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Abstract

Osteoarthritis (OA) is increasingly regarded as a whole-organ disease that includes different subsets of joint pathological conditions with
variable genetic, biochemical and clinical characteristics. The pathogenesis of OA is perplexing, and disease-modifying drugs are still lacking.
Glutathione peroxidase 4 (GPX4), recently best known as the key regulator of ferroptosis implicated in many diseases, including OA, actually
has long been identified and reportedly possesses multiple significant biological functions. However, the relationship between GPX4 and OA
remains to be elucidated. In this review, we first summarize the current knowledge of GPX4 as a selenoenzyme and the regulation of its
expression. Then we scrutinize various possible patterns of involvement of GPX4 in OA. Finally, we also underscore the potential implications
and prospects of GPX4-based therapeutic regimens for OA.
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1. Introduction

As the most prevalent chronic joint disorder, osteoarthritis (OA) is a leading cause of impaired mobility among older adults
worldwide, contributing to a huge health and socioeconomic burden!!l. OA is a heterogeneous disorder. The risk factors include
aging, sex, trauma, obesity, mechanical injury, and genetic and epigenetic traits!?l. The concept of the pathophysiology of OA is
continuously advancing, transitioning from being viewed as only cartilage-limited to a multifactorial complex disease that affects the
entire joint, including articular cartilage, subchondral bone, and synovium!’l. As for the treatment, disease-modifying drugs are still
under development, with joint replacement often considered the only effective approach for symptomatic end-stage osteoarthritis in
clinical practicel’l. Hence, a more comprehensive understanding of the molecular mechanisms implicated in the onset and
progression of OA will be of paramount importance in developing proactive and preventative strategies.

Articular cartilage is a highly organized structure and primarily contains only one type of specialized cell known as the chondrocyte.
As the sole cellular component, chondrocytes play a pivotal role in preserving the structural integrity of articular cartilage, which is
achieved through a delicate equilibrium between the synthesis and breakdown of the extracellular matrix (ECM)>¢. However, this
balance can be disrupted due to the presence of some osteoarthritic pathogenic factors, such as the inflammatory milieu or
mechanical aberrations in the joint space. This disruption can result in widespread chondrocyte dysfunction (represented by
abnormal ECM metabolism) or death, eventually contributing to cartilage degeneration in OA. Previous research has indicated that
various forms of cell death, including necrosis and apoptosis, can induce detrimental effects on chondrocytes during OAl. In 2012,
Dixon et al. first proposed the epochal concept of ‘ferroptosis’, a novel form of regulated cell death caused by oxidative disturbance of
the intracellular microenvironment that is constitutively controlled by Glutathione peroxidase 4 (GPX4)[%°], which can catalyze the
reduction of lipid peroxides at the expense of reduced glutathione and protect cells against oxidative stress. Recent studies have
further reinforced the notion that GPX4 is a master regulator in ferroptosis('’l. Besides, in 2020, our research first reported that
chondrocyte ferroptosis could contribute to the progression of osteoarthritis. To the best of our knowledge, it’s the first time, in the
literature, that the pathophysiology of OA had been associated with cell ferroptosis!!l. Altogether, it seems obvious that GPX4 could
regulate the osteoarthritic development through chondrocyte ferroptosis.
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However, up to now, the exact function and regulation of GPX4 during the development of OA have not been fully investigated,
although GPX4 has been discovered for decades and has been reported to engage in multiple physiological processes including
inflammation and cell death and to be related to diverse cancers and nonneoplastic diseases such as inflammatory bowel disease and
Alzheimer’s diseasel'? 5], Therefore, this review aims to present a concise overview of GPX4 and delve into its regulation and various
possible roles in OA. Furthermore, we will investigate and discuss the regulators of GPX4, shedding light on their potential
implications for the treatment of OA.

2. A Brief Overview of GPX4

2.1 GPX4 as a selenoenzyme

GPX4 is a member of the glutathione peroxidase family, which consists of eight oxidoreductases that are closely phylogenetically
related and found in a wide range of living organisms. The most unique feature of the mammalian GPX family is that many of them,
including GPX1-4 and GPX6, are selenoenzymes with the catalytically essential amino acid selenocysteine (Sec) in their active site,
whereas GPX-5, GPX-7 and GPX-8 contain a cysteine (Cys) instead of Secl'’l. Sec or Cys, along with glutamine, tryptophan, and
asparagine, make up the conserved catalytic tetrad of these enzymes!'®l. The catalytic cycle of all GPX proteins occurs in two distinct
stages, following a ping-pong mechanism whereby the active site of these enzymes shuttles between an oxidized and reduced
statel'”-18], In the first stage, the active site selenocysteine or cysteine of GPX proteins reduces a peroxide species, while undergoing
concomitant oxidation. In the second stage, the active site residue is regenerated through the utilization of reducing substrates such
as GSH, whereby the active site residue is reduced and the reducing substrate is oxidized simultaneously!'”! (Figure 1).
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Figure 1. The catalytic cycle of GPX4. The catalytic cycle conforms to a ping-pong mechanism and can be divided into two phases, the oxidative part and reductive part
respectively. In the first (oxidative) phase, the selenol in selenium-containing GPX4 (green) becomes oxidized to selenenic acid by a hydroperoxide (ROOH). In the second
(reductive) phase, the selenenic acid within oxidized GPX4 interacts with the reductant GSH to form a selenodisulfide. This intermediate would be further resolved by a
second GSH molecule back into the original selenol, which marks the regeneration of GPX4 and the end of a cycle. However, the replacement of selenium with sulfur in the
GPX4 variant (red) inclines to facilitate the irreversible overoxidation and resultant inactivation of the enzyme, which could trigger a premature termination of the catalytic

cycle before it proceeds into the second (reductive) phase. GPX4: glutathione peroxidase 4; GSH: glutathione.

Of note, for the selenoenzymes like GPX4 among GPXs, the substitution of Cys with Sec is reported to improve the sustainability of the
catalytic cycle, although Sec differs from Cys only by a single atom, namely selenium replacing sulfurl'?l, Several studies have
proposed that compared with cysteine-containing variants of GPX4, which generally tend toward the undesired irreversible
overoxidation and inactivation during catalysis, the Sec-containing GPX4 is intrinsically resistant to this process due to the enhanced
stability of the oxidized intermediate throughout the cyclel'3:2%. A possible chemical-biological rationale underlying the
aforementioned phenomenon is the specific capacity of selenium to undergo rapid oxidation and then immediate reduction, which is
commonly referred to as the “selenium paradox”?!l. Another distinct characteristic of GPX4’s structure-function relationships
emerging from comparison among GPX family members is that unlike the other four selenoenzymes which are homotetramers, GPX4
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is the sole monomeric member of the vertebrate GPX family bearing Sec in the redox center, which is suggested to be potentially
associated with its substrate accessibilityl?>??. The monomer GPX4 operates with substrates generally at an interface, not via a simple
collision as the tetramers do?*>\. This interfacial interaction allows GPX4 to be specially involved in the reduction of more complex
lipid hydroperoxides, even those embedded in the biological membrane?>l. This function is of particular therapeutic interest as it
suggests GPX4’s key role in maintaining the integrity of biological membranes!'’l.

2.2 The expression and regulation of GPX4

The genomic structure of GPX4 locus is conserved among mammals. In humans, it is located on chromosome 19p13.3 and spans a
length of 2.8 kb with eight exons, two of which are alternative, i.e., exons 1A and 1B?%27], Alternative splicing yields three different
mRNA and protein isoforms: mitochondrial GPX4 (mGPX4), cytosolic GPX4 (cGPX4), and nuclear GPX4 (nGPX4)[?8]. More specifically, the
production of mGPX4 (long form) and cGPX4 (short form) is attributed to two slightly different transcription start sites at the same
exon 1A, whereas the transcription initiation of nGPX4 takes place at the alternative exon 1B[?°l, Despite adherence to the same
fundamental biochemical rules of enzymatic catalysis described above, these isoforms would eventually enter different subcellular
compartments with the guidance of dissimilar organelle import N-terminal sequences, thus serving different biological functions. The
cytosolic GPX4 is now widely recognized as the dominant isoform in somatic cells and plays a central role in suppressing lipid
peroxidation and ferroptosis. By contrast, the mitochondrial and nuclear isoforms of GPX4 seem to have more restricted expression
patterns, and the research on these two variants focuses more on their roles in germ cells including sperm: mGPX4 is linked with
mitochondrial apoptosis and male infertility!*°-33], while nGPX4 focuses on protecting chromatin condensation and genetic integrity in
sperml*+35. While mGPX4 and nGPX4 are recognized as the prevailing isoforms in male germ cells and play essential roles in
reproductive biology, their functions beyond the realm of reproduction remain largely unknown.

As a TATA-less gene, GPX4 is deemed to own a feature commonly shared by housekeeping genes, which are often defined as being not
highly regulated??l. Indeed, the precise regulatory mechanisms governing GPX4 expression remain undeciphered, although some
fragmentary knowledge of its regulation has been gained.

Epigenetic research has revealed the presence of CpG islands in the vicinity of the transcription start site (TSS) of GPX4, where the
methylation process controls the expression of GPX4*°l. Under conditions of certain cancer types, chronic mild stress, or metabolic
disorders of amino acids, including glycine, homocysteine, and S-adenosylmethionine, there is an observed increase in methylation
of the GPX4 promoter, which leads to GPX4 inhibition and resultant ROS accumulation, thus inducing ferroptosisl*’-*!l. In addition to
DNA methylation, some histone modifications (e.g., methylation like H3K4me3, acetylation like H3K27ac) have been reported to play
an important role in the epigenetic regulation of GPX4[*243],

In the field of transcriptional regulation, it is noteworthy that Uefer and Imai et al. have systematically addressed the functional
characterization of the positive regulatory and distinct core regions of GPX4 promoters in mouse various tissues and cells by
site-directed mutagenesis and electrophoretic mobility shift analysis (EMSA), successivelyl'’-l. Some promoter regions and binding
sites of transcription factors, including stimulating protein 1 (SP1), activator protein 2 (AP2), cAMP-response element-binding protein
(CREB), CCAAT/enhancer-binding protein (C/EBP-€), and so on, have been disclosed in their studies.

At the post-transcriptional and translational level, diverse mechanisms have been investigated to regulate GPX4 synthesis. For
instance, GPX4 mRNA stability could be augmented in a METTL14-mediated m6A-HuR-dependent manner to inhibit
osteoclastogenesis and bone resorption for the amelioration of osteoporosis!‘’. Some microRNAs, including miR-15a, miR-1656,
miR-214-3p, miR-1290 and miR-324-3p, are also worth noting since they predominantly target the 3° UTR of GPX4 mRNAs as
translational suppressors, decreasing GPX4 level and promoting ferroptosis!*’>!l. Predictably, with selenocysteine in the catalytic
center, selenoenzyme GPX4 expression relies on Se availability partly, although some studies have found that in selenium-deficient
rats GPX4 activity decreased very slowly!®2>3]. This phenomenon is tentatively attributed to GPX4 mRNA stability and selenocysteine
insertion sequence efficiency, which rank GPX4 high in the hierarchy of selenoprotein expression®®!l. Apart from that, GPX4 translation
has been reportedly coupled with intracellular cysteine levels partly through the Rag-mTORC1-4EBP signaling axis, in which mTORC1
is the master sensor monitoring responses to nutrient availability and growth stimuli and could be inactivated upon cysteine
starvationl>3.

Several post-translational modifications have been reviewed to regulate GPX4°°l. To name a few, the succination of GPX4 by
intracellular fumarate aggregation could sensitize cancer cells to ferroptosis inducers (FINs), whereas the alkylation of GPX4 could
serve as a route for class II FINs to induce ferroptosist®’->%l. The ubiquitination of GPX4 has been reported as an important mechanism
of regulating ferroptosis in various diseasesl>>-°!l. Recently our research has demonstrated that the senescence indicator P21 could
also regulate GPX4 protein stability in chondrocytes by affecting GPX4 recruitment to the linear ubiquitin chain assembly complex
(LUBAC) and subsequent M1-linked ubiquitination on GPX4 during OA progression!®?l. Apart from ubiquitin-proteasome mediated
degradation, another major system to decompose GPX4 is also noteworthy: chaperone-mediated autophagy (CAM). Heat shock
protein family A (Hsp70) member 8 (HSPA8) and HSP90 have been confirmed to participate in the CAM-dependent GPX4 hydrolysis!®!
(Figure 2).
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Figure 2. The expression and regulation of GPX4. The expression of GPX4 is regulated in multiple ways (epigenetically by DNA CpG islands methylation and histone
modification, transcriptionally by SP1, AP2, CREB and C/EBP-¢, post-transcriptionally by RNA methylation and microRNA silencing, translationally by selenium and cysteine
availability, post-translationally by succination, alkylation, ubiquitination, etc.). The products of GPX4 expression include three protein isoforms which bear distinct biological
functions in different cellular compartments. SP1, stimulating protein 1. AP2, activator protein 2. CREB, cCAMP-response element-binding protein. C/EBP-g, CCAAT/enhancer-
binding protein. GPX4: glutathione peroxidase 4; SP1: stimulating protein 1; AP2: activator protein 2; CREB: cAMP-response element-binding protein;
C/EBP-g: CCAAT/enhancer-binding protein.

3. The Expression and Regulation of GPX4 in OA

When it comes to the specific disease, the expression and regulation of GPX4 in osteoarthritic condition remain not fully elucidated,
but indeed, they have also garnered increasing attention in recent years.

First, regarding the expression profile of GPX4 isoforms in the musculoskeletal system, the majority of current OA studies do not
deliberately distinguish or detect the expression levels of individual GPX4 isoforms. Given that most OA research focuses on the role
of GPX4 in suppressing lipid peroxidation and ferroptosis, the cytosolic isoform of GPX4 is generally presumed to be the specific
variant under investigation. In contrast, the expression and regulation of the other two GPX4 isoforms have not been reported in the
context of OA research.

The phenomenon of decreased GPX4 expression has been observed in both OA patients and animal models of OAl'164],
Pro-inflammatory cytokines (such as IL-1[3) and oxidative stress factors (such as the oxidant TBHP) are frequently utilized as inducers
to establish OA models in chondrocytes, and a reduction in GPX4 expression is typically observed in these treated cells!':*>l. Although
there is currently no dedicated study focusing on why GPX4 is downregulated in OA, some regulatory mechanisms underlying the
reduced levels of GPX4 in OA have been reported.

Pan et al. found that IL-1f can promote methylation within the GPX4 promoter region at the epigenetic level, thereby reducing GPX4
mRNA and protein levels in chondrocytes!®®l. Chen et al. reported that TPX2 may decrease GPX4 expression levels in LPS-induced
C28/12 chondrocytes via the NF-KB p65 signaling pathway!®7l. It is well established that inflammatory cytokines could activate the
classical NF-KB pathway to reduce the transcription of antioxidant molecules°®l. Consequently, phosphorylated p65 is also highly
likely to act as the key transcriptional factor reducing the transcriptional levels of GPX4, another antioxidant molecule, in
IL-1[3-treated OA chondrocytes.

Selenium deficiency is receiving growing attention in the pathogenesis of musculoskeletal disorders, including OA and Kashin-Beck
diseasel®” 701, Therefore, abnormal selenium metabolism may partially explain the reduced expression level of GPX4 in OA
pathogenesis.

Lv et al. found that low expression of TRPV1 is associated with decreased GPX4 levels in OA, and that pharmacological activation of
TRPV1 could upregulate GPX4 to ameliorate OA progression!’!l, Interestingly, similar to an ion channel, the Piezo1 channel may play a
different role in regulating GPX4. Reportedly, the Piezo1 channel could be activated under conditions of excessive mechanical stress
to decrease GPX4 expression and promote chondrocyte ferroptosis in OAl’2l. This study could also partially explain, from a molecular
mechanistic perspective, why joint mechanical disorders can promote OA progression.
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In the field of post-translational modification, Zhou et al. have provided evidence for the possible existence of OGT-dependent
O-GlcNAcylation of the GPX4 protein and demonstrated that reduced levels of O-GIcNAcylation in OA cartilage tissue may be
associated with decreased GPX4 expression!’?l. HSPAS has been reported to inhibit the degradation of GPX4 in cancer cells!’l. This
phenomenon may be interpreted as HSPAS exerting a negative regulatory effect on the chaperone-mediated autophagy of GPX4!"l. In
the context of OA, Lv et al. have demonstrated that the RNA-binding protein SND1 could downregulate HSPAS to promote the
degradation of GPX4 and chondrocyte ferroptosis!’°l.

Collectively, these reported regulatory mechanisms could partially explain why decreased expression level of GPX4 is typically
observed during OA.

4. The Function of GPX4 in OA

OA is a severe and complex condition that is now recognized as a whole-organ disease characterized by structural alterations of
different joint tissues, including cartilage degeneration, subchondral bone sclerosis, osteophyte formation, and synovial
inflammation!’”), Emerging research demonstrates that a series of cellular events, including chondrocyte ferroptosis and apoptosis,
aberrant ECM metabolism, inflammatory responses of synovial cells, and imbalanced activity of osteoblasts and osteoclasts, can
contribute to the pathogenesis of OAlSl. According to the available evidence, GPX4 is proposed to be involved in these cellular events
underlying the pathophysiology of osteoarthritis to some extent, which will be the focus of our next discussion in this review below.

4.1 GPX4 in articular cartilage
4.1.1 GPX4 in chondrocyte

Since chondrocytes are the only cell type present in cartilage, the balance between chondrocyte proliferation and death plays a
crucial role in cartilage homeostasis. Due to the avascular and aneural nature of articular cartilage, the chondrocytes in adult human
cartilage, which are literally imprisoned in scattered lacunas within the matrix and restricted from migrating, are normally quiescent
and not actively proliferative. Consequently, it is usually compromised when cartilage self-repair is considered!’*#l. Yet on the other
side of the coin, this also implies that shifting the focus of treatment strategies to how to appropriately inhibit detrimental
chondrocyte death during OA development may prove to be a more effective approach in maintaining cartilage integrity and health.

Regulated cell death can be classified into apoptosis and non-apoptotic processes, including necroptosis, pyroptosis and
ferroptosis!®!-82], Recent studies have indicated a possible association between ferroptosis and OA, as supported by examinations of OA
patients’ specimens and experimental models, including TBHP-induced OA chondrocyte models, Erastin-induced OA chondrocyte
models, ACLT-induced OA mouse models and DMM-induced OA mouse models!!!:02.04.0583-87 These studies show that chondrocytes
undergo ferroptosis during OA and that chondrocyte ferroptosis can be regulated multidimensionally to contribute to the
progression of OA.

The role of ferroptosis-related pathways in osteoarthritis has attracted increasing attention in recent years®$:8°1, Abnormal
intracellular iron homeostasis (e.g., altered expression of Tfr1 and FTH1) and dysregulated lipid metabolism (e.g., upregulation of Acsl4
and Lpcat3) promote the occurrence of cellular ferroptosis!®’l. Conversely, the classical defense mechanisms against ferroptosis
comprise four major axes: the cysteine/GSH/GPX4 axis, the NADPH/FSP1/CoQ10 axis, the GCH1/BH4 axis, and the DHODH/CoQH2
axisl’’?2. The balance or imbalance between the ferroptosis execution system and the ferroptosis defense system ultimately
determines whether a cell undergoes ferroptosis!’'l. Among these ferroptosis-related pathways, GPX4, serving as a key regulator of
ferroptosis and a “star molecule” as well, has received the majority of research focus in the context of osteoarthritis. It has also been
reported to decrease significantly at both mRNA and protein levels in chondrocytes of OA animal models and human
patients[l 1,6 1,72,7(7,'-)3]_

Although the more detailed mechanism of GPX4’s enzymatic action in osteoarthritic chondrocyte ferroptosis remains to be further
investigated, yet the eventual effect may be relatively explicit. During the process of OA development, the reduction of GPX4
expression may not directly induce chondrocyte ferroptosis as it usually does in other cells, such as cancer cells, but it does make
chondrocytes more sensitive to oxidative stress and mechanical overloading!®*72.94l. Meanwhile, under conditions of only
GPX4-knockdown with no TBHP treatment, there is also an observed increase of the substrate GSH, which is opposite to the results
from OA cartilage and may partly counteract the detriment from decreased GPX4, thus accounting for the survival of
GPX4-knockdown cells(®4l.

In addition to mediating ferroptosis, GPX4 may also confer a role in chondrocyte apoptosis during OA development. The three
canonical apoptotic pathways, the mitochondrial pathway, the death receptor pathway, and the endoplasmic reticulum (ER) stress
pathway, can be all implicated in chondrocyte apoptosis during OAl°>?°l. Although it remains uncertain in which pathway the
downregulation of GPX4 induces chondrocyte apoptosis in OA, both decreased GPX4 expression and the occurrence of apoptosis
(detected by flow cytometry) have been concurrently observed in IL-1B3-treated chondrocytes!®’l. During the process of a specific
disease such as OA, different types of regulated cell death usually coexist, sharing similar initial signals and molecular
regulators!’-?%l. GPX4, essentially as an antioxidant, initially gained attention for its anti-apoptotic function through multiple
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mechanisms before it was connected to ferroptosis(°>-1°1l, For instance, downregulation of GPX4 could upregulate EGR1 to induce
mitochondria-mediated apoptosis in TNBC cells!'°?. GPX4 could inhibit apoptosis by preventing the release of cytochrome c through
detoxification of cardiolipin hydroperoxide in the mitochondrial membrane!'?3. This mechanism may also occur in chondrocytes
from OA cartilage, where a significant decrease in the mitochondrial membrane potential and alteration in proteins associated with
the integrity of the mitochondrial membrane and apoptosis were observed!!?*1%], Collectively, these studies suggest GPX4 could be
implicated in ROS-induced mitochondrial-mediated apoptosis, besides ferroptosis during OA.

4.1.2 GPX4 in ECM homeostasis

The ECM in cartilage is a sophisticated assembly of macromolecules, consisting primarily of two components that define its
mechano-physical properties: the collagenous network, responsible for the tensile strength of the ECM, and the proteoglycans,
responsible for the elastic properties of ECM and maintaining osmotic balancel'?’l. Beyond its structural function as a cellular scaffold,
ECM also acts as a dynamic repository for cytokines and other growth factors that modulate chondrocyte behavior and turnover!!°sl,

The imbalance of chondrocyte anabolism and catabolism could lead to abnormal ECM homeostasis and thus OA development!'%],
Available studies, including Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, gene set enrichment analysis (GSEA) and cell
experiments, have indicated GPX4 downregulation in osteoarthritic chondrocytes may promote ECM degradation through the
MAPK/NF-kB pathway, which could activate cartilage catabolism-relate proteins, including MMP3 and MMP13, while exerting limited
regulatory influence on anabolism-related genes such as COL2A1 and aggrecan (ACAN)[°*110.111] Noteworthily, the upregulation of
matrix metalloproteinases (MMPs), particularly MMP13, is usually considered as one of the signs of early-stage OA and a point of no
return for the disease progression!'>"!15], This insight is further reflective of the role of GPX4 in the OA process from the viewpoint of
MMP-induced ECM degradation.

4.2 GPX4 in subchondral bone and osteophyte

Although articular cartilage degeneration is the primary concern in osteoarthritis, the integrity of articular cartilage also relies on its
biochemical and biomechanical interplay with subchondral bonel!!%117, Subchondral bone can provide the mechanical support and
nutrition supply for overlying articular cartilage during the movement of joints and undergo continuous adaptation in response to
changes in the mechanical environment through bone formation and resorption!!!7-1181,

Available research has shown that GPX4 suppression could affect bone metabolism and cause bone disorder by prompting osteoblast
ferroptosis in osteoporosis!'’l. During OA progression, knockdown of GPX4 has been demonstrated to increase subchondral bone
plate thickness (SBP) and bone volume fraction of subchondral trabecular bone (STB) significantly in micel*. A decrease in GPX4 with
concomitant cellular ferroptosis has been observed during mouse osteoclast differentiation in recent research!['?"], In this study,
upregulation of FOXO3 could inhibit ferroptosis and differentiation of subchondral osteoclasts to attenuate abnormal bone
remodeling in obesity-induced OA by partially restoring GPX4. Despite these aforementioned phenomena, the exact molecular
mechanism underlying subchondral bone remodeling during OA remains largely unknown.

The role of TGF-3/SMAD pathway in the pathogenesis of osteoarthritis has drawn more and more attention in recent years!!?!l. Not
only is TGF-f essential for maintenance of articular cartilage metabolic and structural homeostasis through regulating the expression
of collagen type II and MMP13, the TGF-f3 signaling also seems to mediate Smad2/3 to facilitate osteoclastic differentiation and bone
resorption, recruit nestin-positive MSCs and osteoprogenitors to resorption pits in subchondral bone, and promote osteoblast
terminal maturation, depositing extracellular matrix components Col1 and osteocalcin in bonel!!7122°124 These alterations eventually
result in an imbalance between osteoblasts and osteoclasts and consequent aberrant bone remodeling that may initiate and worsen
osteoarthritis!'?>12°l. Intriguingly, emerging research has suggested that GPX4 may block the phosphorylation of Smad2/3 and thus
exhibit antifibrotic activities in certain fibrotic diseases like lung fibrosis!'?’l. This intriguing inference about the relationship between
GPX4 and SMAD implies a potential involvement of GPX4 in abnormal subchondral bone remodeling during OA through regulating
TGF-3/SMAD2/3 pathway.

Osteophyte formation is predominantly characterized by the neo-chondrogenesis of mesenchymal stem cells located in the
periosteum at the bone-cartilage junction. This process is followed by chondrocyte hypertrophy and subsequent endochondral
ossification. A mature osteophyte typically becomes integrated with the original subchondral bone upon completion!!?%l. Despite the
details remaining obscure, the TGF-3/SMAD pathway may play a role in most of these sections of osteophyte formation according to
previous studies!'?®], Based on the aforementioned putative link between GPX4 and SMAD, GPX4 may also be involved in osteophyte
formation by mediating regulation of TGF-[3/SMAD pathway. Moreover, available research has verified that GPX4 downregulation can
indeed increase osteophyte maturity and size significantly!®‘l.

4.3 GPX4 in synovial inflammation

Nowadays inflammation is gaining increasing recognition as a central player in the pathogenesis of OA. The chronic low-grade
inflammation in OA, following joint trauma or overuse, can frequently evolve into a vicious, self-sustaining cycle of local joint
damage, inflammation and failed tissue repair(!?*'3%l, The synovium, which mainly consists of immunocytes and fibroblast-like
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synoviocytes (FLS), despite not being the sole tissue implicated in OA-related inflammation, represents a major site of gross and
microscopic inflammatory alterations!!?°l.

Previous investigations have shown that GPX4 overexpression could inhibit the activities of LOXs and COXs, which require basal levels
of lipid hydroperoxides for activation, and thus inhibit the synthesis of proinflammatory eicosanoids from arachidonic acids!'3%132,
Moreover, GPX4 overexpression may inhibit the production of a wide variety of inflammatory genes, including TNF-q, IL-1, IL-6,
IL-17A, and IL-22[133130], Not surprisingly, these inflammatory mediators can also be induced in OA synovial inflammation as
welll!37°13%, Taken together, these observations suggest a potential association between GPX4 and inflammatory signaling pathways in
OA synovitis.

Recently, Hu et al. demonstrated a decrease of GPX4 level in the synovium with increasing KL grade in OA. In this study, lipoxin A4
reportedly activated the ESR2/LPAR3/Nrf2 axis to reverse the downregulation of GPX4 in OA FLSs, thus antagonizing FLS ferroptosis
and mitigating the pain and progression of KOA''l, Additionally, it’s noteworthy that another interesting research examining the
alteration of GPX4 level in the rheumatoid arthritis (RA) synovium reached a different conclusion®’l. An increase of GPX4 in the RA
synovium and FLSs was observed in this study, accompanied by a decrease in FLS ferroptosis. This study demonstrated that although
both oxidation and antioxidation levels were elevated in RA FLS compared to healthy FLS, there was a reduction in the ratio of
oxidation/antioxidation, suggesting that the aberrant ‘tumor-like’ growth of RA FLS displayed resistance to ferroptosis.

4.4 GPX4 in cell-cell interaction during OA

The joint is generally regarded as a single functional unit. In OA, articular cartilage degeneration, subchondral bone
remodeling/sclerosis, and synovitis are inextricably linked and reciprocally influence one another.

Regarding the role of GPX4 in OA, current research has predominantly focused on cartilage. When pathogenic factors induce a
reduction in GPX4 levels within chondrocytes, these cells become more susceptible to ferroptosis. Prior to cell death, chondrocytes
often undergo functional dysregulation characterized by decreased anabolism (e.g., downregulation of type II collagen) and increased
catabolism (e.g., upregulation of MMP3 and MMP13), consequently leading to the depletion of the ECM. As cartilage is primarily
composed of chondrocytes and the ECM, it deteriorates progressively.

GPX4-regulated chondrocyte death-derived cell debris and ECM degradation products can act as damage-associated molecular
patterns (DAMPs), activating pattern recognition receptors on macrophages in the synovium!'*-'*2l, This promotes M1 macrophage
polarization, triggering the release of pro-inflammatory cytokines and contributing to synovitis. The downregulation of GPX4 in
fibroblast-like synoviocytes also promotes the secretion of inflammatory mediators. These inflammatory mediators from M1
macrophages and FLSs, in turn, can activate the NF-KB or MAPK pathways in chondrocytes, thereby exacerbating chondrocyte
inflammation and further accelerating ECM degradation.

As articular cartilage becomes progressively worn and thinned, the unprotected subchondral bone is more vulnerable to aberrant
joint stress. A decrease in GPX4 levels in osteoclasts within the subchondral bone renders them more prone to ferroptosis, thereby
disrupting the balance between osteoclasts and osteoblasts. This imbalance further promotes aberrant subchondral bone
remodeling.

Collectively, the downregulation of GPX4 in joint would contribute to the progression of OA (Figure 3).

5. Therapeutic Implications and Prospects

5.1 GPX4-regulated ferroptosis: A central driver of OA initiation or a downstream amplifying pathway

Growing evidence indicates that lipid peroxidation contributes to chondrocyte dysfunction and oxidative stress in OA. However, it
remains unclear whether ferroptosis represents a central driver of disease initiation or acts as one of several downstream amplifying
mechanisms. Here, we speculate that ferroptosis predominantly functions as a core downstream amplifying signaling pathway in the
current landscape of OA patients.

First, it is well established that aging is one of the primary risk factors for OA”. Aging has been characterized as a state of systemic
chronic inflammation (‘inflammaging’), wherein senescent cells secrete the senescence-associated secretory phenotype (SASP), which
contains numerous inflammatory factors that promote chronic inflammation!!*3l. The canonical inflammatory cytokine IL-1p is the
most commonly used reagent to treat chondrocyte and simulate OA in vitro. In these models, a decrease in GPX4 is frequently
observed. However, it is noteworthy that p21, a marker of chondrocyte senescence, is also upregulated and could reportedly increase
resistance to chondrocyte ferroptosis by inhibiting the ubiquitination of GPX4[°?l. Indeed, the resistance of senescent cells to
ferroptosis has been reported in other studies!!**"'*°l, Therefore, for aging-related OA patients, ferroptosis does not appear to be the
central driver of OA initiation. Nevertheless, the occurrence of ferroptosis has been reported to exacerbate inflammation in chronic
inflammatory diseases!'*7],


https://doi.org/10.70401/fos.2026.0013

Ferroptosis Oxid Stress. 2026;2:202514 | https:/doi.org/10.70401/fos.2026.0013 Page 8 of 17

T e e e e e B R e B S 1
'
Osteoarthritis i :
'
| .
ICartilage ' (m Collagen Fiber
' € (o
Inflammatory cytokines ~chondrocyte MMPs, ADAMTS & eptides
(IL-1)
l —_—

Y A

metlt::;:ion NH;B LT \ h
= macrophage
l Chondrocyte and matrix debris v e

osteoclast ‘

\
v

1
1
1
1
1
1
I
I
1
I
I
1
I
I
I
I
e —_— NFKB ) (MapKks \ |
GPX4 | ROST . - ~ — A\ |
|
1
I
I
1
1
1
I
I
1
1
1
1
I
I
I
I
I
I

1
1
1
1
1
1
1
1
1
I £ XS
1
IS - [ 1]

novium

: Y / \ l e — FLS
| Inflammatory cytokines
| ' 8 (IL-1, TNF, IL-6,IL-
. ab, m
i TRPVI  Piezol Covtc Grxa|
I mitochondrion l i

\
. / \
I Oxidative stress Mechanical 5
! (TBHP) overload SRIDtY
1 : v
: : e osteophyte
1 f chondrocyte Cell debris J

.
\ :S"bd'o“dral rxa| - = [ TGF-p/SMAD | — osteoblast
i bone

1

Figure 3. GPX4 in the pathogenesis of OA. OA is a whole joint disease involving cartilage, subchondral bone and synovium. Many pathogenetic factors, including
inflammatory chemokines, oxidative stress and mechanical overload, could cause a decrease of GPX4 in chondrocytes. The downregulation of GPX4 could contribute to not
only cartilage degradation by facilitating chondrocyte death such as ferroptosis and apoptosis and ECM breakdown, but also synovitis by eliciting the release of inflammatory
mediators. Cartilage degradation-derived products including cell and ECM debris could activate PPRs in synovium macrophages as DAMPs to induce inflammatory mediators
and aggravate synovitis, ultimately causing a vicious cycle of local joint damage, inflammation and failed tissue repair. In addition, decreased GPX4 may modulate
TGF-B/SMAD signaling pathway to mediate abnormal bone remodeling and osteophyte formation, where the exact role of GPX4 remains ambiguous and need more
validation yet, as labeled by dotted lines. DAMPs, damage associated molecular patterns. PPRs, pattern recognition receptors. GPX4: glutathione peroxidase 4;
OA: osteoarthritis; ECM: extracellular matrix; PPRs: pattern recognition receptors; DAMPs: damage-associated molecular patterns; MMPs: matrix metalloproteinases;

ROS: reactive oxygen species; MAPKs: mitogen activated protein kinases.

For patients with OA induced by joint mechanical derangement, ferroptosis may play a crucial role in both the initiation and
progression of the disease. Mechanical stress has been reported to mechanically downregulate GPX4 and induce ferroptosis in
chondrocytes via upregulation of the mechanosensor Piezo1 channell’?l. Furthermore, animal experiments have reported that
conditional knockout of GPX4 in the articular cartilage of sham-operated mice can induce an OA phenotypel®!l. Collectively,
mechanical stress-induced downregulation of GPX4 and ferroptosis has likely already served as a central driver in the initiation stage
of mechanically induced OA or post-traumatic OA. In addition, it is noteworthy that GPX4-regulated ferroptosis could aggravate OA
progression, as evidenced by the exacerbation of OA phenotypes in the ACLT mouse model following GPX4 deletion!®l.

Obesity is another significant risk factor for the increasing prevalence of OA, aside from aging!?.. Similar to aging, obesity is viewed as
a state of chronic, low-grade inflammation. A unifying factor in obesity-related diseases is immune dysregulation, particularly
inflammation, in response to metabolic overload!'*$l. Moreover, obesity-related OA patients are often prone to joint mechanical
disorder due to excess body weight. Therefore, for obesity-related OA patients, targeting ferroptosis is important for both the
initiation and development stages of the disease.

Furthermore, selenium deficiency has been increasingly found to be highly correlated with radiographic OA severityl°’l. Selenium
deficiency can mechanistically lead to decreased expression of the selenoprotein GPX4, thereby increasing susceptibility to
ferroptosis. For this subset of OA patients, targeting GPX4 or ferroptosis appears to be a more specific approach and should arguably
be regarded as a disease-modifying strategy.

Collectively, whether ferroptosis acts more as the initiator or a downstream amplifier may depend on the specific etiology of OA.
However, regardless of the subtype, targeting GPX4-regulated ferroptosis holds an indispensable position in the treatment of OA.
5.2 Finely tuning GPX4 level in selectively targeted tissues or cells is of significance

In addition to preventing lipid peroxidation and ferroptosis, GPX4 also fulfills other physiological functions, including modulating
inflammation, immunity, autophagy and differentiation!!>?%l. Yet, admittedly, the exact role of GPX4 in these physiological processes
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and related molecular pathways remains largely elusive until now. Thus, it is actually difficult but also important to figure out how to
properly regulate GPX4 expression levels in specific tissues while avoiding the potential side effect of disturbing normal physiological
conditions.

To be more specific, as one of the lipid antioxidants, GPX4 serves as both a guardian against oxidative damage as well as a key
regulator of physiologically versatile signaling lipids, such as oxygenated PUFAs-derived arachidonic acid (AA) and its
metabolites!10%-135119.1501 Undoubtedly, this functional duality of GPX4 must be carefully balanced to sustain homeostasis. One
evolutionarily plausible reason why such complex post-translational modification of GPX4 exists is that it enables GPX4 level and
activity to be tuned in a way that avoids excessive lipid peroxidation while permitting the generation of bioactive signaling lipids
engaged in physiologically fundamental redox signaling!!3>151:152,

One inevitable concern about the impact of an imbalanced regulation of GPX4 on osteoarthritis is whether overexpression of GPX4 in
specific tissues, such as the synovium in OA, would lead to FLS insensitivity to ferroptosis and resultant synovium hyperplasia and
fibrosis, which occurs in RA synovium as mentioned earlier®*’. Another more relevant and thought-provoking instance is that Zi et al.
have recently demonstrated that senescent chondrocytes could exhibit resistance to ferroptosis and thus subsist, probably through
upregulating EAAT1-GSH-GPX4 signaling axis!'*3. This mechanism may be evolutionarily advantageous in maintaining unicellular
redox homeostasis but may exert a counterproductive effect on the whole organism when applied to undesired senescent
chondrocytes producing detrimental SASPs and inducing age-related OA. Similarly, Ran et al. indicated that lifelong reduction in GPX4
actually increased the lifespan for GPX4+/-mice and retarded age-related pathology, most likely through alterations in the sensitivity
of tissues to apoptosis!'>*l. Intriguingly, this phenomenon concerning reduced GPX4 and longevity may be also potentially associated
with the controversial function of the PUFAs-derived AA mentioned above, which may delay the aging process along with its
anti-inflammatory metabolites, including resolvins and lipoxins, through mitigating inflammation, facilitating stem cell proliferation,
and augmenting autophagy and apoptosis[!°%-14%.155], Collectively, these studies highlight the necessity of finely manipulating GPX4
levels in specifically targeted tissues for safer clinical translation.

5.3 OA treatment-oriented GPX4-targeted therapeutics deserve more research attention

Overall, the panorama of GPX4 regulation mechanism remains to be delineated in more detail, which would be favorable to
GPX4-based drug development. Due to the huge therapeutic potential to target ferroptosis in cancer cells, inhibitors of GPX4 have
been well developed and are generally divided into GPX4 activity inhibitors (e.g., RSL3, ML210, ML162) and protein degraders (e.g.,
FIN56 and some miRNAs), while the regulators of GPX4 deserve further investigation!!>15¢-1%01 Particularly, to the best of our
knowledge, no selective activator of GPX4 has so far been reportedly evaluated or applied in OA treatment in published literature,
although some GPX4 activators have been tested in other conditions (Table 1). Recent studies utilizing virtual screening
methodologies have identified several promising compounds that function as allosteric enzymatic activators of GPX4, effectively
suppressing ferroptosis!'®!"193], Selenium-based nutritional supplementation has shown efficacy in boosting GPX4 function in
cardiomyopathy models, probably through upregulating GPX4 expression!'°!l, In the context of OA, some pharmacologically active
compounds have been found to upregulate the levels of GPX4 to alleviate OA progression. However, it is noteworthy, in these studies,
the reported regulatory patterns are indirect, mostly via the Nrf2/SLC7A11/GPX4 signaling pathwayl°¢!11.165-175] (Table 2). Among these
compounds, some are generally considered as classical lipophilic antioxidants. Compared with GPX4-targeted approaches, these
lipophilic antioxidants offer greater accessibility and a more rapid onset of action in treatment. However, they are also prone to
aberrant biodistribution within the body, leading to potential off-target effects. Thus, GPX4-targeted therapeutics appropriate for OA
need further development and assessment in order to serve as a safer precision therapeutic strategy. In addition, a one-size-fits-all
approach may not be suitable for OA due to the confusing heterogeneity of the disease. In the future, further investigations are
warranted to develop effective GPX4 regulators specifically targeting distinct OA subtypes. Current research relies heavily on DMM or
ACLT-induced murine models, which predominantly simulate post-traumatic OA. However, the translational relevance of these
models to the most prevalent OA subtypes affecting patients, particularly aging-related and obesity-related OA, remains unclear!!7°l,

Table 1. GPX4-targeted compounds reported in non-OA context.

Compound Target/Mechanism Experimental models Ref.

Compound 1 and GPX4 Allosteric Activator HT-1080 Cells, Human PMNs [162]

Analogues

Compound 102 GPX4 Allosteric Activator HT-1080 Cells, Human PMNs [161]

Compound A9 and C3 GPX4 Allosteric Activator HT-1080 Cells, DOX-Induced Myocardial Injury [163]
(Mice)

Selenomethionine (SeMet)  Selenium supplementation (upregulate GPX4 HIC2 Cells, DOX-Induced Cardiomyopathy (Mice) [164]

expression)
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GPX4: glutathione peroxidase 4; OA: osteoarthritis; PMNs: polymorphonuclear neutrophils.

Table 2. Potential pharmacologically active regulators of GPX4 in OA treatment.
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Regulators Target cell/tissue Target pathway Main findings Ref.

Lipophilic antioxidants

Mitoquinone Murine chondrocytes NI2/GPXAT inhibits chondrocyte ferroptosis, inflammation and ECM [172]
degradation

Theaflavin-3,3'- Human chondrocytes protects chondrocytes against Erastin-induced ferroptosis [174]

Nrf2/GPX41
digallate
A hi Rat ch fi inst IL-1B- i itoch ial 165
staxanthin at chondrocytes SLCTA11/ GPXAT defenses against B-mediated mitochondrial damage and [165]

chondrocyte ferroptosis

[carii H il W1 iti h f is, ECM i h 16

cariin uman cell line SW1353 SLCTAT1/GPXAT mitigates chondrocyte ferroptosis, ECM degradation and the [169]
production of inflammatory mediators during OA

Ruscogenin Murine chondrocytes inhibits IL-1p-induced inflammation and ferroptosis in [173]

Vitamin k2 Rat chondrocytes
Baicalin Human chondrocytes
Melatonin Murine chondrocytes,

Mouse cell line ATDC5
Hydrophilic/Amphiphiliccompounds

Cardamonin Rat chondrocytes

Biochanin A Murine chondrocytes
Kukoamine A Mouse cell line ATDC5
Vinpocetine Murine chondrocytes

4-octyl itaconate  Rat chondrocytes

Nrf2/SLC7A11/GPX41

SLC7A11/GPX41

Nrf2/GPX41

NOX4/GRP78/GPX41

P53/SLC7A11/GPX4t

Nrf2/ SLC7A11/GPX4

Sirt1/Nrf2/GPX41

Nrf2/GPX41

GPX4 methylation!

chondrocytes

inhibits chondrocyte ferroptosis and MAPK/NFkB signaling [111]

pathway to decrease ECM degradation

inhibits IL-18-induced chondrocyte ferroptosis and ECM [166]

degradation

mitigates mitochondrial dysfunction and chondrocyte

ferroptosis

[171]

mitigates IL-1B-induced chondrocyte ferroptosis [168]
scavenges free radicals and prevents lipid peroxidation [167]
inhibits chondrocyte inflammation and ferroptosis [170]
inhibits TBHP-induced chondrocyte ferroptosis and ECM [175]

degradation

protects chondrocytes against IL-1p-induced oxidative stress [66]

and ferroptosis

GPX4: glutathione peroxidase 4; OA: osteoarthritis; ECM: extracellular matrix; 1: increase; |: decrease.

6. Conclusion

In summary, the selenoenzyme GPX4, as a key antioxidant in cellular redox homeostasis, is not only most familiar as the 'star

molecule’ in lipid peroxidation and ferroptosis, but also may mediate OA development in multiple aspects due to its possible

involvement in the pathophysiological alterations of different joint tissues. OA is no longer regarded solely as a degenerative process

ascribed to aging-related “wear and tear”, but appears to more resemble an umbrella term encompassing heterogenous pathological

conditions, which partly accounts for the current lack of coherent therapeutic strategies!'’®l. In order to optimize the palliative effects

of current treatments and develop efficacious disease-modifying anti-osteoarthritic drugs, therapies based on the regulation of GPX4

may need to be tailored to the individual or a subset of osteoarthritic joints.
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