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Abstract: Osteoarthritis (OA) is a chronic disease that causes pain and functional impairment by affecting joint tissue. Its global 
impact is noteworthy, causing significant economic losses and property damage. Despite extensive research, the underlying pathogen-
esis of OA remain an area of ongoing investigation. It has recently been discovered that the OA progression is significantly influenced 
by pyroptosis. Pyroptosis is a complex process that involves three pathways culminating in the assembly of Gasdermin-D (GSDMD)- 
N-terminal (GSDMD-NT) into pores through aggregation on the plasma membrane. The aggregation of GSDMD-NT proteins 
stimulates the release of inflammatory mediators, such as Interleukin-1β (IL-1β), Interleukin-18 (IL-18), and Matrix 
Metallopeptidase 13 (MMP13), ultimately leading to cellular lysis. The pyroptosis process in specific cells, including synovial 
macrophages, fibroblast-like synoviocytes (FLS), chondrocytes, and subchondral osteoblasts, contributs factor to the development 
of OA. Currently, the specific cells that undergo pyroptosis first are not yet fully understood, and it remains unknown whether 
pyroptosis in one cell can trigger the same process in other cells. Therefore, targeting pyroptosis could potentially offer a novel 
treatment approach for OA patients. We present a comprehensive analysis of the molecular mechanisms and key features of pyroptosis. 
We also outline the current research progress on various aspects, including synovial tissue, articular cartilage, extracellular matrix 
(ECM), and subchondral bone, with a focus on pyroptosis. The aim is to provide theoretical references for the effective management of 
OA. 
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Introduction
OA is a type of joint ailment affecting both large and small joints, such as the hip, knee, and hand. The disease causes 
structural changes in the articular cartilage, ligaments, subchondral bone, joint capsule, synovial tissue, and periarticular 
muscles.1,2 The primary symptoms of OA are joint pain and loss of function,3,4 which may lead to disability and the need 
for joint replacement.5–7 It is pertinent to note that OA is more prevalent in the elderly population, and its prevalence 
increases with age.8 The condition causes significant economic and property losses globally,6,7 particularly for indivi-
duals over 65 years old.9,10 OA results from a combination of individual and joint factors, including age, gender, obesity, 
genetics, diet, injury, joint malalignment, and abnormal joint loading.5,11,12

Previous studies have demonstrated that the programmed death of multiple cells in the bone and joint, which is 
regulated by various death modalities, is closely associated with the occurrence and progression of OA. The mechanisms 
involved in this process include Apoptosis, autophagy, necrotizing Apoptosis, ferroptosis, and pyroptosis.13–15 There has 
been a notable surge in the study of pyroptosis,14–17 a recently discovered type of programmed cell death that is closely 
linked with OA.18 Pyroptosis is induced by the activation of cysteinyl aspartate-specific proteinase-1 (caspase-1),18,19 
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resulting in the formation of inflammatory bodies, cell membrane perforation, and release of inflammatory cells and 
factors.18,20–22 It affects various tissues and cells, such as osteoporotic cartilage, ECM, subchondral bone, synovium, and 
joint fluid, in different ways. While several studies have explored pyroptosis-related molecules in OA, there is still no 
consensus on which cells undergo pyroptosis or which cells are affected first. Additionally, the relationship between 
pyroptosis and subchondral bone remains largely unexplored. Our aim is to investigate the mechanisms of pyroptosis in 
OA and its impact on the synovial membrane, articular cartilage, ECM, and subchondral bone. Through our research, we 
hope to reveal the pathological mechanisms of OA and provide valuable insights for further research and clinical 
treatment.

Molecular Mechanisms of Pyroptosis
Pyroptosis is a type of inflammatory cell death that differs from other forms, such as apoptosis.17,23 Initially, it was 
thought to be a type of apoptosis, but it was later defined as pyroptosis in 2001.23 This type of cell death is caused by 
caspase-1 in macrophages infected with Salmonella. Pyroptosis is morphologically and biochemically different from 
other forms, as it leads to cell infiltration, swelling, rupture, and death.16,20,24 Pyroptosis causes cell membranes to form 
ruptured stomata with an inner diameter of 14–20 nm called GSDMD pores through a series of reactions mediated by 
inflammatory caspase-1.22 As a result, it leads to cell infiltration, swelling, rupture, and death; inflammatory factors are 
released into the tissue, and spherical vesicles form around the nucleus.25,26 The nucleus coagulates and solidifies, and 
DNA fragmentation occurs.20 However, unlike apoptosis, nuclear DNA is not degraded in pyroptosis.18

Pyroptosis is a form of cell death that is more intricate than apoptosis and employs diverse primary mediators in 
contrast to apoptosis. Pyroptosis utilizes caspase-1/4/5/11 instead of caspase-2, caspase-9, and caspase-10.16,21,27 These 
caspases aid in the fabrication of inflammatory vesicles and the liberation of IL-1β, IL-18, and heat shock proteins 
(HSPs) from the stomata.28

Three Different Pathways of Pyroptosis
Canonical Pathway
Canonical pyroptosis is a complex process that involves the assembly of inflammatory complexes. Pathogenic microbes 
and injury factors trigger this process through molecular patterns.23,29 Toll-like receptors (TLRs) play a vital role in the 
initiation phase by binding to molecular patterns, which activate the nuclear transcription factor-kappa B (NF-κB) and 
mitogen-activated protein kinases (MAPK) pathways. This results in increased expression of pro-interleukin-1β (pro-IL 
-1β) and nucleotide-binding oligomerization domain (NOD)-like receptor protein 3 (NLRP3). Although the mechanism 
through which NLRP3 activates canonical pyroptosis is still unclear, it is understood that during the activation phase, the 
assembly of inflammatory vesicles takes center stage, ultimately leading to the activation of caspase-1.30–33 Canonical 
pyroptosis is triggered by the activation of mitochondria through exposure to NLRP3 activators, including microparticles, 
toxins, adenosine triphosphate (ATP), pathogens, crystals, or aggregates.30,34–38 Following tissue injury, advanced 
oxidative protein product (AOPP) increases and causes a reduction in mitochondrial membrane potential.39,40 This 
decrease in mitochondrial membrane potential leads to an increase in mitochondrial reactive oxygen species (mtROS), 
resulting in the formation and fragmentation of oxidized mitochondrial DNA (Ox-mtDNA), which is released into the 
cytosol.41–44 The Ox-mtDNA can activate and assemble NLRP3 inflammatory vesicles. Inflammatory vesicles,45 formed 
by oligomeric receptor proteins such as NLRP1, NLRP3, and NLRP4, and absent in melanoma 2 (AIM2), are involved in 
intrinsic immunity. These multi-protein complexes include apoptosis-associated speck-like proteins containing a caspase- 
associated recruitment domain (CARD) (ASC) and pro-caspase-1.46–49 The NLRP3 inflammasome is formed when 
aggregated ASC recruit pro-caspase-1 through homotypic CARD and CARD interactions. The oligomeric NLRP3 
protein is capable of recruiting ASC through its homotypic pyrin domain (PYD) and PYD interactions, ultimately 
leading to the formation of an ASC patch.28 Once assembled, the NLRP3 inflammasome forms by the interaction of 
homotypic Nacht structural domains, resulting in a complex with a high molecular weight that triggers the self-activation 
of caspase-1. This activation subsequently modulates the activation of pro-IL-1β and pro Interleukin-18 (pro-IL-18) 
through protein hydrolysis and releases active IL-1β and IL-18, inducing pyroptosis.28,30
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Pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) activate 
pyroptosis through complex mechanisms. PAMPs encompass viral RNA, toxins, and bacterial surface components, 
while DAMPs comprise uric acid crystals, ATP, aluminum adjuvants, and β-amyloid peptides. PAMPs and DAMPs bind 
to evolutionarily conserved pattern recognition receptors (PRRs).28,30,50 The synthesis of mitochondrial DNA (mtDNA) 
is essential for NLRP3 signaling, which is triggered by one of the three principal PRR families - TLRs stimulated 
through myeloid differentiation factor 88 (MyD88) and Toll/IL-1R domain-containing adaptor-inducing interferon-beta 
(TRIF) dapters in the NF-κB pathway or mitogen-activated protein kinase (MAPK) pathway.46,51 Interferon regulatory 
factor 1 (IRF1) leads to increased cytidine/uridine monophosphate kinase 2 (CMPK2) and TRIF adapter-dependent pro- 
IL-1β expression. CMPK2 is an enzyme that facilitates mtDNA synthesis, which leads to Ox-mtDNA fragments.33 The 
NLRP3 inflammasome necessitates Ox-mtDNA from the cytosol, which relies on CMPK2 activity. It helps regulate 
inflammatory vesicle-associated diseases.30,33 The CMPK2 protein’s IRF1-dependent catalytic activity regulates mtDNA 
replication and NLRP3 activation. However, it does not affect pro-IL-1β and NLRP3 or tumor necrosis factor-alpha 
(TNF-α) secretion. Deficiency does not affect caspase-11-mediated activation of the non-canonical inflammasome, 
NLRP3 activation-induced mitochondrial damage, or mtROS production. IRF1 can influence Ox-mtDNA and NLRP3 
inflammasome activation by influencing mtDNA replication. However, it does not explain why the morphological 
characteristics of nuclear DNA occur.33 Recent research has uncovered that the never-in mitosis gene A (NIMA)- 
related kinase 7 (NEK7) plays a crucial role in activating the NLRP3 inflammasome complex in canonical and non- 
canonical pyroptosis. NEK7 also plays a role in cellular potassium efflux by interacting with the inflammatory complex. 
Without NEK7, the inflammatory complex cannot aggregate, which is necessary to activate the NLRP3 inflammasome 
complex and caspase 1.52,53

It is imperative to establish a consensus on the precise mechanisms that activate NLRP3 inflammatory vesicles. Such 
mechanisms encompass ion fluxes, including K+, Cl−, Na+, and Ca2+, mitochondrial dysfunction, ROS, and mtDNA 
release, lysosomal disruption, trans-Golgi catabolism, calcium changes, formation of non-specific membrane pores, and 
potassium efflux.28,54 Clarifying these mechanisms and their interactions is crucial to enhance our understanding of the 
inflammatory response and develop effective treatment strategies.

Non-Canonical Pathway
Non-canonical pyroptosis is a less complex way of pyroptosis that is initiated by caspase-11 in mice or caspase-4/5 in 
humans. This process is triggered by the detection of lipopolysaccharide (LPS) directly within the cytoplasm, which 
induces the activation of caspase-11 or caspase-4/5 independently of TLR4.55,56 This leads to the expression and 
activation of these caspases,48,55 which can then cleave pro-IL-1b, inducing its activation and release into the extra-
cellular space.57

Caspase-1 plays a vital role in the non-canonical inflammasome pathway by inducing pyroptosis and releasing IL-1β 
and IL-18, while caspase-11 does not require these functions. It is pertinent to note that caspase-1 is a direct substrate of 
pro-IL-1β, not caspase-11, although these caspases may have reciprocal regulation. For caspase-11 induced pyroptosis, 
GSDMD is essential, as it facilitates the maturation of IL-1β, TLR initiation, and processing of pro-caspase-1 and pro-IL 
-1β.57 ATP triggers the canonical pyroptosis pathway in tissues through the recombinant purinergic receptor (P2X7R). 
The functional ion channel of the P2X7R subunit is a stable plasma membrane trimer.58 Upon ATP binding to the P2X7R 
gate, Na+ and Ca2+ flow in, while K+ flows out rapidly, leading to fast depolarization. P2X7R plays a crucial role in 
inflammation by activating the inflammasome, including the NLRP3, ASC, and pro-caspase-1. NLRP3 initiates and 
cleaves pro-caspase-1, producing biologically active IL-1β and triggering an inflammatory response59 (Figure 1).

Alternative Pathway
The administration of LPS leads to the activation of apoptosis and regulation of cellular FLICE-like inhibitory protein 
(cFLIP) expression, thereby controlling pyroptosis. Moreover, increasing mtDNA stimulates pyroptosis by activating 
PRRs and their signaling pathways. LPS also influences the release of IL-1β through alternative pyroptosis via TRIF 
adapter,30 receptor-interacting protein 1 (RIP1) activity, and caspase-8.28 The production of pro-IL-1β requires TRIF, 
caspase-8, and RIP1. In addition, the spot-forming effect of ASC is caspase-8 dependent.46 It is noteworthy that the 
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NLRP3 inflammasome components are responsible for mediating macrophage IL-1β secretion, not pyroptosis.57 Recent 
studies have identified the caspase-8 and FADD-like apoptosis regulator (cFLAR) gene, which encodes the caspase-8 
enzyme inactive homolog cellular FLIP long isoform protein (cFLIPL), as a crucial component in regulating pyroptosis.46 

Cells use cFLIP to control caspase-8 activation, with the short isoform (cFLIPR) completely blocking it and the cFLIPL 

partially blocking it. The quantity of cFLIPs in cells affects pyroptosis. The cFLIP protein obstructs the activation 
caspase-8 and minimizes pyroptosis triggered by LPS.46 Furthermore, cFLIPL regulates caspase-8 activation and 
complex II formations, protecting macrophages from LPS-induced pyroptosis. Caspase-8 initiates two fundamental 
processes: first, it activates GSDMD, leading to pyroptosis; second, it activates the NLRP3 inflammasome, which, in 
turn, drives the maturation and release of IL-1β. It is necessary to understand the exact mechanism by which NLRP3 and 
caspase-8 promote alternative pyroptosis via NLRP-3 inflammasomes.28

The activation of caspase-1 has been found to stimulate the production of IL-1β and IL-18, while the activation of 
caspase-8, caspase-11, or caspase-4/5 leads to pyroptosis. The cleavage of GSDMD in its central linker domain by 
caspase-1 in humans and caspase-4/5 in mice results in the creation of GSDMD-C-terminal and GSDMD-NT 
fragments.60 These fragments accumulate on lipid membranes, creating pores.31 Notably, the full-length GSDMD or 
C-terminal cleavage fragments can only lead to pyroptosis after being cleaved and released. GSDMD-NT interacts with 
phosphatidylinositol and cardiolipin on the inner leaflet membrane, forming a 16-monomer pore of undefined size on the 
plasma membrane.28,61 The process leads to cell depolarization and the release of inflammatory factors such as IL-1β, IL- 
18, and TNF-β. While it remains unclear how the GSDMD-NT fragment enters endothelial cell mitochondria,56 the pores 
release inflammatory substances, causing cell inflammation and death by allowing molecules to move in and out of the 
cell.28,33 The endosomal sorting complex required for transport (ESCRT) complex has been found to repair the cell 
membrane integrity and reduce the cell volume when there are only a few GSDMD pores in the cell membrane.28 Drugs 

Figure 1 Mechanisms of three types of pyroptosis pathway. In the canonical pathway, PRRs detect signals both inside and outside cells and trigger the NF-κB signaling 
pathway, which boosts the expression of multiple genes. Other factors, such as ion flow, mitochondrial damage, and reactive molecules, can also activate NLRP3 
inflammatory vesicles. These vesicles then change GSDMD into GSDMD-NT, leading to the formation of membrane pores as they aggregate and insert into the plasma 
membrane. Additionally, Caspase-1 helps create functional IL-1β and IL-18, which exit through these pores. In the non-canonical pathway, intracellular LPS triggers the 
activation of pro-caspase-4/-5/-11 via GBP and then promotes the production of active IL-1β and IL-18. LPS activates the MAPK and NF-κB signaling pathways and activates 
GSDMD-NT by binding to the receptor in the alternative pathway. It leads to the forming of the GSDMD pore and NLRP3 inflammatory vesicle through caspase-8. Then IL- 
1β is activated and released extracellularly through the GSDMD pore. The process can be inhibited by cFLIPL. It’s worth noting that there is mutual regulation between the 
canonical and non-canonical pathways.
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can prevent pore formation by inhibiting GSDMD, which can help control the release of inflammatory factors during 
GSDMD activation.56 There are also interconnections between family members,28 and it is expected that GSDMD, its 
family members, and interventions for disease control will be the next primary research focus.

Pyroptosis and Synovium in OA
Synovial inflammation plays a pivotal role in the development of OA. It is an indicator of progression and is closely 
associated with cartilage loss, changes in synovial fluid, pain, and the formation of bone fragments.62,63 Our study aims 
to examine the correlation between synovial cells, inflammation in OA, and coping mechanisms for pyroptosis. The 
synovium is primarily composed of FLS and macrophages.64

Fibroblast-Like Synoviocytes in OA Synovium
OA leads to synovial lesions resulting from the growth of synovial tissue cells, causing hyperplasia and fibrosis. 
Specialized mesenchymal cells, known as fibroblast-like synoviocytes (FLS), make up most synovial tissue cells and 
are responsible for producing synovial fluid rich in lubricants and hyaluronic acid, which lubricate cartilage. FLS are the 
primary effector cells of synovial fibrosis in knee osteoarthritis (KOA).65 However, altered synovial permeability and 
decreased fat and hyaluronic acid concentrations in OA may result in pain.62 Pyroptosis, a type of cell death, is associated 
with OA. Pyroptosis-related molecules, such as NLRP3, caspase-1, and GSDMD, have been found in human OA 
synovial.66–68 LPS,66 collagenase, and both LPS and ATP together67,68 lead to upregulating of NLRP1 and NLRP3 
inflammasome-associated proteins in FLS cells. Increased inflammasome expression can cause pyroptosis.67 In an animal 
model of synovial tissue inflammation, NLRP3 inflammatory vesicle-mediated pyroptosis was positively associated with 
temporomandibular joint osteoarthritis (TMJOA) synovitis.64 FLS cells from synovial tissue of OA patients treated with 
LPS/ATP led to an elevation of related factors in pyroptosis and inflammatory factors in the model.65–68 However, it was 
found that stimulating FLS with LPS or ATP alone does not induce pyroptosis. In vitro, induction of FLS resulted in 
changes in NLRP3 and caspase-1 mRNA, but only the GSDMD protein had corresponding changes. Detectable changes 
in both mRNA and protein of pyroptosis related-molecules occurred when co-culturing FLS with THP-1 macrophages, 
indicating that FLS cell-mediated synovial fibrosis may depend on macrophage pyroptosis.64 While Ac-YVAD-CMK 
(AYC), a caspase-1 inhibitor, did not affect NLRP3, it downregulated IL-1β, GSDMD, caspase-1, and ASC. A selective 
inhibitor of NLRP3 downregulated the expression of IL-1β, GSDMD, and caspase-1 in synovial tissues, suggesting that 
both inhibitors affect pyroptosis related-factors. Rat OA models showed elevated hypoxia-inducible factor-1 (HIF-1) 
levels. SiRNA of HIF-1α treatment decreased dead FLS numbers and downregulated pyroptosis related-protein 
expression.64 Pyroptosis of FLS exacerbates synovial inflammation and fibrosis.65 In rat models, inhibiting pyroptosis 
through activating adenosine monophosphate-activated protein kinase (AMPK) with stromal cell-derived factor-1 (SDF- 
1) improved the severity of OA.66

Macrophage in OA Synovium
OA is a condition that affects the joints of individuals. The synovium in the affected joints contains various macrophages 
that possess pro-inflammatory and anti-inflammatory traits. Some of these macrophages have heightened phagocytic and 
immunosuppressive activity.69 Past studies have cited that pro-inflammatory macrophages cause OA development by 
infiltrating and activating synovial tissue related to synovial fibrosis in KOA.70 Reducing synovial macrophages with 
drugs can help alleviate OA symptoms such as pain and stiffness.71 However, some studies have demonstrated that 
lowering synovial macrophage numbers can result in an increase in synovial inflammation.72 Further research is 
necessary to understand the role and mechanism of different phenotypes of macrophage pyroptosis in OA and its 
potential for treating OA. The previous studies did not clarify the macrophage phenotype and its varying effects on 
inflammation. Synovial macrophages are mainly M2 and control inflammation when exposed to stimuli. M2 macro-
phages can turn into M1 macrophages, which cause inflammation.73 In individuals with OA, macrophages deposit 
crystals in the synovium. Dead cells release ATP, which activates the NLRP3 inflammasome to produce IL-1β and IL-18. 
Sodium urate crystals in joints are linked to OA severity and bone flab formation; its decrease can protect joint 
function.62 Caspase-1 causes GSDMD pores to form, prolonging inflammation in the synovium.21 Zhang et al observed 
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increased NLRP3 inflammasome components in synovial tissues of rats with KOA. Treatment with caspase-1 inhibitors 
improved tissue organization and reduced inflammation, fibrosis, and expression of pro-inflammatory factors. However, 
caspase-1 knockout reduced pyroptosis induced by LPS, but their macrophages were not directly from the diseased 
synovium.74 In agreement with the previous note,64 after the co-culture of macrophages undergoing pyroptosis and FLS, 
FLS cells also exhibited characteristics of pyroptosis and elevated expression of fibrogenic factors.74 Thus, Macrophage 
pyroptosis plays a role in the development of OA synovial. Further research is necessary to explore the connection 
between macrophages and FLS and their role in OA.

Pyroptosis and Cartilage in OA
The articular cartilage protects the bone plate by absorbing loads and strains while minimizing strain transfer to the 
bone.75 Chondrocytes, the specialized cells, respond to various stimuli such as mechanical loading and growth factors to 
maintain cartilage homeostasis. The primary component of cartilage is the ECM, which is primarily composed of type II 
collagen.76,77

OA is a debilitating medical condition that arises due to degeneration of cartilage, chondrocyte death, and ECM 
degradation. Activation of the MAPK/NF-κB pathway can trigger inflammation in chondrocytes, leading to a range of 
conditions, including OA.78 In an OA model, the expression of NLRP3 was found to be higher in medial cartilage than in 
lateral cartilage, and inhibition of the MAPK/NF-κB/NLRP3 can alleviate chondrocyte pyroptosis, proteoglycan loss, 
collagen degradation, articular cartilage degeneration, and subchondral bone destruction.79 Pyroptosis, induced by 
activators that promote chondrocyte NLRP3 inflammasome activation via the MAPK/NF-κB pathway, can exacerbate 
these conditions.37,38,79 Bai et al conducted a study that revealed the potential role of pyroptosis in OA. Their findings 
showed that selective inhibition of NLRP3 and caspase-1 led to a reduction in the expression of pyroptosis-related 
molecules such as NLRP3, ASC, caspase-1, and GSDMD in both an OA animal model and rat chondrocytes stimulated 
with hydrogen peroxide (H₂O₂). Additionally, the authors noted that H2O2 stimulation resulted in the elevation of ROS 
and Ca2+ but a decrease in K+ in chondrocytes. Interestingly, the use of an A3 adenosine receptor (A3AR) activator to 
inhibit the pyroptosis pathway led to a decrease in ROS and related pyroptosis molecules, along with an increase in Ca2+. 
The A3AR activator did not affect intracellular K+ and Ca2+.80 It is important to note that pyroptosis pathways can be 
triggered via three distinct pathways, with NLRP3 and caspase-1 playing a prominent role in the canonical pathway, 
which is dependent on K+ efflux.81 However, non-canonical pyroptosis cannot reveal two contradictory phenomena in 
chondrocyte pyroptosis stimulated by H2O2.80 In post-traumatic osteoarthritis (PTOA) models and OA patients, RNA 
levels of GSDMD, IL-1β, and IL-18 were found to be higher in cartilage tissue. GSDMD knockout mice in the PTOA 
model experienced less inflammation, cartilage loss, and osteosclerosis, indicating that inhibiting GSDMD may be a new 
approach to treating OA.81 Although chondrocytes have been found to induce pyroptosis in vitro, recent research 
suggests that chondrocyte pyroptosis is likely induced by inflammatory factors such as IL-1β, IL-18, and TNF-α, 
which are released during synovial pyroptosis rupture.80,81 In an animal model undergoing surgical destabilization of 
the medial meniscus (DMM) under multiple fatty acid treatments, higher expression of TLR4, MyD88, phosphor-NF-κB 
(p-NF-κB), NLRP3, caspase-1, and IL-1β was detected in the articular cartilage tissue than in the normal group. Similar 
results were observed in chondrocytes treated with subsequent LPS, where TLR4, p-NF-κB, NLRP3, Caspase-1, 
GSDMD, and IL-1β protein expression decreased or increased accordingly after TLR4 inhibition or overexpression, 
highlighting the involvement of the TLR4 and NF-κB pathway in the process of chondrocytes pyroptosis in OA. 
However, the level of IL-1β was detected, but not IL-18.82 Furthermore, in an OA rat model, a decrease in phosphory-
lated AMPK and an increase in Caspase-1 were observed. Treatment with the AMPK activator AICAR significantly 
reduced the expression of inflammasome and IL-1β in LPS-induced chondrocyte inflammation.83,84 The study revealed 
that the AMPK pathway leads to pyroptosis and contributes to OA development, though it also did not mention changes 
in IL-18.85,86

The article discusses various pathways that can affect chondrocyte pyroptosis and ECM degradation.85 Upregulating 
TGF-β1, activating Smad2/3, and inhibiting the NF-κB pathway may potentially reduce oxidative stress and protect 
chondrocytes from pyroptosis, ultimately mitigating OA development. Additionally, moderate stimulation of articular 
cartilage may potentially suppress chondrocyte pyroptosis and protect joints in OA patients by inhibiting the 
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phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/NF-κB signaling pathway.86 However, inappropriate mechan-
ical stress can harm chondrocytes and activate the NF-κB pathway, leading to increased oxidative stress, pyroptosis, and 
ECM degradation during OA development.85 Moreover, in rat chondrocytes treated with H2O2, the expression of USP7, 
ROS, NLRP3, GSDMD-NT, active caspase-1, procaspase-1, MMP1, and MMP13 increased. Silencing, inhibition, or 
overexpression of the ubiquitin-specific protease 7 (USP7) gene accordingly affected the expression of those factors, 
whereas NLRP1, NLRP6, NLR-family CARD-containing protein 4 (NLRC4), AIM2, and ASC remained unchanged. 
USP7 interacts with nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4 (NOX4), leading to chondrocyte 
pyroptosis. This finding was confirmed in OA animal models and human OA cartilage.87 Furthermore, increased ATP in 
rats with OA was found to be induced by monosodium iodoacetate (MIA) injection. It also detected upregulation of 
inflammatory switch purinergic receptors P2X7, ROS, MMP13, NF-κB, p65, NLRP3, caspase-1, and IL-1β, ultimately 
resulting in worse ECM degradation, cartilage loss, and bone resorption, thereby accelerating OA progression.88,89 

Conversely, P2X7R suppression led to the opposite effect.59

When chondrocytes or synovial tissue undergo pyroptosis, they release inflammatory factors such as IL-1β, IL-18, 
TNF-α and MMPs, particularly MMP1 and MMP13,18,87,90–92 which increase the levels of inflammation in the joint fluid 
and surrounding tissues. This leads to the release of more catabolic enzymes and pro-inflammatory factors, resulting in 
the degradation of cartilage and a more severe inflammatory response. This process contributes to the development of 
OA.18,22,84. Licochalcone A is a natural compound that can attenuate the effects of LPS on chondrocytes. It works by 
promoting the production of proteoglycans, aggregating collagen type II, and remodeling the ECM through the nuclear 
factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1)/NF-κB axis. Additionally, it inhibits pyroptosis, 
which can increase cartilage ECM degradation.84

Pyroptosis and Subchondral Bone in OA
Subchondral bone, a thin layer of dense bone beneath calcified cartilage, consists of subchondral cortical bone, 
subchondral trabecular bone, and epiphyseal trabecular bone. It is a crucial component of the knee joint structure and 
function, containing 48% minerals, 31% organic material, and 21% water in healthy samples.84 However, in cases of OA, 
the thickness of the subchondral cortical bone is affected, leading to subchondral sclerotic consistency, bone redundancy, 
osteophytes, and bone cysts in the advanced stages.93,94 Our research findings have revealed the consistent subchondral 
bone foundation supporting the articular cartilage.7 However, in cases of OA, the trabecular rods are missing, and the 
trabecular plates become thick and fragile, disrupting the cartilage’s typical support system. Additionally, injuries and 
abnormal mechanical stress exacerbate the irregular dispersion of microstructures like trabecular rods and plates within 
the bone, leading to localized hardening of the subchondral bone.7 While our study primarily focuses on the mechanical 
and morphological aspects of the subchondral bone, we have overlooked the specific cells involved in this process.7,95–97 

Furthermore, we have neglected to consider the chemical reactions within these living cells, including iron death, 
apoptosis, and pyroptosis. Pyroptosis-associated molecules are elevated in cases of destabilization of the medial meniscus 
(DMM) model, resulting in significantly higher OA Research Society International (OARSI) scores.84 Yan et al 
discovered the effect of pyroptosis on an OA model and identified increased expression of pyroptosis factors, such as 
NLRP3, Caspase-1, GSDMD, and IL-1β, in chondrocytes, along with elevated OARIS scores. In the initial stage of the 
study, they observed a decrease in subchondral bone mass, an increase in trabecular separation (Tb. Sp), an elevation in 
osteoclasts, and a decrease in osteoprotegerin (OPG). However, in the later stages of OA, they noticed an increase in 
subchondral bone volume, a decrease in Tb. Sp and osteoclasts, and an increase in OPG.98 Ting et al conducted similar 
experiments that yielded comparable outcomes.79 These findings demonstrate a significant correlation between pyrop-
tosis and subchondral bone changes during OA development. The severity of OA is directly proportional to the duration 
and intensity of pyroptosis effects, resulting in more prolonged and intense pyroptosis effects in severe cases.98 

(Figure 2).

Interconnection of Tissues and Cells of Pyroptosis
OA affects the entire joint, including the synovial membrane, articular cartilage, ECM, joint fluid, subchondral bone, and 
accessory structures. Pyroptosis causes lesions that affect multiple structures in the joint, involving synovial 
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macrophages, FLS, chondrocytes, and subchondral bone. The aim of the current study is to determine which cell 
undergoes pyroptosis first and leads to the development of OA. The study found upregulated pyroptosis-related 
molecules in knee synovial tissue and chondrocytes in human and animal models of OA. Pyroptosis was induced 
in vitro in different cells, and while some showed pyroptosis responses, it was not observed in FLS. However, co-cultures 
of activator-stimulated macrophages and FLS did show pyroptosis. Therefore, it is suggested that macrophages may 
preferentially undergo pyroptosis when induced by stimulants.65,67,68

It has been discovered through research that the inflammatory extracellular vesicles from macrophages can trigger 
both canonical and non-canonical pyroptosis in chondrocytes, leading to cartilage breakdown.73,80,81 The synovium plays 
a crucial role in providing essential nutrition to the avascular cartilage tissue, and synovitis, the inflammation of the 
synovial tissue, is a significant factor in the development of OA. When the synovial tissue undergoes pyroptosis, it 
releases pro-inflammatory cartilage degradation products into the synovial fluid, which causes inflammation in the 
surrounding synovium, leading to further degradation of chondrocytes.84 The degradation of cartilage leads to 
a decrease in lubricin and hyaluronic acid (HA) and an increase in matrix-degrading enzymes in the body that help 
protect the joint.18 During the early stages of OA, synovial macrophages are stimulated by activators from both in vivo 
and ex vivo sources, leading to the initiation of pyroptosis through MAPK or NF-κB pathways. GSDMD-NT, which 
forms intracellular aggregated empty pores, releases inflammatory factors, leading to macrophages undergoing lysis. The 
intracellular stimulants released into the tissue by macrophages further stimulate remaining macrophages, synovial 
fibroblasts, and chondrocytes, leading to more severe OA. This causes synovial fibrosis, chondrocyte death, and the 
release of TNF-α, MMPs, and other inflammatory factors, leading to advanced OA lesions. (Figure 3).

Summary and Perspective
OA is a prevalent and complex health issue that can result in severe, persistent disability. Although several treatments 
exist for OA, more targeted and beneficial therapies are needed. The condition is influenced by various factors, including 
pyroptosis, a type of inflammation that plays a significant role in OA.5,6,13–15,17,23 Pyroptosis involves three distinct 
pathways: canonical, non-canonical, and alternative, each with unique molecular characteristics. The process consists of 
two phases: initiation and activation. During the initiation phase of the canonical pathway, PAMPs and DAMPs bind with 
TLRs, leading to the synthesis of NLRP3 inflammasomes in the cytoplasm via the MAPK and NF-κB pathways triggered 
by mtDNA and ROS changes. In the activation phase, the NLRP3 inflammasome activates caspase-1.30–33,45 Intracellular 
LPS can directly induce the formation of caspase-4/5 or caspase-11, which further form IL-1β55–57 and NLRP-3 
inflammasomes and also form IL-1β via PAMPs and DAMPs dependent on caspase-8. GSDMD can be converted into 

Figure 2 Mechanism of pyroptosis-mediated osteoarthritis. When certain signals, either inside or outside the cell, increase the expression of the NLRP3 inflammatory body, 
it triggers the cleavage of GSDMD and pro-IL-1β by caspase-1. This process produces GSDMD-NT which creates membrane pores that induce cytotoxicity and release 
inflammatory factors. In a prolonged chronic inflammatory environment, this can lead to synovial inflammation, osteophyte formation, cartilage degradation, and ultimately 
result in osteoarthritis.
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GSDMD-NT by caspase-1, caspase-4/5, or both caspase-11 and caspase-8.46 These can aggregate at the plasma 
membrane to form pores that lead to the release of inflammatory factors and cause death.28,61 Several molecules 
associated with pyroptosis, such as caspase-1, caspase-4/5, caspase-11, and caspase-8, of the caspase family, as well 
as NLRP-3 and GSDMD and its isoforms, and various inflammatory factors, have been observed to change in animal 
models of OA and the joints of OA patients. These changes were also detected in macrophages induced with LPS 
in vitro. Inhibition of these molecules or pyroptosis-associated factors resulted in a decrease in the expression of 
pyroptosis-associated molecules and alleviation of OA. However, it’s worth noting that these studies have some 
controversial points and limitations. Despite these limitations, pyroptosis remains a crucial area of investigation in the 
search for more targeted and effective treatments for OA.

Numerous studies have delved into the role of NLRP3 inflammasome in canonical pyroptosis, while only a few have 
explored non-canonical or alternative pyroptosis.73 The current limitations make it difficult to create animal models of 
non-canonical or alternative pyroptosis and identify the activators that cause pyroptosis in vitro. Although pyroptosis of 
synovial macrophages, FLS, and chondrocytes is believed to play a role in OA development, the exact function of 
pyroptosis remains contested due to variations in animal models and stimuli.30,56 Numerous studies have failed to 
establish a definitive causal relationship between pyroptosis and OA during different stages. Some studies have focused 
solely on IL-1β while overlooking the crucial role of IL-18 in activating the knee’s inflammatory and immune 
response.17,67,82,99 Furthermore, the specific cell type that undergoes pyroptosis in OA and its potential effects on 
other cells remain unresolved. We can potentially regulate pyroptosis, which is a form of programmed cell death, in 
the future by targeting specific components of inflammatory vesicles, such as NLRP3, caspase-1, GSDMD, and ASC, or 
activation pathways, such as NF-κB, MAPK, P2X7, Nrf2, ROS, USP7, and HIF-1α, in chondrocytes, synoviocytes, and 
synovial cells. The use of macrophages and synovial cells in the joint, a multi-tissue motor system, is a vital area of 
research for the prevention and treatment of OA. We hope to identify particular factors that can be treated with 
medication or other methods to impede the pyroptosis process in OA patients, with the ultimate aim of reducing 
inflammation, alleviating pain, and potentially curing the condition for those afflicted

Figure 3 OA is a condition that involves the breakdown of cartilage in the joints. The role of pyroptosis, which is the rupture of cells, in the progression of OA has been 
studied. MLS and chondrocytes, which are cells in the joints, can detect foreign substances and activate an inflammatory response through the assembly of NLRP3 
inflammasome. This can lead to the rupture of synoviocytes and the release of inflammatory factors that cause synovial fibroblasts to be affected. In addition, chondrocytes 
can activate MAPK and NF-κB signaling pathways, leading to the expression of MMP13 and ADAMTS5 while reducing the synthesis of Col-2 and Aggrecan, which are 
important components of cartilage. Pyroptosis of chondrocytes can also result in the release of inflammatory factors such as IL-1β and IL-18, which fuel each other in 
a vicious cycle, leading to the formation of osteophytes and worsening of OA.
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