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Abstract

insights for potential clinical interventions.

Osteoarthritis (OA) is a chronic joint disease characterized by the degeneration, destruction, and excessive
ossification of articular cartilage. The prevalence of OA is rising annually, concomitant with the aging global
population and increasing rates of obesity. This condition imposes a substantial and escalating burden on
individual health, healthcare systems, and broader social and economic framewaorks. The etiology of OA is
multifaceted and not fully understood. Current research suggests that the death of chondrocytes, encompassing
mechanisms such as cellular apoptosis, pyroptosis, autophagy, ferroptosis and cuproptosis, contributes to both
the initiation and progression of the disease. These cell death pathways not only diminish the population of
chondrocytes but also exacerbate joint damage through the induction of inflammation and other deleterious
processes. This paper delineates the morphological characteristics associated with various modes of cell death
and summarizes current research results on the molecular mechanisms of different cell death patterns in OA. The
objective is to review the advancements in understanding chondrocyte cell death in OA, thereby offering novel
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Introduction

OA is a prevalent global health condition [1].Symptoms
of OA include pain and temporary morning stiffness.
The advanced stage of OA is distinguished by instabil-
ity and physical impairment, significantly diminishing
quality of life. Initially, OA was attributed to the degra-
dation of articular cartilage [2], It is now understood as
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a complex interplay of local and systemic inflammatory
and metabolic fact the extracellular matrix degradation
[3]. Research has indicated that the progression of OA
is influenced by various mechanisms of cell death [4, 5],
Various cell death patterns exhibit distinct mechanisms
of action in the pathogenesis of OA. As OA research
progresses, advancements in understanding its mecha-
nism of action have been made [6]. However, the field
continues to encounter numerous challenges. The com-
plex pathophysiology and risk factors associated with OA
contribute to the lack of effective treatment options.

Due to the intricate and demanding characteristics of
OA, there is an urgent requirement for the identifica-
tion of novel therapeutic targets and tools to address the
needs of patients with OA. Cell death, serving as a cru-
cial regulatory mechanism, significantly contributes to
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the maintenance of the body’s internal homeostasis and
the equilibrium of cell populations [7]. In recent years,
there has been significant progress in the development
of pharmaceutical agents that specifically target the cell
death pathway, showing promise for the prevention and
management of various human diseases, including OA
[8]. These medications are formulated to prevent chon-
drocyte loss, consequently decelerating the advancement
of OA. Research has shown advancements in under-
standing cell death mechanisms and their relation to OA.
Numerous studies have concentrated on investigating the
impact of various cell death pathways on OA and have
conducted extensive research in this area. Nevertheless,
there remain numerous unexplored facets concerning the
interplay and consequences of cell death pathways on OA
that necessitate further comprehensive investigation.
This paper aims to examine the recent advancements
in OA research, specifically exploring the correlation
between regulators of chondrocyte death, various forms
of cell death, and targeted therapeutic interventions
in OA. The objective is to investigate the association
between patterns of cell death and OA pathogenesis. By
examining various mechanisms of cell death and their
interplay, a more profound understanding of the etiology
of OA can be attained, providing a theoretical basis for
the prevention and treatment of this medical condition.

Apoptosis and OA
Apoptosis is a programmed cell death process that occurs
in response to specific physiological or pathological
stimuli, regulated by endogenous genetic pathways [9],
which is a fundamental biological phenomenon that is
prevalent in living organisms. The term was introduced
in the 1970s to describe the controlled demise of individ-
ual cells in specific physiological or pathological circum-
stances [10], The majority of cell death mechanisms rely
on the via caspase-dependent apoptotic pathway, which
plays a crucial role in programmed cell death [11]. The
morphological characteristics of apoptotic chondrocytes
obtained from human osteoarthritic cartilage consist of
nuclear condensation, DNA fragmentation, chromosome
condensation, cytosolic vesiculation, cellular crumpling,
and fragmentation into small membrane-enclosed vesi-
cles [12]. These characteristics are commonly observed in
the apoptotic process. Apoptosis is a phenomenon that is
typically observed infrequently in normal chondrocytes.
Apoptosis, the initial recognized mechanism of pro-
grammed cell death, is orchestrated by a group of
intracellular caspases that target various intracellu-
lar substrates, leading to cellular contraction, chroma-
tin fragmentation, membrane vesicle formation, and
breakdown into membrane-enclosed vesicles known as
apoptotic bodies. Specifically, caspase-3 and caspase-8
target DNA fragmentation factor (DFF or inhibitor of
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cystatin-activated DNase[ICAD]), initiating the libera-
tion and activation of its dimerization chaperone, DFF40,
which subsequently cleaves chromatin DNA into nucleo-
some fragments [13]. Cysteine proteases (caspases) are a
class of enzymes that play a key role in apoptosis, regulat-
ing not only apoptosis, but also non-apoptotic functions,
including cell proliferation, differentiation, and migra-
tion [14]. Effector cysteine aspartic proteases are acti-
vated to cleave a diverse range of cellular substrates, such
as cytokeratins, poly(ADP-ribose) polymerase (PARP),
plasma membrane cytoskeletal protein o-fodrin, and
nuclear mitotic apparatus protein (NuMA). Caspase-3
is essential in the process of apoptosis through its abil-
ity to cleave inhibitors of cysteine-activated nuclease
(ICAD) and prevent cysteine-activated nuclease (CAD)
from acting as an endonuclease, thereby facilitating the
characteristic apoptotic features observed in various tis-
sues, such as cartilage, including DNA fragmentation
and cellular demise [15, 16]. Caspase-1 is activated by
the inflammasome, which is formed by nod-like recep-
tors (NLR) or members of the pyrin and HIN structural
domain-containing protein (PYHIN) family, leading to
the cleavage and activation of pro-IL-1f and pro-IL-18
cytokines, thereby inducing pro-inflammatory responses
[17].In addition, alterations in mitochondrial membrane
potential affect the activity of some enzymes, such as
the release of cytochrome C and the activation of apop-
tosis-inducing factors. In the process of chondrocyte
apoptosis, dysregulation of gene expression occurs, nota-
bly with the imbalance of Bcl-2 family genes leading to
programmed cell death. The anti-apoptotic members of
the Bcl-2 family exhibit hydrophobic helices on the cell
surface, necessary for binding to their pro-apoptotic
counterparts and facilitating pro-survival functions [18].
Whereas mutations in the p53 gene are closely related to
the development of OA, some growth factors, cytokines
and hormones also affect the gene expression of chon-
drocytes, which in turn affects the apoptotic process.
During the process of chondrocyte apoptosis, alterations
in the permeability of the cell membrane result in modi-
fications to the flow of various molecules, including Ca**
and Na% influx and cytochrome C efflux. These changes
impact cellular metabolism and function, ultimately con-
tributing to the progression of chondrocyte apoptosis.
Additionally, significant modifications to the cytoskel-
eton occur during chondrocyte apoptosis, such as desta-
bilization of microtubules and microfilaments, leading
to potential alterations in cell morphology and motility.
The modification of the cytoskeleton has a significant
impact on cell signaling, material transport processes,
and ultimately promotes chondrocyte apoptosis. This
process also results in alterations to the functions of vari-
ous organelles such as mitochondria and endoplasmic
reticulum. For instance, the disruption of mitochondrial
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membrane potential leads to decreased ATP synthesis,
affecting cellular energy metabolism, and the dysfunction
of the endoplasmic reticulum results in aberrant protein
synthesis and folding, ultimately exacerbating cellular
damage and promoting apoptosis (Fig. 1).

In conclusion, our findings indicate that chondrocyte
apoptosis is a complex process involving morphological
changes and multiple levels of regulation. In OA, changes
in genes like caspase and Bcl-2 play a role in regulating
cell death and inflammation. When the rate of chondro-
cyte apoptosis surpasses a specific threshold, a reduction
in chondrocyte population occurs. This decline not only
hinders the synthesis and secretion of cartilage matrix,
but also disrupts the equilibrium of enzyme systems
responsible for maintaining cartilage matrix synthesis
and degradation. Consequently, the imbalance ultimately
results in qualitative and quantitative alterations in the
cartilage matrix, further exacerbating chondrocyte apop-
tosis and perpetuating a cycle of cartilage degeneration.
Therefore, the inhibition of chondrocyte apoptosis repre-
sents an effective strategy for prevention and treatment
OA.

Apoptosis inducers

ROS
NO

Cytokines(IL-1,TNF-a,TRAIL,Fas ligand)
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Therapeutic targets related to apoptosis for OA

Apoptosis presents numerous potential targets for the
development of therapeutic drugs, and recent progress
in understanding the underlying mechanisms of apop-
tosis has reignited interest in this field. Apoptosis pres-
ents numerous potential targets for the development of
therapeutic drugs, and recent progress in understanding
the underlying mechanisms of apoptosis has reignited
interest in this field. Caspase-3 gene silencing has been
reported to downregulate the expression of TNF-a-
mediated inflammatory genes TNFR1, FADD, and IL-1§,
thereby attenuating the apoptotic pathway in vitro. Fur-
thermore, the silencing of the Caspase-3 gene resulted in
a significant decrease in OARSI scores and the expres-
sion of key genes involved in OA, including Caspase-3,
Caspase-9, MMP13, and TNF-q, in a rat model of surgi-
cally induced OA. These findings suggest that targeting
Caspase-3 gene expression may hold promise as a novel
therapeutic approach for the treatment of cartilage injury
and OA [19]. Furthermore, the protective effects induced
by ubiquitin-specific protease 13 (USP13) were found
to be correlated with the improvement of nuclear factor
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erythroid 2-related factor 2 (Nrf-2) and the inhibition
of Caspase-3 [20]. In the rabbit anterior cruciate liga-
ment transection model, intra-articular administration
of hyaluronic acid (HA) mitigates the severity of OA and
decreases the quantity of apoptotic chondrocytes [21].
Through analysis of web-based pharmacological data, the
researchers identified that the p-sitosterol component of
OD targeted key factors Bax, Bcl2, and JUN, resulting in
the inhibition of chondrocyte apoptosis. This interven-
tion also led to a significant reduction in inflammation
and cartilage degeneration in OA. As a result, the study
suggests that targeting apoptosis key factors Bax, Bcl2,
and JUN may hold promise as therapeutic targets for OA
[22].

Moreover, numerous non-coding RNAs, such as long-
stranded non-coding RNAs and cyclic RNAs, have
been identified as regulators of chondrocyte apoptosis
through diverse mechanisms. For instance, in OA car-
tilage, the expression of miR-146a is induced by various
microbes and pro-inflammatory cytokines, including
TNF-a and IL-1f [23].On the contrary, the upregulation
of miR-146a-5p in human OA tissues resulted in a nota-
ble increase in Caspase-3 activation, PARP degradation,
and Bax expression, while concurrently suppressing Bcl-2
expression, ultimately promoting chondrocyte apoptosis
[24].MiR-146a upregulates apoptosis in human chon-
drocytes by selectively suppressing Smad4 expression in
mechanically damaged cartilage [25]. Furthermore, the
study found that miR-1236 expression was significantly
increased in OA knee cartilage compared to normal car-
tilage. This upregulation of miR-1236 expression was
shown to suppress cell proliferation and promote apop-
tosis. Interestingly, co-transfection of miR-1236 with
PIK3R3 was able to reverse the apoptotic effects induced
by miR-1236 mimics. Based on these findings, Wang et
al. suggest that miR-1236 may serve as a promising bio-
marker or therapeutic target for OA [26]. Mitochondria
are essential for cell function and survival, as oxidative
stress and disruptions in mitochondrial respiratory func-
tion have been linked to cell death and degeneration. A
proteomics analysis revealed significant alterations in
mitochondrial proteins related to energy production,
maintenance of mitochondrial membrane integrity, and
detoxification of free radicals during apoptosis, including
reduced levels of mitochondrial superoxide dismutase
(SOD) and increased intracellular production of reac-
tive oxygen species (ROS) in chondrocytes affected by
OA [27]. The depolarization of mitochondria results in
the release of apoptotic factors, including cytochrome c,
apoptosis-inducing factor, and caspase-9, from the inter-
membrane space [28].

In conclusion, the involvement of apoptosis in OA
is intricately linked to members of the Caspase family,
including Caspase-3, Caspase-9, as well as other targets
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such as USP13, Bax, Bcl2, and JUN. Further exploration
of these targets may offer novel insights for the treat-
ment of apoptosis in OA. Additionally, the regulation of
mitochondria and alterations in non-coding RNA, such
as miR-146a-5p and miR-1236, could serve as potential
therapeutic targets for modulating chondrocyte apop-
tosis in OA. These factors interact synergistically to
facilitate the apoptotic process in chondrocytes. The pri-
mary therapeutic strategies for addressing chondrocyte
apoptosis in OA encompass the inhibition of apoptosis,
stimulation of cell regeneration, and anti-inflammatory
interventions. Novel therapeutic modalities like stem cell
therapy and gene therapy are currently under investiga-
tion and hold promise for enhancing treatment efficacy
in OA patients.

Pyroptosis and OA

Cellular pyroptosis exhibits distinct morphological fea-
tures and characteristics, including cell swelling and lysis,
cell membrane rupture leading to the release of cyto-
plasmic contents, and chromosomal DNA fragmenta-
tion, representing a novel form of cell death. Pyroptosis
is characterized as a type of regulated cell death (RCD)
that relies significantly on gasdermin family proteins,
which facilitate the formation of pores in the plasma
membrane. This process is typically triggered by inflam-
matory cysteine aspartic proteases and represents a more
intricate mode of cell demise compared to apoptosis [29].
In recent years, a growing body of research has dem-
onstrated the occurrence of cellular pyroptosis in vari-
ous cell types beyond mononuclear phagocyte lineages,
including vascular endothelial cells and neuroglia. This
finding offers a solid theoretical foundation for exploring
the potential implications of pyroptosis in non-immune
diseases, such as cardiovascular and neurodegenerative
disorders.

Gasdermin is a recently identified group of proteins
that possess the capability to form membrane pores,
with gasdermin D (GSDMD) believed to be the primary
mediator of pyroptosis [30]. This family contains six
homologous proteins in humans, gasdermin A-E (GSD-
MDA-GSDDE) and DENB59 [31]. When the GSDMD
pore formation is disrupted, it hinders the activation of
inflammatory vesicles and cysteinyl aspartic enzymes,
thereby impeding their biomolecular signaling. This inhi-
bition can mitigate pyroptosis by preventing the excessive
activation of GSDMD and indirectly interfering with the
subsequent inflammatory cascade response [32].The dis-
ruption of the cell membrane during pyroptosis results
in the extracellular release of intracellular inflammatory
mediators, such as IL-1f [33]. The multiprotein complex
responsible for the recognition of pathogen-associated
molecular patterns (PAMP) and damage-associated
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molecular patterns (DAMP) subsequently triggers the
activation of caspase-1.

Nucleotide-binding  oligomerization = domain-like
receptor protein 3 (NLRP3) is a crucial component of the
NLR family of inflammasomes, serving as a well-defined
inflammasome. The NLRP3 inflammasome is composed
of the NLRP3 protein, apoptosis-associated speck-like
protein ASC, and caspase-1 precursor. Upon receiv-
ing activation signals, ASC facilitates the recruitment of
NLRP3 and caspase-1 precursors through interactions
with their structural domains, leading to the activation
of caspase-1 and the subsequent release of pro-inflam-
matory factors, including IL-1p and IL-18, which trig-
ger caspase-1-dependent classical cell death, known as
pyroptosis [34]. The NLRP3 inflammasome facilitates
Caspase-1-dependent classical cellular pyroptosis, lead-
ing to the processing and cleavage of precursor forms of
IL-1P and IL-18 into their active mature forms. In con-
trast to apoptosis and simple cell necrosis, cellular pyrop-
tosis is characterized by its pro-inflammatory nature.
Research has demonstrated that chondrocyte pyropto-
sis-induced cartilage inflammation and matrix degra-
dation are potential features of OA chondrocytes, and
are closely linked to the manifestation of joint pain and
localized joint dysfunction [35, 36]. Numerous risk fac-
tors, including obesity, basic calcium phosphate (BCP),
and aging, have been shown to trigger the assembly of
the NLRP3 inflammasome, consequently leading to the
development of OA [35]. In an OA model, the expression
of NLRP3 was found to be elevated in the medial cartilage
compared to the lateral cartilage. Additionally, the inhibi-
tion of the MAPK/NF-kB/NLRP3 pathway was shown to
mitigate chondrocyte pyroptosis, proteoglycan loss, col-
lagen degradation, articular cartilage degeneration, and
subchondral bone destruction [37]. Activator-induced
pyroptosis worsens diseases by activating inflammasome
in chondrocytes through the MAPK/NF-kB pathway,
leading to the release of inflammatory factors like IL-1f,
IL-18, TNF-a, and MMP [1, 38-40]. , This increases the
level of inflammation in the joint fluid and surrounding
tissues. Facilitates the upregulation of catabolic enzymes
and pro-inflammatory factors, resulting in the degra-
dation of cartilage and exacerbation of the inflamma-
tory response. The protein NLRP3, associated with OA,
has been shown to inhibit the activation of the NLRP3
inflammasome and impede the growth of osteoarthritic
synoviocytes by the introduction of exogenous stromal
cell-derived factor-1 (SDF-1) through the stimulation of
the AMPK signaling pathway [41] (Figure 2).

In conclusion, cellular pyroptosis significantly contrib-
utes to the pathological advancement of OA by influ-
encing cartilage degradation, inflammatory response,
and synovial destruction. The differential expression of
key proteins and cytokines, including NLRs, caspases,
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interleukins, and GSDMD, is closely associated with the
progression of OA. By enhancing our comprehension of
the correlation between cellular pyroptosis and OA and
investigating efficient regulatory strategies, it is antici-
pated that novel opportunities will emerge for the pre-
vention and treatment of OA.

Therapeutic targets related to pyroptosis for OA

Gasdermin D (GSDMD) initiates pyroptosis by integrat-
ing numerous endogenous and exogenous signals from
inflammasome. In the event that the GSDMD pore for-
mation is disrupted, the activation of inflammasome and
cysteine-aspartic enzymes, along with their associated
biomolecular signals, is largely impeded. This interven-
tion has the potential to pyroptosis by inhibiting the
excessive activation of GSDMD, thereby preventing the
subsequent impairment of the inflammatory cascade
response. Therefore, the targeting of GSDMD blockade
demonstrates greater selectivity in comparison to spe-
cific forms of inflammasome inhibition. So [42-44], In
theory targeting GSDMD blockade may represent the
most promising intervention strategy currently available.
A study investigated the impact of GSDMD on post-trau-
matic OA. Suppression of GSDMD mitigated alterations
in cartilage, synovitis, and subchondral osteosclerosis.
The study showed that GSDMD deficiency did not pre-
vent rheumatoid arthritis or gouty arthritis, indicating
its unique role in OA [45]. The NF-kB pathway plays a
crucial role in the initiation of NLRP3 inflammasome,
making it a key target for inhibiting pyroptosis. A study
on knee OA (KOA) demonstrated a strong correlation
between NLRP1 and NLRP3 inflammasome and the
inflammatory response and pyroptosis in fibroblast-like
synoviocytes (FLS). The suppression of these inflamma-
some results in a notable decrease in pyroptosis-induced
cytoplasmic cleavage [5]. Zhang et al. showed that syno-
vial macrophages undergo pyroptosis in a rat model of
KOA, and that inhibiting cystatinase-1 and GSDMD with
siRNAs can reduce synovitis and fibrosis in KOA [46].
Bostin [47] developed an in vitro model of synovial fibro-
blast pyroptosis induced by LPS/ATP, and found that
NLRP3 inflammasome were highly expressed in syno-
vial tissues of OA patients. Knocking out NLRP3 gene
can significantly reduce the expression level of down-
stream signal molecules ASC, Caspase-1, GSDMD gene
and protein, and can slow down the occurrence of focal
death of synovial fibroblasts. Hence, the modulation of
NLRP3 inflammasome to mediate Caspase-1-dependent
cellular pyroptosis is crucial in determining the level of
inflammatory response and prognosis in OA. In addition,
research has demonstrated there are many pharmaceu-
tical preparations such as inhibitor CY-09 [48], chrysin
[49], and baicalein [50](via intra-articular injection), and
Physical therapy procedures, as well as physiotherapeutic
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procedures [51], in reducing the production of NLRP3
inflammatory vesicles, inhibiting pyroptosis, catabo-
lism, and inflammatory response of chondrocytes, and
enhancing cartilage integrity.

In addition, Chen [52] identified CASP6, NODI1, and
PYCARD as prognostic factors by exploring the role of
cellular pyroptosis-related genes in OA and their expres-
sion in different chondrocyte subtypes at the level of
individual cells, utilizing a dataset related to OA for sin-
gle-cell RNA sequencing and RNA-seq. However, these
studies did not explore the molecular mechanisms in
animal models, and related studies need to be further
considered and improved in the future. In addition, some
many non-coding RNAs also play a role in the process of
juxtaposition in OA, such as miR-223, as a key miRNA
that can bind to the 3UTR of NLRP3 mRNA, which pro-
vides a favorable effect on the inhibition of the activation
of the NLRP3 inflammasome and the treatment of OA
[53]. MiR-203a-3 inhibited cartilage matrix degradation,
oxidative stress, and chondrocyte pyroptosis by regulat-
ing the MYD88/NF-«B pathway [54].The aforementioned
targets underscore the potential importance of key regu-
lators influencing pyroptosis in OA.

In conclusion, there exist specific associations between
cellular pyroptosis and OA. Cellular pyroptosis can result
in the demise of articular chondrocytes, consequently
facilitating the degeneration and deterioration of articu-
lar cartilage. Furthermore, caspase-1-dependent cellular
pyroptosis can trigger an inflammatory reaction, intensi-
fying joint inflammation and pain symptoms. Moreover,
various research studies have demonstrated the signifi-
cance of GSDMD and the NLRP3 inflammasome in OA
by instigating cellular death and inflammation, thereby
exacerbating the progression of the disease. Many targets,
including ASC, Caspase-1, GSDMD genes, and proteins,
play a significant role in regulating the process of OA by
influencing key genes such as IL-1p and MMP. Addition-
ally, non-coding RNAs like miR-223 and MiR-203a-3
have emerged as important areas of research in the con-
text of cell death in OA. This evidence underscores the
close relationship between cellular pyroptosis and the
development of OA. Exploring the targets of cell death
in OA offers a novel theoretical framework and potential
therapeutic approach for treating this condition.
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Autophagy and OA
Cellular autophagy is a crucial mechanism through
which cytoplasmic proteins and organelles are degraded
via the lysosomal pathway to meet metabolic demands
and facilitate organelle turnover. This dynamic and evo-
lutionarily conserved process is integral to maintaining
intracellular homeostasis by encapsulating cytoplasmic
constituents within double-membrane vesicles (autopha-
gosomes) for subsequent degradation in the lysosome
[55]. Initially believed to be a non-selective degradation
mechanism activated in response to starvation, autoph-
agy has since been redefined as a targeted process that
selectively degrades specific cellular components, thereby
safeguarding the cell against various stressors and patho-
gens [56]. The regulation of autophagy primarily occurs
through the activation of adenosine monophosphate-
activated protein kinase (AMPK) and the suppression of
the target of rapamycin (mTOR) signaling pathway [57].
Autophagy markers are expressed in healthy human
chondrocytes and at reduced levels in OA tissues, which
has stimulated great interest in this field [58]. As aging
issues rise, more and more attention has been paid to
cellular autophagy, especially in relation to chronic,
degenerative diseases, and attempts have been made to
elucidate the pathogenesis of OA with the perspective
of cellular autophagy. During the initial stages of OA,
chondrocytes rely on autophagy to safeguard against
maladaptive responses to varying environmental stim-
uli. Subsequently, as cartilage undergoes progressive
degeneration, autophagic diminishes, leading to cellular
demise [59]. Autophagy in OA is modulated by AMPK
signaling, with liver protein kinase B1 (LKB1) serving
as the principal upstream kinase of AMPK. AMPK acti-
vation subsequently enhances chondrocyte autophagy
through SIRT1, while concurrently suppressing apopto-
sis to mitigate OA. However, in the advanced stages of
OA, chondrocyte autophagy diminishes while apoptosis
increased. The process of apoptosis is initiated by exces-
sive autophagic degradation of intracellular proteins and
organelles, resulting in cellular demise. A common char-
acteristic of the co-occurrence of apoptosis and autoph-
agy in chondrocytes is the diminished presence of crucial
autophagic regulators [60]. The regulation of autophagy
in chondrocytes plays a crucial role in preserving cellu-
lar function and retarding the process of cartilage degen-
eration. Research indicates that [61], The promotion of
autophagy has the potential to suppress apoptosis and
inflammatory reactions in chondrocytes, thus safeguard-
ing cartilage tissue. It has been noted that autophagy dys-
function in chondrocytes is a common occurrence in the
advancement of OA. Carames et al. illustrated a notable
decrease in the quantity of autophagic vesicles within
rat articular chondrocytes when compared to younger
rats. Additionally, the researchers observed a progressive
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down-regulation of autophagy-related genes ATG-5 and
LC3 with advancing age, alongside an elevation in the
levels of markers associated with chondrocyte apopto-
sis [62].Furthermore, autophagy inhibits the expression
of chondrocyte catabolic genes and promotes the secre-
tion of chondrogenic anabolic genes [63]. Activation of
autophagy attenuates cartilage destruction by inhibiting
the NF-kB signaling pathway in chondrocytes to down-
regulate inflammatory catabolic genes such as MMP3
and — 9, ADAMTSS5 and CCL-1 [64]. Research has indi-
cated that the Wnt/p-catenin and NF-kB signaling path-
ways are significant contributors to the regulation of
autophagy [64, 65].The studies have indicated that menis-
cal autophagy is a significant factor in the development
of OA, with evidence suggesting that meniscal injury
precedes articular cartilage degeneration following ante-
rior cruciate ligament transection (ACLT) in rat models.
Furthermore, the secretion of meniscal cells has been
shown to decrease the levels of MMP13 and ADAMTS5
in chondrocytes treated with IL-1pB, indicating that the
activation of autophagy in meniscal cells may potentially
impede the advancement of OA [66] (in Fig. 3).

In conclusion, our research highlights the significant
role of autophagy in the pathogenesis of OA, demon-
strating its therapeutic potential through the inhibition
of chondrocyte apoptosis, preservation of the extracel-
lular matrix of cartilage, attenuation of the inflamma-
tory response, and mitigation of oxidative stress damage.
Specifically, autophagy activation in chondrocytes serves
as a protective mechanism in the early stages of degen-
erative cartilage disease, safeguarding cells against envi-
ronmental stressors. However, as cartilage degeneration
progresses, the inability of chondrocytes to sustain
autophagy leads to cellular damage and potential cell
death.

Therapeutic targets related to autophagy for OA

Autophagy has a significant impact on chondrocyte
viability and plays a key role in regulating the expres-
sion of genes related to OA within the extracellular
matrix (ECM). Activation of autophagy can exhibit dual
effects, serving as both a cytoprotective and cytotoxic
mechanism, with outcomes on cellular function that are
contingent upon the stage of the disease. Its protective
mechanism mainly includes that AdipoRon can promote
autophagy by activating AMPK/mTOR signaling sig-
nificantly attenuating calcification in OA chondrocytes
[67], Sucrose-induced autophagy in vitro is dependent
on the activation of the AKT/mTOR/P70S6K signaling
pathway and blocks IL-1B-induced apoptosis as well as
the expression of related OA genes [68]. Sirt I (Sirtuins)
a class of deacetylases, can regulate autophagy by inter-
acting with Atg7, and autophagy in OA was reduced by
overexpression of Sirt I. Autophagic cell death in OA
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chondrocytes can be inhibited by increasing Sirt I activ-
ity [69]. In addition, hydroxytyrosol (HT) protects chon-
drocytes from oxidative stress-induced DNA damage and
cell death via the deacetylase SIRT-1, and silencing of
this enzyme prevents HT-promoted autophagy processes
and cell survival [70]. Furthermore, certain studies have
documented contrasting cytotoxic impacts of autophagy-
related genes. Plant homologous structural domain finger
protein 23 (PHF23) has emerged as a novel autophagy-
inhibiting gene, with research indicating elevated expres-
sion of PHF23 in human OA cartilage and synovium.
Knockdown of PHF23 has been shown to elevate levels
of autophagy-associated proteins and reduce levels of
apoptosis-associated proteins in IL-1p-induced OA-like
chondrocytes [71]. P63 is a member of the P53 family,
and Yufan et al. [72] demonstrated that up-regulation of
P63 in cartilage tissues of OA patients inhibited chondro-
cyte autophagy, which led to the malignant progression
of OA. It has also been shown that decreased expression

of FOXO transcription factors in chondrocytes is associ-
ated with a decrease in antioxidant proteins and autoph-
agy-related proteins, as well as, increased susceptibility
to oxidative stress-induced cell death [73].

Several drugs and natural products have been found
to promote autophagic activity in chondrocytes, such as
rapamycin and allicin. These substances promote cellu-
lar autophagy by inhibiting the mTOR signaling pathway
or activating the AMPK signaling pathway. In addition, a
number of cytokines and growth factors can affect chon-
drocyte survival and function by regulating autophagy
[74]. Autophagy has garnered heightened interest as
a critical process in maintaining cellular equilibrium.
Research has indicated that mitochondrial autophagy,
a novel form of autophagy, is intricately linked to the
advancement of OA [75]. Mitochondrial autophagy is
commonly acknowledged as the principal mechanism for
maintaining mitochondrial quality control, as the pres-
ervation of intact mitochondrial structure is essential
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for the survival of chondrocytes [76]. Mitochondrial
dysfunction can lead to metabolic disorders and inflam-
matory responses in chondrocytes, resulting in the pro-
gression of OA. Zhang et al. showed that mitochondrial
autophagy and mitochondrial dynamics are involved in
the regulation of biological stress in chondrocytes [77]
Moreover, Tang et al. demonstrated in a study of AGE-
induced chondrocyte injury that bone marrow MSC-
Exos suppressed chondrocyte apoptosis and cartilage
matrix degradation by facilitating drpl-mediated mito-
chondrial autophagy [78]. Although many strategies
have been developed to assess autophagy, most of the
existing methods are static assessments, making accu-
rate dynamic monitoring difficult to achieve [79]. mRFP-
GFP-LC3 is an optional method for dynamic detection
of autophagy, but imprecise fluorescence quantification
remains a problem and needs further improvement and
optimization. In addition, current drugs that activate or
inhibit autophagy lack specificity, which may increase the
risk of side effects during treatment [80].

In conclusion, autophagy serves as a crucial mecha-
nism in the maintenance of chondrocyte homeostasis
and presents a potential target for therapeutic interven-
tion in OA. The signaling pathways, including AMPK/
mTOR, AKT/mTOR/P70S6K, Sirtuins, PHF23, FOXO,
and transcription factors, have been identified as effective
targets for intervention in OA by modulating cell death,
anabolism, catabolism, and inflammation. Especially in
the early stages of OA pathogenesis, the increased level
of autophagy in chondrocytes plays a role in protect-
ing articular cartilage, which in turn slows down OA
degeneration. Therefore, we need to conduct more in-
depth studies on the autophagy regulatory mechanisms
to develop more specific autophagy-targeting agents
and ultimately provide a more effective approach for the
treatment of OA in the clinic.

OA and Ferroptosis

Ferroptosis is an iron-dependent, oxidative mechanism of
programmed cell death that is distinct from other forms
of cell death. It is metabolically regulated in relation to
amino acid and iron uptake, storage, utilization, efflux,
and phospholipid synthesis. This mode of cell death is
distinct from apoptosis and is induced by the ferropto-
sis-dependent peroxidation of membrane phospholipids,
ultimately leading to the disassembly of all plasma mem-
branes and termination of cellular life [81]. f Ferroptosis
is characterized by mitochondrial contraction, height-
ened membrane density, diminished or absent cristae,
and disruption of the outer membrane [82]. Ferroptosis
is a form of iron-dependent programmed cell death dis-
tinguished by the buildup of lipid peroxides, which ulti-
mately results in the disruption of the plasma membrane
and organelle membranes, culminating in cellular demise.
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Redox-active iron is a critical factor in the acceleration
of lipid peroxidation reactions. The glutathione-depen-
dent antioxidant defense system is primarily responsible
for suppressing lipid peroxidation, with a key role being
played by glutathione peroxidase 4 (GPX4) within this
system [83]. Reduced glutathione (GSH) serves as a cru-
cial cofactor for GPX4, and its inhibition significantly
hinders the enzymatic activity of GPX4. GSH is biosyn-
thesized from the amino acid cysteine through the coor-
dinated function of solute transporter family SLC3A2
and solute transporter family SLC7A11 proteins [84]. The
Cystine/GSH/GPX4 system serves as a traditional mech-
anism for iron removal inhibition. System Xc, composed
of the transmembrane protein complex SLC7A11 and
the SLC3A2 subunit, functions as an amino acid trans-
port protein with high specificity for cystine and gluta-
mate, essential for glutathione (GSH) synthesis. The GSH
pathway is recognized as a critical antioxidant defense
pathway. Therefore, a potential method for suppressing
ferroptosis involves the direct utilization of complex pro-
teins that hinder the function of System Xc (Fig. 4).
Ferroptosis is implicated in the decreased activity of
chondrocytes in OA, and this review examines recent
research on the pathological mechanisms of Ferropto-
sis that result in chondrocyte death in this condition. It
has been proposed that the tumor suppressor gene P53
suppresses the expression of SLC7A11, leading to dimin-
ished GSH synthesis and inhibition of GPX4, ultimately
triggering Ferroptosis in various cancer cell lines [85]
o it has been reported, IL-1p and TNF-a induce trans-
ferrin receptor expression, increasing iron uptake and
accumulation, promoting ferroptosis under inflamma-
tory conditions. Disruption of mitochondrial membranes
increases cytoplasmic iron levels and disrupts oxidative
phosphorylation, generating ROS and further promoting
iron-mediated cell death [86]. In contrast to apoptosis,
Ferroptosis lacks specific markers for its identification or
selective staining of Ferroptosis cells [87]. The initiation
and progression of Ferroptosis are predominantly regu-
lated by three biochemical mechanisms: lipid ROS, fer-
rous iron, and GPX4 activity. Elevated levels of ferrous
iron coupled with diminished GPX4 activity are indica-
tive of the onset of Ferroptosis [88]. Erastin-treated poly-
unsaturated fatty acids (PUFA) undergo a Fenton reaction
with reduced Fe’" in the presence of large amounts of
ROS to produce lipid peroxides (LPO) [89]. Ferrostatin-1
is an iron death-specific inhibitor that attenuates IL-1p
and FAC-induced changes in Ferroptosis-associated ROS
and protein expression and promotes activation of the
Nrf2 antioxidant system. Yao et al. discovered that IL-1
and ferric ammonium citrate (FAC) both elicited altera-
tions in the expression of reactive oxygen species (ROS)
and iron-death-related proteins in chondrocytes, while
the iron-death inducer erastin upregulated MMP-13
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expression and downregulated collagen II expression in
chondrocytes. Conversely, treatment with ferrostatin-1,
a specific inhibitor of Ferroptosis, mitigated IL-1p- and
FAC-induced cytotoxicity, ROS accumulation, and
changes in the expression of ferroptosis-associated pro-
teins [90]. This research represents the initial evidence of
Ferroptosis taking place in chondrocytes. Additionally,
Binetal’s recent discovery suggests that IL-6 triggers Fer-
roptosis in chondrocytes through the elevation of intra-
cellular oxidative stress and iron buildup [91]. Ferroptosis
has been linked to the death of chondrocytes, and the
prevention of chondrocyte ferroptosis has been shown
to mitigate cartilage degeneration. In a study by Ansari
et al., human chondrocytes were induced with IL-1p to
replicate the pathological environment of OA, resulting
in a notable rise in reactive oxygen species (ROS) pro-
duction and the buildup of mitochondrial impairment
[92]. The similarities between OA and Ferroptosis, such
as disrupted iron homeostasis, impaired mitochondrial
function, and accumulation of lipid peroxidation, sug-
gest a potential relationship between Ferroptosis and
the advancement of OA. A study by Yao et al. revealed
that the removal of iron from chondrocytes accelerates

the progression of OA, highlighting the role of iron in
the disease. Recent research has further supported the
involvement of chondrocyte iron-induced cell death in
the development of OA, showing that treatments with
the antioxidant ferrostatin-1 or the iron chelator defer-
oxamine (DFX) can mitigate the progression of OA [93].
Hypoxia-inducible factor 2a (HIF-2a) has been docu-
mented to have a significant impact on cartilage devel-
opment, progression of OA, and cellular resistance to
ferritin [94]. There are in vitro studies using IL-1p to treat
chondrocytes in the OA microenvironment. The results
showed that HIF-1a and LPO levels were up-regulated
and GSH levels were down-regulated in chondrocytes
under IL-1p stimulation. During OA, synovium under-
goes interstitial vascularization, fibrosis, and hyperpla-
sia, leading to synovitis [95]. This is closely associated
with joint dysfunction, injury and pain. These factors also
contribute to cartilage degeneration in OA. Studies have
shown that patients with OA have higher iron concentra-
tions in synovial tissue compared to healthy individuals
of the same age [96]. Furthermore, the dysfunction of
iron homeostasis-regulating genes (HFE) results in cel-
lular iron overload. Elevated levels of iron ions in HFE
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knockout chondrocytes lead to increased production of
reactive oxygen species (ROS), as well as collagen II and
MMP13, which are recognized markers of OA [97] .The
above demonstrates that Ferroptosis is associated with
the pathogenesis of OA. In animal models of iron over-
load, large amounts of intracellular iron can be seen to
accumulate in the femoral joint cartilage and the infrapa-
tellar fat pad of the knee. This leads to changes in iron
transport proteins, cytokines, and cartilage structure,
which are important factors in the early development
of OA [98]. The transporter protein DMT1 transports
iron into cells and is an important cause of iron over-
load. The use of DMT1 inhibitors reduces inflammation
and ECM degradation and slows the progression of OA
[99]. A two-year longitudinal study revealed that indi-
viduals with OA exhibited elevated serum ferritin levels
compared to healthy controls, with the extent of eleva-
tion showing a positive association with joint stenosis
[100]. The aforementioned studies indicate that disrup-
tion of iron homeostasis contributes to cartilage damage
and extracellular matrix degradation, playing a significant
role in the development of OA.

In conclusion, our study revealed that Ferroptosis plays
a crucial role in chondrocytes and is particularly vulnera-
ble to cellular and tissue damage with increased accumu-
lation. This susceptibility is associated with inflammatory
factors such as IL-1P and IL-6, which have been shown in
previous research to induce Ferroptosis in OA. Addition-
ally, iron inhibitors Fer-1 and DFO have shown promise
as therapeutic agents for bone-related diseases, The sub-
sequent discussion will delve into the precise mechanism
of action of Ferroptosis in OA, along with the identifica-
tion of potential targets within the Ferroptosis pathway
for the purpose of enhancing therapeutic interventions
for individuals afflicted with OA.

Therapeutic targets related to Ferroptosis for OA

Recent research has demonstrated the significant regu-
latory impact of Ferroptosis on autoimmune diseases
and its involvement in the pathogenesis of OA, particu-
larly in chondrocytes. Consequently, the development of
pharmaceutical interventions targeting Ferroptosis may
offer novel therapeutic avenues for the management of
OA. It has been determined that enhancing the sensitiv-
ity of chondrocytes to Ferroptosis through intervention
can enhance endochondral homeostasis. The P21 gene,
a marker of senescence, has been shown to inhibit Fer-
roptosis. Zheng et al. conducted a study which revealed
that P21 knockdown exacerbated the decrease in Col2al,
reduced GPX4 expression in vivo, and increased MMP13
expression in osteoarthritic chondrocytes, ultimately
worsening OA [101]. Research conducted by Zhao et
al. utilizing whole genome RNA sequencing, genom-
ics, and proteomics has revealed that the expression of
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G protein-coupled receptor 30 (GPR30) in OA cartilage
tissues is decreased compared to normal tissues. Further-
more, their findings suggest that the activation of GPR30
can suppress Ferroptosis of chondrocytes by inhibiting
YAP1 phosphorylation. These results present a novel
avenue for potential therapeutic interventions target-
ing GPR30 in arthritis [102]. Furthermore, it has been
discovered that heat shock protein A family member 5
(HSPAS5) acts as an inhibitor of Ferroptosis. Overexpres-
sion of HSPA5 has been shown to inhibit IL-1p-induced
chondrocyte Ferroptosis. Conversely, knockdown of the
RNA-binding protein SND1 results in the up-regulation
of HSPA5 and GPX4 expression in rat cartilage. This up-
regulation leads to the inhibition of inflammatory injury
and Ferroptosis, ultimately slowing down the progres-
sion of OA [103]. On the other hand, upregulation of
the membrane protein excitatory amino acid transport
protein 1 (EAAT1) results in elevated intracellular glu-
tamate (Glu) concentrations and induces the activation
of the glutathione system, thereby suppressing Ferrop-
tosis and consequently retarding the progression of OA
[104], treatment with D-mannose, a C-2 epimer of glu-
cose, reversed alterations in levels of lipid peroxidation
(LPO) and reduced glutathione (GSH). This treatment
also led to a decrease in malondialdehyde (MDA) levels, a
byproduct of LPO, while simultaneously increasing RNA
and protein levels of the desmoplastic inhibitors GPX4
and SLC7A11. Thus, it reduces the sensitivity of chon-
drocytes to Ferroptosis [105].

Traditional Chinese medicines have been found to
inhibit iron-induced cell death in bone spur chon-
drocytes. For example, Icariside II has been shown to
decrease the expression of iron transporter proteins, acti-
vate the GSH/GPX4 axis, and suppress the expression
of genes SLC7A11 and SLC3A2L, which are involved in
Ferroptosis. This ultimately leads to a significant reduc-
tion in chondrocyte death [106]. Theaflavin-3,3’-Digallate
(TF3) is a polyphenolic compound derived from black
tea. Research has demonstrated that TF3 has the abil-
ity to counteract Erastin-induced iron dysregulation in
human cultured chondrocytes, lipid ROS accumulation,
and elevated Fe2 + levels in mitochondria by activating
the Nrf2/Gpx4 signaling pathway. These findings sug-
gest that TF3 may hold promise as a therapeutic adjunct
for the treatment of OA [107]. Furthermore, Astragalus
extract has the ability to decrease intracellular iron lev-
els through the inhibition of TfR1 and the promotion of
FPN, thereby modulating the Nrf2/system xc-/GPX4 sig-
naling pathway, scavenging free radicals, and inhibiting
lipid peroxidation [108].

During the progression of OA, joint chondrocytes gen-
erate significant quantities of reactive oxygen species
(ROS) due to inflammatory reactions, mechanical strain,
and various stimuli, resulting in heightened oxidative
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stress. The progression of Ferroptosis intensifies oxidative
stress levels, culminating in chondrocyte impairment and
programmed cell death, ultimately contributing to articu-
lar cartilage deterioration. This process exacerbates joint
dysfunction, impacting the patient’s daily life and work-
ing ability. Targeted inhibition of chondrocyte Ferropto-
sis, particularly through modulation of the GSH/GPX4
axis, represents a promising therapeutic avenue for OA.
As research on Ferroptosis and its role in OA advances,
it is increasingly evident that pharmacological agents
targeting Ferroptosis hold potential for novel treatment
strategies. However, further research and development
efforts are necessary to fully realize the therapeutic bene-
fits. The profound impact of Ferroptosis on the pathogen-
esis of OA underscores the importance of investigating
the underlying mechanisms, offering valuable insights
and approaches for the management of this debilitating
condition.

Cuproptosis and OA

Copper, a crucial element/ion in living organisms, plays a
significant role in various human physiological processes,
such as the mitochondrial respiratory system and antiox-
idant defense system. In physiological settings, maintain-
ing low intracellular levels of copper ions is advantageous
for sustaining cellular functions and meeting metabolic
demands. When the body is unable to regulate copper
metabolism or experiences an increase in intracellular
copper ions for various reasons, it can result in signifi-
cant disruptions to bodily functions and potentially irre-
versible damage.

Recent research has elucidated the mechanism of cop-
per-induced cell death, a form of programmed cell death
triggered by copper ions that may be linked to apoptosis,
cysteine proteases, or the accumulation of reactive oxy-
gen species. This process is initiated by the disruption of
cell membrane regulation of excessive extracellular cop-
per ions, leading to the influx of high levels of copper ions
into the cell. These ions then interact with mitochondrial
lipoic acid-associated protein fractions to generate com-
pounds that accumulate in the mitochondria, ultimately
resulting in the depletion of Fe-S clusters dependent on
FDX-1. This disruption not only hinders the energy sup-
ply pathway of the tricarboxylic acid cycle, but also trig-
gers stress responses related to proteotoxicity, resulting
in damage to mitochondrial membranes and impaired
function of enzymes associated with the tricarboxylic
acid cycle, ultimately leading to irreversible cell death. In
normal circumstances, divalent copper ions ingested are
absorbed as monovalent copper ions by SLC31A1, a sol-
ute carrier family member located on the membrane of
intestinal epithelial cells, and are then transported to the
bloodstream as copper cyanoproteins through the reduc-
tion of duodenal six-transmembrane proteins [109],
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Interacts with COX17, CCS, ATOX-1, and other molecu-
lar chaperone proteins with varied functions, facilitat-
ing its transportation to different bodily locations for the
manifestation of biological effects or elimination through
feces, urine, bile, etc. Interacts with COX17, CCS,
ATOX-1, and other molecular chaperone proteins with
varied functions, facilitating its transportation to differ-
ent bodily locations for the manifestation of biological
effects or elimination through feces, urine, bile, etc [110].
Likewise, deletion of the murine intestinal SLC31A1/2
gene led to a deficiency in copper levels in peripheral tis-
sues and diminished functionality of copper ion-depen-
dent enzymes [111]. SODI, a protein closely linked to
oxidative stress within the cytoplasm and mitochondrial
intermembrane space (IMS), acquires copper ions from
the molecular chaperone CCS to regulate redox bal-
ance, mitigate reactive oxygen species (ROS) generation,
and uphold copper ion homeostasis [112]. It has been
shown that overexpression of CCS leads to affect cop-
per ion homeostasis and ultimately triggers Cupropto-
sis. The binding of copper ions by the CuA and CuB sites
in the two core subunits of cytochrome oxidase COX is
facilitated by from the cytoplasm to the mitochondria
for incorporation into COX [113]. The aforementioned
processes encompass the absorption and transportation
of copper ions, as well as the associated mechanisms and
regulatory functions. as shown in Fig. 5.

Research has demonstrated an intricate correlation
between copper metabolism and arthritis progression,
which will be thoroughly examined in this study with a
focus on the impact of copper ion metabolism on car-
tilage in both physiological and arthritic conditions.
In the physiological state, copper ions serve as crucial
cofactors for enzymes involved in cartilage metabolism,
notably lysyl oxidase (LOX), responsible for collagen
cross-linking in connective tissue [114], Superoxide dis-
mutase (SOD), which is responsible for the scavenging
of ROS [115] and cytochrome c oxidase (Cox), which is
involved in the mitochondrial respiratory chain [116].
Furthermore, copper ions play a crucial role in main-
taining bone homeostasis through their influence on
bone metabolism, density, and strength [117], and excess
Cu can lead to ROS production, lipid peroxidation and
inflammation, which can be harmful to bones [118]. The
hypothesized mechanism underlying copper-induced cell
death involves the binding of copper ions to thioctylated
proteins within the tricarboxylic acid cycle (TCA), lead-
ing to aberrant oligomerization of these proteins and a
reduction in Fe-S cluster protein levels. This cascade of
events triggers a proteotoxic stress response culminating
in cellular demise [119]. A cross-sectional study indicates
that serum copper levels are elevated in patients with OA
and rheumatoid arthritis (RA) compared to non-arthritic
individuals when observed at a macroscopic level. Since
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1990, the potential involvement of copper ions in the
regulation of cytokine secretion has been suggested,
indicating a potential significant role in inflammatory
processes. This was demonstrated by Vinci C. et al., who
showed that copper can inhibit interleukin 1 (IL-1) activ-
ity. Current evidence suggests that copper ions may play
a role in the pathogenesis of arthritic diseases through
inflammatory mechanisms [120], it is possible that the
activation of the HIF signaling pathway contributes to
its anti-inflammatory effects by promoting macrophage
polarization towards the M2 anti-inflammatory pheno-
type, downregulating the expression of pro-inflammatory
cytokines such as TNF-a and IL-18, and upregulating
the expression of the anti-inflammatory cytokine IL-10
[121]. Research has demonstrated that copper possesses
anti-inflammatory, angiogenic, and osteogenic proper-
ties that can enhance the process of bone healing [122].
The underlying cause is that controlled release promotes
polarization of macrophages from pro-inflammatory M1
macrophages to anti-inflammatory M2 macrophages. In
addition, copper deficiency may impair monoamine oxi-
dase and LOX activity, decreasing collagen stability and

the strength of bone structure, and LOX, of which copper
is a major component, plays a key role in the formation
of proteoglycans and collagen, which are components of
the cartilage matrix [123], This predicts that impaired
copper-related LOX function may exacerbate the devel-
opment of OA [124].

In conclusion, a potential association exists between
copper-induced cell death, a newly identified form of
programmed cell death, and OA. This linkage is medi-
ated not only through the tricarboxylic acid cycle (TCA),
but also involves inflammatory factors like TNF-a and
IL-18. The utilization of genes associated with copper-
induced cell death in constructing disease prediction
models demonstrates improved accuracy in forecasting
the likelihood of developing OA. These findings suggest
the potential utility of copper-induced cell death in the
diagnosis and prevention of OA.

Therapeutic targets related to Cuproptosis for OA

As our understanding of the involvement of copper ions
in arthritis has advanced, numerous therapeutic strate-
gies have been developed. A recent study conducted both
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in vitro and in vivo has demonstrated the potential effi-
cacy of nanoparticles functionalized with copper sulfate
and anti-beta-2-microglobulin antibodies (B2M-CuS
NPs) in the management of OA. It is important to note,
however, that excessive copper levels can interfere with
normal copper metabolism. The influx of surplus copper
ions into the cell results in their interaction with mito-
chondrial lipoic acid-related protein components, leading
to the formation of aggregates within the mitochondria.
This process ultimately causes the FDX-1-dependent
depletion of Fe-S clusters, resulting in mitochondrial
dysfunction and damage to enzymes involved in the tri-
carboxylic acid cycle. Consequently, the accumulation
of lipid peroxides and other compounds ensues, culmi-
nating in copper-induced cell death in oxidative stress
conditions. Cuproptosis mainly involves the abnormal
accumulation of copper ions in cells and its toxic effects,
but at present, due to its relatively little research, Cupro-
ptosis target therapy for OA is not a widely accepted or
recognized therapeutic method. Currently, there are
several main areas of target therapy. Copper-related
compounds are used in the treatment of OA. When the
corresponding copper compounds are formed, they
induce apoptosis through the toxicity response ROS,
selectively targeting and eliminating senescent chon-
drocytes, which can effectively promote the formation
of cartilage for the treatment of OA [125]. In addition,
endoplasmic reticulum stress, interferes with chon-
drocyte homeostasis and initiates the unfolded protein
response (UPR), and chronic or irreversible endoplasmic
reticulum stress triggers UPR-initiated cell death, so tar-
geting endoplasmic reticulum stress per se or interfering
with the UPR signaling to reduce chondrocyte death may
be a promising future treatment for OA [126]. Research
has demonstrated that ammonium tetrathiomolybdate
(TM) has the ability to form complexes with intracel-
lular copper, thereby impeding the advancement of OA
with minimal adverse reactions, and additionally enhanc-
ing the well-being of individuals afflicted with OA [127].
Nanoparticles are commonly integrated into modern
cartilage tissue engineering methodologies to augment
chondrocyte functionality and exhibit significant prom-
ise in the management of degenerative joint patholo-
gies [128]. The multifunctional composite heat-sensitive
hydrogel (HPP@Cu gel) effectively mitigates inflamma-
tion by scavenging reactive oxygen and nitrogen species,
modulating macrophage polarization from M1 to M2
phenotype, and suppressing the production of inflam-
matory mediators. These activities have been shown to
attenuate cartilage degradation and reduce inflamma-
tory factor production in OA rat models [129]. In addi-
tion, the natural compound curcumin has been used as
a copper transporter protein to kill cancer cells through
intracellular copper delivery [130]. Researchers have
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predominantly concentrated on the catalytic properties
of copper, with limited exploration into the therapeutic
implications of varying copper concentrations. Conse-
quently, further investigation is warranted in this domain.

In conclusion, the bidirectional regulatory impact of
copper ions on the pathological processes of OA sug-
gests that strategically enhancing copper ion metabolism
may hold promise for the treatment of this condition.
Moreover, a more comprehensive understanding of the
relationship between copper metabolism and cell death
mechanisms is essential to optimize the protective effects
of copper on joint and cartilage health while mitigating
chondrocyte cell death. Further scientific investigations
and clinical trials are warranted to validate the efficacy
and safety of copper supplementation in OA manage-
ment.. .

Conclusion

Cell death is a crucial process in biological systems that
plays a vital role in maintaining homeostasis within the
body and ensuring the proper functioning of tissues and
organs. Various types of cell death exist, with apoptosis
and necrosis being the most prevalent. Apoptosis, a pro-
grammed cell death mechanism, involves orchestrated
changes in cellular structure and function, culminating
in autolysis and subsequent phagocytosis by neighboring
cells. Cellular necrosis is characterized by cellular injury
caused by physical, chemical, or biological agents, leading
to cell swelling, rupture, and release of cellular contents.
In contrast, ferroptosis and copper death are ion-depen-
dent mechanisms of cell death triggered by lipid peroxi-
dation and oxidative stress, contributing to inflammation
and exacerbation of OA with advancing age. A compre-
hensive examination of the mechanisms of cell death in
OA is essential for elucidating the pathogenesis and pro-
gression of the disease. Contemporary research indicates
that various factors, such as mechanical stress, oxidative
stress, inflammatory response, autophagy, apoptosis, and
the modulation of signaling pathways associated with
Ferroptosis, may play a role in the initiation and control
of cell death in OA.

The pathogenesis of OA is intricate, and its clinical
management is significantly constrained. Nevertheless,
as knowledge of the etiology and pathogenesis of OA
advances, an increasing number of potential targets are
being explored for the prevention and mitigation of the
disease. Future research may focus on investigating the
relationship between the pathogenesis of OA and vari-
ous types of cell death. Hence, in the management of OA,
it is imperative to address not only treatments aimed at
mitigating the inflammatory response and other patho-
logical alterations, but also to focus on the clearance of
necrotic cells and facilitation of chondrocyte regenera-
tion and repair. By effectively addressing these processes,
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symptoms of OA can be ameliorated and disease pro-
gression can be attenuated.
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