receptor has a critical
role in acute gouty arthritis by regulating pyroptosis of macrophages. Cell Death
Dis. 2020;11:394.

124. Tian J, Wang B, Xie B, Liu X, Zhou D, Hou X, et al. Pyroptosis inhibition alleviates
potassium oxonate- and monosodium urate-induced gouty arthritis in mice.
Mod Rheumatol. 2022;32:221–30.

S. Wang et al.

15

Cell Death Discovery           (2022) 8:492 



125. Zhong CS, Zeng B, Qiu JH, Xu LH, Zhong MY, Huang YT, et al. Gout-associated
monosodium urate crystal-induced necrosis is independent of NLRP3 activity
but can be suppressed by combined inhibitors for multiple signaling pathways.
Acta Pharmacol Sin. 2022;43:1324–36.

126. Sieper J, Poddubnyy D. Axial spondyloarthritis. Lancet. 2017;390:73–84.
127. Appel H, Maier R, Bleil J, Hempfing A, Loddenkemper C, Schlichting U, et al. In

situ analysis of interleukin-23- and interleukin-12-positive cells in the spine of
patients with ankylosing spondylitis. Arthritis Rheum. 2013;65:1522–9.

128. Appel H, Maier R, Wu P, Scheer R, Hempfing A, Kayser R, et al. Analysis of IL-
17(+) cells in facet joints of patients with spondyloarthritis suggests that the
innate immune pathway might be of greater relevance than the Th17-mediated
adaptive immune response. Arthritis Res Ther. 2011;13:R95.

129. Gracey E, Qaiyum Z, Almaghlouth I, Lawson D, Karki S, Avvaru N, et al. IL-7
primes IL-17 in mucosal-associated invariant T (MAIT) cells, which contribute to
the Th17-axis in ankylosing spondylitis. Ann Rheum Dis. 2016;75:2124–32.

130. Batko B, Maga P, Urbanski K, Ryszawa-Mrozek N, Schramm-Luc A, Koziej M, et al.
Microvascular dysfunction in ankylosing spondylitis is associated with disease
activity and is improved by anti-TNF treatment. Sci Rep. 2018;8:13205.

131. Atzeni F, Nucera V, Galloway J, Zoltán S, Nurmohamed M. Cardiovascular risk in
ankylosing spondylitis and the effect of anti-TNF drugs: a narrative review.
Expert Opin Biol Ther. 2020;20:517–24.

132. Wang R, Dasgupta A, Ward MM. Predicting probability of response to tumor
necrosis factor inhibitors for individual patients with ankylosing spondylitis.
JAMA Netw Open. 2022;5:e222312.

133. Monnet D, Kadi A, Izac B, Lebrun N, Letourneur F, Zinovieva E, et al. Association
between the IL-1 family gene cluster and spondyloarthritis. Ann Rheum Dis.
2012;71:885–90.

134. Kastbom A, Klingberg E, Verma D, Carlsten H, Forsblad-d’Elia H, Wesamaa J, et al.
Genetic variants in CARD8 but not in NLRP3 are associated with ankylosing
spondylitis. Scand J Rheumatol. 2013;42:465–8.

135. Lalor SJ, Dungan LS, Sutton CE, Basdeo SA, Fletcher JM, Mills KH. Caspase-1-
processed cytokines IL-1beta and IL-18 promote IL-17 production by gammadelta
and CD4 T cells that mediate autoimmunity. J Immunol. 2011;186:5738–48.

136. Kim SK, Cho YJ, Choe JY. NLRP3 inflammasomes and NLRP3 inflammasome-
derived proinflammatory cytokines in peripheral blood mononuclear cells of
patients with ankylosing spondylitis. Clin Chim Acta. 2018;486:269–74.

137. Chen WK, Yu XH, Yang W, Wang C, He WS, Yan YG, et al. lncRNAs: novel players in
intervertebral disc degeneration and osteoarthritis. Cell Prolif. 2017;50:e12313.

138. Priyadarshani P, Li Y, Yao L. Advances in biological therapy for nucleus pulposus
regeneration. Osteoarthr Cartil. 2016;24:206–12.

139. Wang Y, Che M, Xin J, Zheng Z, Li J, Zhang S. The role of IL-1β and TNF-α in
intervertebral disc degeneration. Biomed Pharmacother. 2020;131:110660.

140. Le Maitre CL, Hoyland JA, Freemont AJ. Catabolic cytokine expression in
degenerate and herniated human intervertebral discs: IL-1beta and TNFalpha
expression profile. Arthritis Res Ther. 2007;9:R77.

141. Chen F, Jiang G, Liu H, Li Z, Pei Y, Wang H, et al. Melatonin alleviates inter-
vertebral disc degeneration by disrupting the IL-1β/NF-κB-NLRP3 inflamma-
some positive feedback loop. Bone Res. 2020;8:10.

142. Molinos M, Almeida CR, Caldeira J, Cunha C, Gonçalves RM, Barbosa MA.
Inflammation in intervertebral disc degeneration and regeneration. J R Soc
Interface. 2015;12:20150429.

143. Chen ZH, Jin SH, Wang MY, Jin XL, Lv C, Deng YF, et al. Enhanced NLRP3,
caspase-1, and IL- 1β levels in degenerate human intervertebral disc and their
association with the grades of disc degeneration. Anat Rec (Hoboken).
2015;298:720–6.

144. Huang Y, Peng Y, Sun J, Li S, Hong J, Zhou J, et al. Nicotinamide phosphoribosyl
transferase controls NLRP3 inflammasome activity through MAPK and NF-κB
signaling in nucleus pulposus cells, as suppressed by melatonin. Inflammation
2020;43:796–809.

145. Liao Z, Liu H, Ma L, Lei J, Tong B, Li G, et al. Engineering extracellular vesicles
restore the impaired cellular uptake and attenuate intervertebral disc degen-
eration. ACS Nano. 2021;15:14709–24.

146. Mao Q, Liang XL, Zhang CL, Pang YH, Lu YX. LncRNA KLF3-AS1 in human
mesenchymal stem cell-derived exosomes ameliorates pyroptosis of cardio-
myocytes and myocardial infarction through miR-138-5p/Sirt1 axis. Stem Cell
Res Ther. 2019;10:393.

147. Yan B, Zhang Y, Liang C, Liu B, Ding F, Wang Y, et al. Stem cell-derived exosomes
prevent pyroptosis and repair ischemic muscle injury through a novel exosome/
circHIPK3/ FOXO3a pathway. Theranostics 2020;10:6728–42.

148. Lundberg IE, Fujimoto M, Vencovsky J, Aggarwal R, Holmqvist M, Christopher-
Stine L, et al. Idiopathic inflammatory myopathies. Nat Rev Dis Prim. 2021;7:86.

149. Xie M, Yu Y, Kang R, Zhu S, Yang L, Zeng L, et al. PKM2-dependent glycolysis
promotes NLRP3 and AIM2 inflammasome activation. Nat Commun. 2016;7:13280.

150. Liu D, Xiao Y, Zhou B, Gao S, Li L, Zhao L, et al. PKM2-dependent glycolysis
promotes skeletal muscle cell pyroptosis by activating the NLRP3 inflamma-
some in dermatomyositis/polymyositis. Rheumatology. 2021;60:2177–89.

151. Liu M, Li L, Dai T, Hou Y, Li W, Zhao Y, et al. Gasdermine E-dependent mito-
chondrial pyroptotic pathway in dermatomyositis: a possible mechanism of
perifascicular atrophy. J Neuropathol Exp Neurol. 2020;79:551–61.

152. Yu LM, Zhang WH, Han XX, Li YY, Lu Y, Pan J, et al. Hypoxia-induced ROS con-
tribute to myoblast pyroptosis during obstructive sleep apnea via the NF-kappaB/
HIF-1alpha signaling pathway. Oxid Med Cell Longev. 2019;2019:4596368.

153. Ding J, Li F, Cong Y, Miao J, Wu D, Liu B, et al. Trichostatin A inhibits skeletal muscle
atrophy induced by cigarette smoke exposure in mice. Life Sci. 2019;235:116800.

154. Lou Y, Miao J, Li F, Ding J, Wang L. Maternal smoking during pregnancy
aggravated muscle phenotype in FHL1(-/y) offspring mice similar to congenital
clubfoot through P2RX7-mediated pyroptosis. Toxicol Lett. 2021;345:54–60.

155. Oh S, Yang J, Park C, Son K, Byun K. Dieckol attenuated glucocorticoid-induced
muscle atrophy by decreasing NLRP3 inflammasome and pyroptosis. Int J Mol
Sci. 2021;22:8057.

156. Wang L, Jiao XF, Wu C, Li XQ, Sun HX, Shen XY, et al. Trimetazidine attenuates
dexamethasone-induced muscle atrophy via inhibiting NLRP3/GSDMD
pathway-mediated pyroptosis. Cell Death Discov. 2021;7:251.

157. Dessouki FBA, Kukreja RC, Singla DK. Stem cell-derived exosomes ameliorate
doxorubicin-induced muscle toxicity through counteracting pyroptosis. Phar-
maceuticals (Basel). 2020;13:450.

158. Tavakoli Dargani Z, Singla DK. Embryonic stem cell-derived exosomes inhibit
doxorubicin-induced TLR4-NLRP3-mediated cell death-pyroptosis. Am J Physiol
Heart Circ Physiol. 2019;317:H460–h71.

159. Zhang L, Jiang YH, Fan C, Zhang Q, Jiang YH, Li Y, et al. MCC950 attenuates
doxorubicin-induced myocardial injury in vivo and in vitro by inhibiting NLRP3-
mediated pyroptosis. Biomed Pharmacother. 2021;143:112133.

160. Wang X, Lian Z, Ge Y, Yu D, Li S, Tan K. TRIM25 rescues against doxorubicin-
induced pyroptosis through promoting NLRP1 ubiquitination. Cardiovasc Tox-
icol. 2021;21:859–68.

161. Lamkanfi M, Mueller JL, Vitari AC, Misaghi S, Fedorova A, Deshayes K, et al. Gly-
buride inhibits the Cryopyrin/Nalp3 inflammasome. J Cell Biol. 2009;187:61–70.

162. Yuan Y, Fan X, Guo Z, Zhou Z, Gao W. Metformin protects against spinal cord
injury and cell pyroptosis via AMPK/NLRP3 inflammasome pathway. Anal Cell
Pathol (Amst). 2022;2022:3634908.

163. Krishnan SM, Dowling JK, Ling YH, Diep H, Chan CT, Ferens D, et al. Inflam-
masome activity is essential for one kidney/deoxycorticosterone acetate/salt-
induced hypertension in mice. Br J Pharm. 2016;173:752–65.

164. Baker PJ, Boucher D, Bierschenk D, Tebartz C, Whitney PG, D’Silva DB, et al.
NLRP3 inflammasome activation downstream of cytoplasmic LPS recognition by
both caspase-4 and caspase-5. Eur J Immunol. 2015;45:2918–26.

165. Zhang Y, Lin Z, Chen D, He Y. CY-09 attenuates the progression of osteoarthritis
via inhibiting NLRP3 inflammasome-mediated pyroptosis. Biochem Biophys Res
Commun. 2021;553:119–25.

166. Zhang Y, Liu X, Bai X, Lin Y, Li Z, Fu J, et al. Melatonin prevents endothelial cell
pyroptosis via regulation of long noncoding RNA MEG3/miR-223/NLRP3 axis. J
Pineal Res. 2018;64.

167. Zhang Y, Hou M, Liu Y, Liu T, Chen X, Shi Q, et al. Recharge of chondrocyte
mitochondria by sustained release of melatonin protects cartilage matrix
homeostasis in osteoarthritis. J Pineal Res. 2022;73:e12815.

168. Xu H, Xu B. BMSC-derived exosomes ameliorate osteoarthritis by inhibiting
pyroptosis of cartilage via delivering miR-326 targeting HDAC3 and STAT1//NF-
κB p65 to chondrocytes. Mediators Inflamm. 2021;2021:9972805.

169. Chen S, Ye J, Chen X, Shi J, Wu W, Lin W, et al. Valproic acid attenuates traumatic
spinal cord injury-induced inflammation via STAT1 and NF-κB pathway
dependent of HDAC3. J Neuroinflammation. 2018;15:150.

170. Yuan X, Li T, Shi L, Miao J, Guo Y, Chen Y. Human umbilical cord mesenchymal
stem cells deliver exogenous miR-26a-5p via exosomes to inhibit nucleus pul-
posus cell pyroptosis through METTL14/NLRP3. Mol Med. 2021;27:91.

171. Xing H, Zhang Z, Mao Q, Wang C, Zhou Y, Zhou X, et al. Injectable exosome-
functionalized extracellular matrix hydrogel for metabolism balance and pyr-
optosis regulation in intervertebral disc degeneration. J Nanobiotechnology.
2021;19:264.

172. Yan Z, Qi W, Zhan J, Lin Z, Lin J, Xue X, et al. Activating Nrf2 signalling alleviates
osteoarthritis development by inhibiting inflammasome activation. J Cell Mol
Med. 2020;24:13046–57.

173. Zu Y, Mu Y, Li Q, Zhang ST, Yan HJ. Icariin alleviates osteoarthritis by inhibiting
NLRP3-mediated pyroptosis. J Orthop Surg Res. 2019;14:307.

174. Wang Q, Ying L, Wei B, Ji Y, Xu Y. Effects of quercetin on apoptosis and
extracellular matrix degradation of chondrocytes induced by oxidative stress-
mediated pyroptosis. J Biochem Mol Toxicol. 2022;36:e22951.

S. Wang et al.

16

Cell Death Discovery           (2022) 8:492 



175. Luo X, Bao X, Weng X, Bai X, Feng Y, Huang J, et al. The protective effect of
quercetin on macrophage pyroptosis via TLR2/Myd88/NF-κB and ROS/AMPK
pathway. Life Sci. 2022;291:120064.

176. Ge G, Bai J, Wang Q, Liang X, Tao H, Chen H, et al. Punicalagin ameliorates
collagen-induced arthritis by downregulating M1 macrophage and pyroptosis
via NF-κB signaling pathway. Sci China Life Sci. 2022;65:588–603.

177. Sun H, Wang J, Bi W, Zhang F, Chi K, Shi L, et al. Sulforaphane ameliorates limb
ischemia/reperfusion-induced muscular injury in mice by inhibiting pyroptosis
and autophagy via the Nrf2-ARE pathway. Evid Based Complement Altern Med.
2022;2022:4653864.

178. Hu JJ, Liu X, Xia S, Zhang Z, Zhang Y, Zhao J, et al. FDA-approved disulfiram
inhibits pyroptosis by blocking gasdermin D pore formation. Nat Immunol.
2020;21:736–45.

179. Mo G, Liu X, Zhong Y, Mo J, Li Z, Li D, et al. IP3R1 regulates Ca(2+) transport and
pyroptosis through the NLRP3/Caspase-1 pathway in myocardial ischemia/
reperfusion injury. Cell Death Discov. 2021;7:31.

180. Lowery JW, Rosen V. The BMP pathway and its inhibitors in the skeleton. Physiol
Rev. 2018;98:2431–52.

181. Feng C, Xiao L, Yu JC, Li DY, Tang TY, Liao W, et al. Simvastatin promotes osteo-
genic differentiation of mesenchymal stem cells in rat model of osteoporosis
through BMP-2/Smads signaling pathway. Eur Rev Med Pharm Sci. 2020;24:434–43.

182. Aluganti Narasimhulu C, Singla DK. Amelioration of diabetes-induced inflam-
mation mediated pyroptosis, sarcopenia, and adverse muscle remodelling by
bone morphogenetic protein-7. J Cachexia Sarcopenia Muscle. 2021;12:403–20.

183. Wang S, Mobasheri A, Zhang Y, Wang Y, Dai T, Zhang Z. Exogenous stromal cell-
derived factor-1 (SDF-1) suppresses the NLRP3 inflammasome and inhibits
pyroptosis in synoviocytes from osteoarthritic joints via activation of the AMPK
signaling pathway. Inflammopharmacology 2021;29:695–704.

184. Nasi S, Ea HK, So A, Busso N. Revisiting the role of interleukin-1 pathway in
osteoarthritis: interleukin-1α and -1β, and NLRP3 inflammasome are not
involved in the pathological features of the murine menisectomy model of
osteoarthritis. Front Pharm. 2017;8:282.

185. Bougault C, Gosset M, Houard X, Salvat C, Godmann L, Pap T, et al. Stress-
induced cartilage degradation does not depend on the NLRP3 inflammasome in
human osteoarthritis and mouse models. Arthritis Rheum. 2012;64:3972–81.

ACKNOWLEDGEMENTS
We appreciate laboratory members’ thoughtful comments on the paper.

AUTHOR CONTRIBUTIONS
CT and JYH conceived and designed the work. SYW, HW, CYF, and CBL collected and
analyzed the relevant reports. SYW wrote the draft. CT, JYH, and ZHL provided

substantial contributions to improve the content of the article. All authors have read
and approved the paper.

FUNDING
This work was supported by the National Natural Foundation of China (82272664,
81902745, 82172500), Hunan Provincial Natural Science Foundation of China
(2022JJ30843), the Science and Technology Development Fund Guided by Central
Government (2021Szvup169), Hunan Provincial Administration of Traditional Chinese
Medicine Project (D2022117), the Scientific Research Program of Hunan Provincial
Health Commission (B202304077077), and the Rehabilitation Project of Hunan
Disabled Persons’ Federation (2022XK0215).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Jieyu He or
Chao Tu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

S. Wang et al.

17

Cell Death Discovery           (2022) 8:492 

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The regulatory role and therapeutic application of pyroptosis in musculoskeletal diseases
	Facts
	Open questions
	Introduction
	Mechanisms of pyroptosis
	Molecular mechanism of pyroptosis
	Difference and Crosstalk between Pyroptosis and Other Forms of Cell Death

	Role of pyroptosis in MSDs
	Pyroptosis and OA
	Pyroptosis and RA
	Pyroptosis and OP
	Pyroptosis and GA
	Pyroptosis and AS
	Pyroptosis in IDD
	Pyroptosis and muscle diseases

	Potential treatment strategies
	NLRP3 direct or indirect inhibitors
	Hormone therapy
	Exosomes treatment
	Plant extracts
	Molecules targeting other components of pyroptosis
	Regulatory of endogenous cytokines

	Future perspectives and conclusions
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




