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Abstract

Osteoarthritis (OA) is a prevalent degenerative joint disease with no curative treat-
ment currently available. Recent evidence suggests that chondrocyte ferroptosis
contributes to OA progression. Chondroitin sulfate (CS), widely used in OA manage-
ment, exhibits anti-inflammatory and antioxidant properties, yet its role in modulating
ferroptosis remains unclear. In this study, we investigated whether CS alleviates OA
by inhibiting chondrocyte ferroptosis and explored the underlying mechanisms. Using
an in vitro ferroptosis model induced by RSL3 in rat chondrocytes, we found that
CS significantly restored cell viability and ameliorated ferroptosis-related changes,
including reduction of intracellular and mitochondrial ROS, lipid peroxidation, and
iron overload. CS also downregulated the expression of ferroptosis markers PTGS2
and ACSL4, while upregulating SLC7A11 and HSPAS in a dose-dependent man-
ner. Network pharmacology and transcriptomic analysis identified HSPAS8 as a key
overlapping gene among CS targets, OA-related differentially expressed genes,

and ferroptosis-related genes. In a rat OA model induced by modified Hulth surgery,
CS treatment attenuated cartilage degradation, as evidenced by improved OARSI
scores, restored COL2A1 expression, and suppressed MMP13. Immunohistochem-
istry confirmed that CS upregulated SLC7A11 and HSPA8 while downregulating
ACSL4. These findings demonstrate that CS mitigates OA progression by inhibiting
chondrocyte ferroptosis, potentially through upregulation of HSPA8 and subsequent
enhancement of SLC7A11 expression. Our study provides novel insights into the
mechanism of CS in OA treatment and highlights ferroptosis as a promising thera-
peutic target.
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Introduction

OA, a highly prevalent degenerative joint disorder characterized by complex multi-
factorial pathogenesis, imposes substantial socioeconomic burdens on patients and
healthcare systems globally. This disabling condition predominantly affects the elderly
population, with women exhibiting higher disability rates and disease prevalence
compared to men [1,2]. OA is a whole-joint disorder primarily characterized by pain,
involving structural alterations in articular cartilage, subchondral bone, joint capsule,
ligaments, synovium, and periarticular muscles [3]. Articular cartilage is a layer of
hyaline cartilage covering the ends of bones. It is composed of chondrocytes and

the ECM. Chondrocytes maintain the balance between catabolism and anabolism,
and since the ECM is produced by chondrocytes—the sole cell type within articular
cartilage—their survival is thus crucial for joint stability [4,5].Research indicates that
osteoarthritis is a multifactorial disease influenced by a combination of determinants,
including gender, age, ethnicity, genetic predisposition, smoking habits, and local-
ized mechanical risk factors [6]. Among these risk factors, inflammation is a well-
established driver of disease pathogenesis and irreversible cartilage damage, while
emerging evidence implicates iron overload as a potential contributor. [7-9]. Inflam-
mation upregulates key degradative enzymes within articular cartilage, including
matrix metalloproteinases (MMPs), a disintegrin and metalloproteinase with throm-
bospondin motifs (ADAMTS), and aggrecanases. This enzymatic activity triggers

the degradation of the cartilage extracellular matrix (ECM), leading to subchondral
bone dysfunction and synovitis, ultimately resulting in OA [10,11]. Similarly, studies
demonstrate that iron overload disrupts cellular iron homeostasis, inducing elevated
levels of reactive oxygen species (ROS) in chondrocytes, suppressing type Il colla-
gen synthesis, and promoting the upregulation of local pro-inflammatory mediators.
Collectively, these effects indicate an association between iron overload and both the
pathogenesis and progression of OA [12,13]. In 2012, Dixon et al. first described a
novel form of regulated cell death distinct from other known mechanisms. This pro-
cess, characterized by iron-dependent lipid peroxidation, was termed ferroptosis [14].
Ferroptosis, as the name implies, is intrinsically linked to iron accumulation. Excess
iron drives ferroptosis primarily via the Fenton reaction, which generates ROS [15].
Iron serves as a pivotal cofactor for lipid peroxidation enzymes (e.g., LOXs, POR)
and ROS-generating metabolic enzymes [16]. Concurrently, excessive lipid peroxi-
dation constitutes another defining hallmark of ferroptosis [17]. Studies demonstrate
that glutathione peroxidase 4 (GPX4) activity serves as the cornerstone of cellular
antioxidant defense against peroxides. Consequently, higher GPX4 expression con-
fers enhanced resistance to ferroptosis [18]. Although prostaglandin-endoperoxide
synthase 2 (PTGS2/COX-2) is frequently upregulated in inflammatory contexts, its
elevated expression serves as a specific biomarker for ferroptosis [19]. System Xc-,
an amino acid transporter composed of SLC7A11 and SLC3A2, is primarily regulated
by SLC7A11; its inhibition by compounds like erastin blocks cystine uptake, thereby
depleting cysteine and glutathione to induce ferroptosis [20,21]. The susceptibility to
ferroptosis is governed by the metabolic flux of PUFAs into phospholipids, a pathway
initiated by ACSL4 activation of free PUFAs and completed by LPCAT3-mediated
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esterification. Consequently, ACSL4 serves as a key sensitizing marker for this process [17,22]. Ferroptosis—a distinct
form of iron-dependent regulated cell death (RCD)—has sparked considerable research interest across multiple disease
domains, including cancer, neurodegenerative disorders, tissue/organ injury, and inflammatory and infectious diseases
[23]. The role of ferroptosis in OA remained unconfirmed until 2021, when Yao et al. first demonstrated through in vitro and
in vivo experiments that inhibiting chondrocyte ferroptosis represents an effective therapeutic strategy for OA [24]. Emerg-
ing evidence indicates that sulfation modification suppresses ferroptosis and oxidative damage in hippocampal neurons
[25]. Chondroitin sulfate—a sulfated glycosaminoglycan (GAG)—is recognized as a Symptomatic Slow-Acting Drug for
Osteoarthritis (SYSADOA) [26]. Substantial evidence confirms CS possesses anti-inflammatory and antioxidant properties
[27]. Mechanistically, CS counteracts interleukin-13 (IL-1B)-induced reduction of proteoglycans (PGs) in chondrocytes

[28] and inhibits nuclear translocation of NF-«kB, thereby diminishing inflammatory biomarkers [29]. Antioxidant effects
include suppression of free radical generation [30] and chelation of transition metals (e.g., Cu?* or Fe?*) via ionic interac-
tions between its anionic groups and metal cations. This metal chelation inhibits Haber-Weiss and Fenton reactions that
drive oxidative stress [31]. Furthermore, CS attenuates chondrocyte apoptosis by preserving mitochondrial integrity and
downregulating caspase-3 and caspase-9 expression, consequently mitigating cartilage matrix degradation [32]. However,
whether CS-mediated chondroprotection involves modulation of chondrocyte ferroptosis remains unknown. Building upon
this evidence, we aim to investigate whether CS mitigates osteoarthritis progression by inhibiting chondrocyte ferroptosis
and elucidate its underlying mechanisms. In this study, we established an in vitro ferroptosis model using RSL3-treated
chondrocytes. Following CS intervention, we assessed changes in:

(i) cellular viability,
(ii) ferroptosis-related biomarkers, and

(iii) mitochondrial function to determine CS’s cytoprotective effects. These findings were subsequently validated in a rat
OA model.

Materials and methods
Isolation and culture of rat chondrocytes

Primary chondrocytes were isolated from 2-week-old Sprague Dawley rats by dissecting articular cartilage from bilateral
knee joints. The cartilage was minced into approximately 1 mm? fragments and sequentially digested: first with 0.25%
trypsin (25200072, Gibco, Grand Island, NY, USA) for 1 hour at 37°C under 5% CO, with continuous shaking, followed by
0.2% type Il collagenase (C6885, Sigma, MO, USA) digestion under identical conditions for 4—6 hours. After centrifugation
(300x g, 5 min), the supernatant was discarded and the pellet was filtered through a 70-um sterile strainer. Cells were
resuspended in DMEM/F12 medium (C11330500BT, Gibco, Beijing, China) supplemented with 10% fetal bovine serum
(A3160801, Gibco, Grand Island, NY, USA), 1% penicillin, and 1% streptomycin sulfate (15140122, Gibco, Grand Island,
NY, USA). Isolated chondrocytes were cultured in a humidified incubator (37°C, 5% CO,) for subsequent experiments.

Toluidine blue staining

Chondrocyte morphology was observed using toluidine blue staining. Briefly, chondrocytes were seeded in 6-well plates
until reaching 80% confluence, then co-treated for 4 hours with RSL3 (0.2uM; SML2234, Sigma, MO, USA) and either
chondroitin sulfate (1 mg/ml or 3 mg/ml; C875624, Macklin, Shanghai, China) or Ferrostatin-1 (Fer-1) (0.1uM; F792503,
Macklin). The culture medium was aspirated and cells were washed twice with PBS. An appropriate volume of toluidine
blue staining solution (Y026912, Beyotime, Shanghai, China) was added to each well for 5-minute staining. An equal vol-
ume of distilled water was added and mixed, followed by 15-minute incubation without disturbance. After two washes with
distilled water, samples were examined microscopically.
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Cell viability assay

Chondrocytes were seeded in 96-well plates (4,000 cells/well) and incubated overnight. The following day, after confirming
cell adherence microscopically, treatment groups were established. The original medium was aspirated and replaced with
RSL3, CS, or Fer-1 as previously described for 4-hour co-treatment. Post-treatment, cellular modeling status was exam-
ined microscopically. Drug-containing medium was then aspirated, and pre-prepared CCK-8 working solution (C0037,
Beyotime; CCK-8 reagent:DF12 medium=1:10) was added to each well. Plates were incubated at 37°C for 1-2 hours.
Absorbance was measured at 450 nm using a microplate reader, with cell viability calculated based on optical density
values.

Measurement of intracellular iron

Chondrocytes were seeded in 12-well plates and cultured overnight. The supernatant was aspirated, followed by three
washes with serum-free DF12 medium. After replacing with drug-containing medium and completing treatment, the
medium was removed and cells were rinsed thrice with serum-free DF12. FerroOrange working solution (S1070S, Beyo-
time) was added according to manufacturer’s instructions, and cells were incubated at 37°C under 5% CO, for 30 min-
utes. Fluorescence microscopy was subsequently performed to examine intracellular iron accumulation.

Measurement of adenosine triphosphate (ATP) and malondialdehyde (MDA)

Chondrocytes in 6-well plates were lysed with cell lysis buffer and centrifuged to collect supernatants. Samples were ana-
lyzed using appropriate working solutions according to manufacturer protocols for the MDA Assay Kit (S0131S, Beyotime)
and Enhanced ATP Assay Kit (S0027, Beyotime). Absorbance at respective wavelengths was measured with a spectro-
photometer. ATP and MDA levels were normalized to protein concentrations determined by the BCA Protein Assay Kit
(P0012, Beyotime).

Detection of intracellular reactive oxygen species (ROS) and lipid peroxidation (LPO)

Intracellular ROS and LPO levels were detected using fluorescent probes DCFH-DA (S0033S, Beyotime) and BODIPY
581/591 C11 (D3861, Invitrogen, CA, USA) according to manufacturer protocols. Chondrocytes were seeded in 24-well
plates. After 24 hours, cells were treated with designated compounds for 4 hours. Wells were washed three times with
PBS and incubated with 250 L of diluted 10 yM DCFH-DA or 10 uM BODIPY 581/591 C11 at 37°C under dark conditions
for 30 minutes. Following incubation, cells underwent three 3-minute PBS washes. Fluorescence microscopy was per-
formed with DCFH-DA using 488 nm excitation/525 nm emission wavelengths, while oxidized BODIPY 581/591 C11 was
detected at 500 nm excitation for green fluorescence quantification (oxidized state).

RNA extraction and RT-qPCR reaction

Total RNA was extracted from chondrocytes using TRIzol reagent (15596026CN, Invitrogen, CA, USA). cDNA synthesis
was performed with PrimeScript RT Master Mix (RR036A, Takara, Beijing, China). RT-qPCR reactions were conducted
using TB Green RT-PCR reagents (RR420A, Takara). Relative mRNA expression was normalized to GAPDH using the
2-AACt method. Primer sequences are listed in S1 Table.

Western blot analysis

Following 4-hour drug treatment in 6-well plates, chondrocytes were lysed using RIPA lysis buffer (P0013B, Beyotime)
containing 1% protease inhibitor cocktail (P8340, Sigma). Lysates were collected and subjected to electrophoresis,
followed by protein transfer to PVDF membranes (IPVH00010, Sigma). Membranes were incubated overnight at 4°C
with primary antibodies. The next day, membranes were washed three times with TBST and incubated with secondary
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antibodies (1:5000 dilution; AP132P, AP124P, Sigma) for 2 hours. Protein bands were visualized using the SuperSignal
West Pico chemiluminescent substrate (34580, Thermo Scientific, CA, USA) on a Bio-RAD ChemiDoc XRS+ system (Bio-
RAD, CA, USA).

The primary antibodies: 3-Tubulin (1:2000; 10094—1-AP, Proteintech), GAPDH (1:1000; ARG10112, Arigo, Taiwan,
China), GPX4 (1:500; 30388-1-AP, Proteintech, Wuhan, China), SLC7A11 (1:1000; 26864—1-AP, Proteintech), COL2A1
(1:1000, 28459—1-AP, Proteintech), HSPAS8 (1:2000, 10654—1-AP, Proteintech).

Measurement of mitochondrial membrane potential (AWm)

Chondrocytes were seeded in 24-well plates. After 24 hours, cells underwent 4-hour drug treatment. Culture medium was
aspirated and replaced with 500 pl fresh medium. Subsequently, 1 ml JC-1 staining working solution (C2003S, Beyotime)
was added and gently mixed. Following 20-minute incubation at 37°C, supernatant was removed and cells were washed
three times with JC-1 staining buffer. Finally, 500 pl culture medium was added prior to fluorescence microscopy imaging.
Quantitative analysis was performed using Imaged software to calculate red/green fluorescence ratios.

Detection of mitochondrial superoxide (MitoSOX)

Chondrocytes were seeded in 24-well plates. After 24-hour incubation, cells underwent 4-hour drug treatment. Culture
medium was aspirated, and cells were stained with 300 pl per well of 3 yM MitoSOX™ Red reagent (diluted in PBS;
M36008, Invitrogen) containing Hoechst 33342 nuclear counterstain (C1011, Beyotime; 1:300 dilution in PBS). Plates
were incubated at 37°C for 10 minutes protected from light. Fluorescence images were acquired using microscopy and
quantified with ImageJ.

Network pharmacology

The molecular structure of CS was retrieved from the NCBI database. Potential therapeutic targets were predicted
using PharmMapper. Identified target genes were imported into the STRING platform to construct a protein-protein
interaction (PPI) network. Functional enrichment analysis was performed through Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases, with target proteins evaluated across biological processes
(BP), cellular components (CC), and molecular functions (MF). Results were visualized via bar plots and bubble plots.
Osteoarthritis transcriptomic data were obtained from the GEO database. Differential gene expression analysis was
conducted using the limma package in R. Differentially expressed genes (DEGs: The filtering criteria for identifying
DEGs were an adjusted p-value (adj.P.Val<0.05) and an absolute log2 fold-change (|logFC|>1).) were visualized
through heatmaps generated with the pheatmap function and volcano plots created using the ggplot2 package. Finally,
overlapping genes between CS targets and OA DEGs were identified using the VennDiagram package, with intersec-
tion results visualized and exported.

Finally, the intersection among four gene sets—CS putative targets, OA-DEGs, ferroptosis-related candidates retrieved
from GeneCards, and experimentally validated ferroptosis regulators archived in FerrDb v3—was determined by means of
the VennDiagram R package. The resulting overlapping genes were visualized and exported as a high-confidence con-
sensus list for subsequent functional enrichment and network analyses.

Knockdown of HSPA8 by Small Interfering RNA

A specific small interfering RNA (siRNA) targeting the rats HSPA8 gene was chemically synthesized by HanYi Biosciences
Inc (Guangzhou, China) and was transfected into cells using Lipofectamine 3000 transfection reagent following the manu-
facturer’s instructions (Thermo Fisher, UT, USA).The HSPAS8 siRNA sequences are as follows: sense strand 5- GCACAG-
GAAAGGAGAACAATTUUGUUCUCCUUUCCUGUGCTT -3'.
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Ethics approval

The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethical Commit-
tee of Guangzhou Red Cross Hospital of Jinan University (2023-076-01). Informed consent was obtained from all subjects
involved in the study.

Animal experiment

Six- to eight-week-old male Sprague-Dawley (SD) rats were purchased from the Guangdong Provincial Medical Labora-
tory Animal Center (Foshan, China). The rats were randomly assigned to four groups (n=6 per group): sham-operated
group, Hulth group, Hulth +low-dose CS group (100 mg/kg/day), and Hulth + high-dose CS group (300 mg/kg/day). Prior
to surgery, the rats were fasted for 8 hours. After body weight measurement, the rats were anesthetized via intraperi-
toneal injection of an anesthetic mixture of ketamine and xylazine (1:2 ratio) at a dosage of 300 pl/kg, followed by skin
preparation.The sham group received skin and joint capsule incision followed by immediate suturing. Osteoarthritis was
induced in Hulth and CS-treated groups using modified Hulth’s method [33]: A medial parapatellar incision was made,
fascia dissected layer-by-layer, medial collateral ligament transected, anterior cruciate ligament identified and transected,
and medial meniscus excised. Sham controls underwent joint cavity exposure without additional interventions prior to
closure. The doses of CS (100 and 300 mg/kg/d) were selected: the lower dose approximates the clinically relevant
equivalent [34], while the higher dose was based on its established efficacy in a rodent arthritis model [35]; Our selected
doses are also similar to those employed in a recent study [36].Starting on postoperative day 1, CS groups received daily
oral gavage of chondroitin sulfate dissolved in saline (100 mg/kg or 300 mg/kg), while sham and Hulth groups received
equivalent saline placebo for 8 weeks before euthanasia. Rats were anesthetized with an appropriate dose of a ketamine-
xylazine mixture (1:2) to achieve a deep surgical plane of anesthesia, as confirmed by the absence of response to a
painful stimulus. All animals were subsequently euthanized by cervical dislocation while under deep anesthesia to ensure
a humane endpoint.

Histological and immunohistochemical staining

Rat knee joints were harvested for macroscopic imaging under a stereo microscope (Nikon SMZ18) (S1 Fig).
Joint tissues were fixed in 4% paraformaldehyde (PFA, P0099, Beyotime) for 24 hours, followed by decalcifica-
tion in 10% EDTA (G1105, Servicebio) over 4 weeks. Decalcified tissues were paraffin-embedded, sectioned, and
stained with Safranin O/Fast Green (SOFG, G1053, Servicebio). Cartilage degeneration was evaluated using the
Osteoarthritis Research Society International (OARSI) scoring system. For immunohistochemistry, dewaxed and
rehydrated sections underwent blocking before overnight incubation with primary antibodies. Sections were then
incubated for 1 hour with species-matched HRP-conjugated secondary antibodies, developed with DAB substrate,
and counterstained with hematoxylin. Immunopositive signals were visualized under a light microscope (Nikon
Eclipse Ci).

Primary antibody: COL2A1 (1:800, 28459—-1-AP, Proteintech, MMP13 (1:50, 18165—1-AP, Proteintech, ACSL4 (1:50,
22401-1-AP, Proteintech, HSPA8 (1:50, 10654—1-AP, Proteintech, SLC7A11 (1:100, AF7992, Beyotime).

Statistical analysis

Data are presented as the mean £ standard deviation (SD) of at least three independent biological replicates (n = 3). Statis-
tical analyses were performed using GraphPad Prism 8.0.2 (GraphPad Software). Statistically significant differences were
evaluated by ordinary one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test for multiple comparisons.
Fluorescence images were processed and analyzed using Imaged. A P value less than 0.05 was considered significant,
and is denoted as “#” for P<0.05, “##” for P<0.01, and “ns” for non-significant differences.
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Results
1.Fer-1 inhibits RSL3-induced chondrocyte ferroptosis

We established a ferroptosis model using RSL3. Treatment with RSL3 (0.2—0.8 uM) for 4 hours significantly suppressed
cellular viability (P <0.05), with statistically significant differences observed (Fig 1A). Given that 0.2 yM RSL3 treatment for
4 hours induced approximately 60% inhibition of cellular viability, this concentration and duration were selected for subse-
guent experiments. Fer-1 a potent and selective ferroptosis inhibitor, was employed to validate the RSL3-induced ferro-
ptosis model. Using CCK-8 assays and toluidine blue staining, we confirmed RSL3-mediated chondrocyte toxicity and
demonstrated Fer-1’s mitigation of this cytotoxic effect (Fig 1B, C). Subsequent measurement of intracellular Fe?+levels
using FerroOrange staining revealed significantly enhanced fluorescence signals in RSL3-treated chondrocytes compared
to controls, indicating iron overload. Fer-1 treatment significantly attenuated these alterations (Fig 1D).Assessment of
intracellular MDA levels revealed significantly elevated MDA production in RSL3-treated chondrocytes compared to con-
trols. Conversely, Fer-1 treatment effectively suppressed MDA accumulation (Fig 1E). RT-gPCR analysis revealed signifi-
cant upregulation of ACSL4, Ptgs2, and MMP13 in RSL3-treated chondrocytes versus controls, whereas Fer-1 attenuated
these elevations (Fig 1F). SLC7A11 facilitates cystine transport into cells for GSH synthesis. Insufficient SLC7A11 expres-
sion reduces GSH production and promotes lipid peroxide accumulation, ultimately triggering ferroptosis [37]. Intriguingly,
RSL3 treatment upregulated SLC7A11 expression compared to controls—a compensatory cellular response during early
ferroptosis consistent with prior reports [22] (Fig 1F). Using DCFH-DA and BODIPY 581/591 C11 fluorescent probes to
detect intracellular ROS and lipid LPO levels, fluorescence imaging revealed increased ROS and LPO in RSL3-treated
chondrocytes, as indicated by enhanced green fluorescence intensity. In contrast, Fer-1 treatment significantly reduced
ROS and LPO accumulation (Fig 2A, B).Mitochondrial damage occurs during ferroptosis, where defective mitochondria
generate excessive ROS and deplete ATP reserves [38]. We therefore assessed AWYm, mtROS, and intracellular ATP
levels using corresponding assay kits. As anticipated, Fer-1 restored AWYm alterations and attenuated ATP depletion while
suppressing mtROS generation (Fig 2C-G).

In summary, Fer-1 validated the ferroptosis model established by RSL3, while concurrently confirming that RSL3
induces both OA-like changes and ferroptosis in chondrocytes. Critically, Fer-1 inhibited RSL3-triggered chondrocyte fer-
roptosis and associated OA-like pathological alterations.

2.CS inhibits RSL3-induced chondrocyte ferroptosis

Chondrocyte viability was assessed via CCK-8 assay. Treatment with <3 mg/ml CS for 24 hours showed no significant
toxicity, whereas 210 mg/ml CS significantly suppressed cellular viability (P<0.05) (Fig 3A). Co-treatment with varying CS
concentrations (0.1-3 mg/ml) and 0.2 yM RSL3 for 4 hours demonstrated that CS dose-dependently attenuated RSL3-
induced reduction in chondrocyte viability, with significant protection observed at 1 mg/ml and 3 mg/ml (Fig 3B). Toluidine
blue staining revealed brightened, shrunken morphology and reduced cell density in RSL3-treated chondrocytes versus
controls. In contrast, CS-treated groups (1 mg/ml and 3 mg/ml) maintained normal cellular morphology (Fig 3C). Accord-
ingly, 1 mg/ml and 3 mg/ml CS were selected as therapeutic doses for subsequent experiments.

Ferroptosis was evaluated using chondrocyte biomarkers: expression levels of PTGS2, ACSL4, SLC7A11, and GPX4,
along with MDA and Fe?*concentrations. OA progression was monitored via COL2A1 and MMP13 expression. FerroOr-
ange staining demonstrated significantly enhanced red fluorescence in RSL3-treated chondrocytes versus controls, while
CS treatment attenuated this fluorescence intensification(Fig 3D). Similarly, CS downregulated elevated MDA levels (Fig
3E). RT-gPCR analysis revealed a consistent upregulation of ACSL4, MMP13, PTGS2, and SLC7A11 in RSL3-treated
chondrocytes compared to controls.. CS significantly downregulated ACSL4, MMP13, and PTGS2 elevations. Intrigu-
ingly, CS dose-dependently upregulated SLC7A11 expression compared to controls (Fig 3F). Western blot analysis
demonstrated reduced expression of COL2A1, SLC7A11, and GPX4 in RSL3-treated chondrocytes versus controls. Both
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Fig 1. Fer-1 inhibits RSL3-induced chondrocyte ferroptosis. (A, B) Chondrocytes were treated with different concentrations of RSL3 (0.1, 0.2, 0.4,
0.8 uM) for 4 h (n=3); or co-treated with different concentrations of Fer-1 (1, 2 uM) and 0.2 uM RSL3 for 4 h. Cell viability was determined by the CCK-8
assay (n=3).(C) Morphology of chondrocytes was observed by Toluidine Blue staining (Scale bar, 400 um).(D) Intracellular Fe?*levels were measured
using Ferro Orange staining (n=3; Scale bar, 100 um).(E) Intracellular MDA content was measured using a commercial assay kit (n=3).(F) The mRNA
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expression levels of ACSL4, Ptgs2, SLC7A11, and MMP13 were detected by RT-qPCR (n=3) Data are presented as mean+SD (n=3). The “n” rep-
resents three independent biological replicates. #p<0.05; ##p<0.01.

https://doi.org/10.137 1/journal.pone.0342242.9001

Fer-1 and CS restored COL2A1 and GPX4 expression to baseline levels. Notably, CS significantly upregulated SLC7A11
expression compared to control groups (Fig 3G, H). These results demonstrate that CS inhibits chondrocyte ferroptosis
while simultaneously alleviating RSL3-induced osteoarthritis-like pathological alterations.

During ferroptosis, ROS accumulation triggers lipid peroxidation. We therefore detected intracellular ROS and LPO
using DCFH-DA and BODIPY 581/591 C11 fluorescent probes. Fluorescence imaging revealed significantly increased
ROS and LPO in RSL3-treated chondrocytes, as evidenced by enhanced green fluorescence intensity, while CS treatment
markedly attenuated these elevations (Fig 4A, B).

Mitochondria play roles in diverse cell death mechanisms, including propagation of ferroptosis signaling. Thus, we
assessed mitochondrial membrane potential using JC-1 staining, measured mtROS via MitoSOX Red staining, and quan-
tified intracellular ATP levels with an ATP assay kit.Results demonstrated that compared to controls, RSL3-treated chon-
drocytes exhibited enhanced green fluorescence with significantly reduced red fluorescence in JC-1 staining, resulting in
decreased red-to-green fluorescence ratio, along with elevated mtROS levels (evidenced by intensified red MitoSOX fluo-
rescence) and reduced intracellular ATP content. Conversely, CS treatment prevented the RSL3-induced decline in JC-1
red-to-green fluorescence ratio and attenuated MitoSOX red fluorescence enhancement (Fig 4C-F), moreover restoring
intracellular ATP levels (Fig 4G).

3.CS inhibition of chondrocyte ferroptosis may be associated with upregulation of HSPA8

The 2D and 3D molecular structures of CS were retrieved from the NCBI database (S2A Fig). The 3D structural file was
submitted to the integrated pharmacophore matching platform PharmMapper, identifying 299 potential CS target proteins.
Targets were filtered by a fit score >0.6, yielding 123 high-probability candidates. These genes were imported into the
STRING platform to generate a protein-protein interaction (PPI) network (S2B Fig).GO enrichment analysis of the top 10
biological processes (BP), cellular components (CC), and molecular functions (MF) for CS target proteins revealed the
most significantly enriched terms: purine-containing compound metabolic process, vesicle lumen, and endopeptidase
activity. Results were visualized via bar plots and bubble plots (S3A, B Fig). To further investigate the potential pathways
associated with CS target genes, we performed KEGG enrichment analysis on these targets. The results revealed signif-
icant enrichment of the target genes in the cysteine and glutathione metabolism pathway (S3C, D Fig). This aligns with
the previously described fact that the amino acid transport system Xc-, a cystine/glutamate antiporter, influences cystine
uptake. Disruption of system Xc leads to depletion of cysteine (Cys) and glutathione (GSH), thereby inducing ferropto-
sis. Osteoarthritis transcriptomic data were obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). After
searching gene expression datasets with the filters series type and expression profiling by array, and excluding non-
human specimens, dataset GSE114007 was selected. Differential gene expression analysis using the limma package in
R identified 1,044 differentially expressed genes (DEGs), comprising 539 downregulated and 505 upregulated genes. The
top 50 DEGs were visualized via a heatmap generated with the pheatmap function, while a volcano plot was created using
the ggplot2 package (S4A, B Fig). Ferroptosis-associated targets were identified from the GeneCards database (n=1,316)
and the specialized ferroptosis database FerrDb V3 (n=1,256). Using R software, osteoarthritis differentially expressed
genes (OA DEGs), CS-targeted genes, and ferroptosis-associated targets from both sources were integrated. The Venn-
Diagram package generated an intersection plot, specifically identifying HSPA8 as the overlapping gene (S4C Fig).
HSPABS localizes to the plasma membrane, cytoplasm, and nucleus, regulating cellular proteostasis by mediating pro-
tein assembly, refolding, transport, and degradation [39]. Notably, elevated HSPA8 expression upregulates SLC7A11 in
the system Xc- to inhibit ferroptosis [40]—a finding consistent with our experimental observation of heightened SLC7A11
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(D, F) Mitochondrial ROS levels were measured by MitoSOX Red staining. MitoSOX mean fluorescence intensity is shown (n=3; Scale bar: 100 pm).
(G) Intracellular ATP content was measured (n=3). Data are presented as mean+SD (n=3). The “n” represents three independent biological
replicates. ##p<0.01.

https://doi.org/10.1371/journal.pone.0342242.9002

expression. To validate whether CS upregulates SLC7A11 expression via HSPAS8 induction, we assessed HSPAS lev-

els post-CS intervention using RT-gPCR (Fig 5A) and Western blot (Fig 5B). As hypothesized, CS-treated chondrocytes
exhibited significantly elevated HSPA8 and SLC7A11 expression versus controls, demonstrating dose dependency. To
further elucidate the relationship between HSPA8 and SLC7A11, HSPA8 was silenced using siRNA. A robust knockdown
was achieved, as evidenced by RT-qPCR, showing about an 80% decrease in HSPA8 expression compared to the control
cells(S5 Fig). Furthermore, following HSPAS silencing, SLC7A11 expression was significantly downregulated across dif-
ferent concentrations of CS treatment compared to the non-silenced group (Fig 5C).These results suggest that CS inhibits
RSL3-induced ferroptosis by enhancing HSPA8-mediated upregulation of SLC7A11 and GPX4 in chondrocytes.

4.CS alleviates articular cartilage inflammation and improves ferroptosis-related indicators

To investigate the protective effects of CS on OA progression, we induced OA in rats using modified Hulth’s surgery. OA
severity was evaluated via OARSI scoring. Hematoxylin-eosin (HE) and safranin O-fast green (SOFG) staining revealed
significant cartilage damage in the Hulth group. In contrast, both low-dose (100 mg/kg/day) and high-dose (300 mg/kg/
day) CS-treated Hulth groups exhibited smooth, intact cartilage surfaces with significantly lower OARSI scores (P <0.05)
(Fig 6A, B). Furthermore, immunohistochemical analysis of OA markers revealed significantly reduced COL2A1 and mark-
edly upregulated MMP13 expression in the Hulth model group versus the Sham group. CS treatment restored COL2A1
levels and prevented MMP13 upregulation (Fig 6C, D). Immunohistochemical analysis of ferroptosis markers revealed
significantly upregulated ACSL4 and downregulated SLC7A11 expression in the Hulth model group versus Sham con-
trols. Conversely, CS treatment reversed these alterations. Consistent with in vitro findings, CS-treated groups exhibited
dose-dependent upregulation of SLC7A11 and HSPAS8 (Fig 6C, D). These results indicate that CS likely inhibits chondro-
cyte ferroptosis and mitigates osteoarthritis progression by upregulating SLC7A11 expression through HSPAS8 induction.

Discussion

Ferroptosis, a regulated form of cell death discovered a decade ago, was initially described by Dixon [14]. In recent years,
the role of ferroptosis in OA pathogenesis has attracted significant attention. Studies reveal that certain pathological
features of OA resemble ferroptosis characteristics, including lipid peroxidation [41] and mitochondrial dysfunction [42].

A recent investigation by Yao et al. demonstrated that chondrocyte ferroptosis actively promotes OA initiation and pro-
gression [24]. Existing evidence indicates that CS exhibits anti-inflammatory, antioxidant, and anti-apoptotic properties in
chondrocytes [27—-32]. Nevertheless, whether CS can inhibit chondrocyte ferroptosis or attenuate OA progression remains
unclear.

Our findings demonstrate that RSL3-induced ferroptosis promotes OA-like pathological changes in chondrocytes,
specifically inflammation, oxidative stress, and ECM degradation..Conversely, the ferroptosis inhibitor Fer-1 inhibited both
ferroptosis in chondrocytes and the RSL3-induced osteoarthritis (OA)-like changes in these cells. This indicates that sup-
pressing ferroptosis in chondrocytes can alleviate chondrocyte inflammation and matrix degradation. Similarly, our study
demonstrated that CS effectively reversed the elevated levels of ACSL4, MMP13, and Ptgs2, and reduced intracellular
ROS and LPO levels in chondrocytes.Furthermore, CS significantly upregulated SLC7A11 expression, and notably, this
upregulation exhibited a dose-dependent relationship with CS treatment.Importantly,CS reversed mitochondrial damage
induced by ferroptosis and attenuated the ferroptosis-associated increases in MDA and Fe?+. Collectively, our findings
demonstrate that CS protects chondrocytes by inhibiting ferroptosis, thereby delaying the progression of OA.

PLOS One | https:/doi.org/10.1371/journal.pone.0342242  February 19, 2026 11719



https://doi.org/10.1371/journal.pone.0342242.g002

#H#
3 3 150 ns
€ € #
S 3 -
5 5 100
S g
> 2z~
E: H
3 S
“QQ&Qp\w& N NP RsLl-::go,Zum/uO LA N
(mg/ml) 0 O 001003 01 03 1 3 10
c Concentration(mg/ml)
6 7 §
J A 4
N A e 5%
Control RSL3 RSL3+1mg/ml CS

Control RSL3+1mg/ml CS RSL3+3mg/ml CS

E s F
#
25 # < < £ 25 £ 25
# K s s s TS
3 g 8 5 5
) o3 g <845 ©8s
< 8515 < % St 291
gt 5% £3 i £2
9
2 10 A% 3 <E 10 SE10
g ° e ° H
05 £ 2 205 205
E 4 3 3 3
S S S S
0.0 « 3 ® 0.0 0.0
>
S L PR N4
& & & & €&
g@“ A5 £
NN NN
& & & &
G s
g, g1 #
B-Tubulin | “NE_— pe—— 2 2 pm
—t— g. £ i
<5
- 3 T 510
SLC7A11 D c— Xe SE
ag 42
o ° o °
8 0. 48 0.5
o o
GPX4 2 2
kK 5
& o. & 00
> > L L N
RSL3 0 + + + + P SCHCr
& R &
cs (mg/ml) © 0 1 3 0 200
o & &
EFEF
Ferl(luM) o [] [} [} +

cOL2AL | M vt -

GAPDH | D S - =

coL2A1
Relative protein expression

RSL3 o + + +

cs(mg/ml) © 0 1 3

Fig 3. CS Inhibits RSL3-Induced Chondrocyte Ferroptosis. (A, B) Effects of different concentrations of CS on rat chondrocyte viability after 24 h
treatment; Effects of co-treatment with different concentrations of CS and 0.2 yM RSL3 for 4 h on rat chondrocyte viability (n=3).(C) Morphology of chon-
drocytes was observed by Toluidine Blue staining (Scale bar, 400 um).(D) Intracellular Fe?+levels were measured using Ferro Orange staining (n=3;

PLOS One | https://doi.org/10.1371/journal.pone.0342242 February 19, 2026 12/19




PLOX. One

Scale bar, 100 pm).(E) Intracellular MDA content was measured using a commercial assay kit (n=3).(F) The mRNA expression levels of SLC7A11,
Ptgs2, ACSL4, and MMP13 were detected by RT-gPCR (n=3).(G, H) Protein expression levels of COL2A1, SLC7A11, and GPX4 were detected by
Western blot (n=3). Data are presented as mean+SD (n=3). The “n” represents three independent biological replicates. #p<0.05; ##p<0.01.
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Heat shock proteins (HSPs) comprise a large family of structurally conserved molecular chaperones activated under
thermal stress. More broadly, they respond to diverse environmental, physical, and chemical stressors—including cold
exposure, UV radiation, and tissue damage—by rapidly expressing to mitigate stress-induced cellular injury and promote
recovery. The heat shock protein 70 (HSP70) family represents ubiquitously expressed chaperones with at least thirteen
members, including HSPAS8 [43]. Existing studies have demonstrated that HSPA8 plays pivotal roles in various biological
processes through the regulation of distinct downstream targets. For example, in cancer contexts, it not only modulates
VAV1 to influence the ERK pathway [44] but also regulates BCR-ABL to impact drug resistance in leukemia [45]; in stem
cell biology, HSPA8 maintains pluripotency by binding to and stabilizing OCT4 [46].As previously mentioned, the expres-
sion of SLC7A11 is more directly associated with system Xc activity, and inhibition of system Xc- function induces ferro-
ptosis.In this study, we found that treatment with CS significantly increased the expression of HSPA8 and SLC7A11 in
chondrocytes, and this effect was dose-dependent. Importantly, HSPA8 knockdown abolished the CS-induced upregula-
tion of SLC7A11, demonstrating that CS requires HSPA8 to modulate SLC7A11 expression.These results suggest that CS
may inhibit RSL3-induced ferroptosis by modulating HSPA8-mediated upregulation of SLC7A11 and GPX4 expression in
chondrocytes.

To investigate the potential protective role of CS in OA development, we induced OA in rats using the modified Hulth
method. Histological analysis with Safranin O-Fast Green and H&E staining demonstrated that CS treatment mitigated
cartilage defects and degeneration. Specifically, CS intervention reduced OA-associated loss and destruction of the
cartilage matrix. Consequently, CS administration significantly reduced the OARSI scores in the OA model rats.During the
progression of OA, COL2A1 and matrix MMP13 serve as crucial biomarkers. MMP13, a collagen-degrading metallopro-
teinase, demonstrates altered expression levels under inflammatory conditions, serving as an indicator of cartilage tissue
integrity [47].Furthermore, numerous studies have utilized changes in the expression of GPX4, SLC7A11, and ACSL4 as
biomarkers of ferroptosis [19,22]. Therefore, in this study, immunohistochemical analysis employed COL2A1 and MMP13
as OA markers, and SLC7A11 and ACSL4 as ferroptosis markers.This study found that CS treatment alleviated inflam-
mation and suppressed ferroptosis in the articular cartilage of rats. Consistent with in vitro cellular experiments, SLC7A11
and HSPAS8 expression levels were significantly upregulated in the CS-treated groups compared to other groups, and this
upregulation was dose-dependent on CS. Therefore, we propose that the mechanism by which CS suppresses ferroptosis
may involve the upregulation of HSPA8 and SLC7A11, a key ferroptosis-related gene. However, this study has several
limitations. First, we did not further validate the HSPA8-associated pathway through gene knockout experiments in rats.
Second, given CS’s complex pharmacokinetics as a polysaccharide and its ability to extensively modulate pathways—
such as directly inhibiting NF-kB nuclear translocation and inflammation in chondrocytes via binding to TLR4, CD44, and
ICAM-1 [48] —the underlying mechanisms of CS beyond these known actions warrant further exploration.In summary, our
study demonstrates through in vitro and in vivo experiments that CS exerts protective effects against OA by suppressing
ferroptosis in chondrocytes. This mechanism may involve the upregulation of HSPA8 and the key ferroptosis-related gene
SLC7A11. These findings provide a novel theoretical foundation for understanding the mechanism of CS action and devel-
oping therapeutic strategies for OA.

Supporting information
S1 Fig. Representative photographs of rat knee joints.
(TIF)

S2 Fig. (A) CS Molecular Structure Visualization Chart. (B) PPl Network Map.
(TIF)

S3 Fig. (A, B) GO Enrichment Analysis Chart. (C, D) KEGG Enrichment Analysis Chart.
(TIF)

PLOS One | https://doi.org/10.1371/journal.pone.0342242 February 19, 2026 16/19



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342242.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342242.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342242.s003

PLO\Sﬁ\\.- One

S4 Fig. (A, B) OA Differential Genes. (C) Venn Diagram.
(TIF)

S5 Fig. The knockdown efficiency of siRNA targeting HSPAS.
(TIF)

S1 Table. Primers information (5'-3’).
(PDF)

S1 Data. Raw data.
(XLSX)

Acknowledgments

We gratefully acknowledge Professors Li Siming and Meng Qingqi, as well as Mr. Dai Tianming, for their invaluable con-
tributions to the conceptualization of this study and their financial support. We also extend our thanks to the Guangzhou
Institute of Traumatic Surgery for providing experimental equipment and facilities.

Author contributions

Conceptualization: Tianming Dai, Qingqgi Meng, Siming Li.
Data curation: Jiayang Jiang, Junyan Chen.

Formal analysis: Jiayang Jiang, Junyan Chen.
Funding acquisition: Qinggi Meng, Siming Li.
Investigation: Jiayang Jiang, Yangyang Xu.
Methodology: Tianming Dai, Qinggi Meng, Siming Li.
Software: Yangyang Xu.

Supervision: Qinggi Meng, Siming Li.

Visualization: Yangyang Xu.

Writing — original draft: Jiayang Jiang.

Writing — review & editing: Jiayang Jiang.

References

1. Sebbag E, Felten R, Sagez F, Sibilia J, Devilliers H, Arnaud L. The world-wide burden of musculoskeletal diseases: a systematic analysis of the
World Health Organization Burden of Diseases Database. Ann Rheum Dis. 2019;78(6):844—8. https://doi.org/10.1136/annrheumdis-2019-215142
PMID: 30987966

2. Glyn-Jones S, Palmer AJR, Agricola R, Price AJ, Vincent TL, Weinans H, et al. Osteoarthritis. Lancet. 2015;386(9991):376—87. https://doi.
org/10.1016/S0140-6736(14)60802-3 PMID: 25748615

3. Hunter DJ, Bierma-Zeinstra S. Osteoarthritis. Lancet. 2019;393(10182):1745-59. https://doi.org/10.1016/S0140-6736(19)30417-9 PMID: 31034380

Del Carlo M Jr, Loeser RF. Cell death in osteoarthritis. Curr Rheumatol Rep. 2008;10(1):37-42. https://doi.org/10.1007/s11926-008-0007-8 PMID:
18457610

5. Huang H, Lou Z, Zheng S, Wu J, Yao Q, Chen R, et al. Intra-articular drug delivery systems for osteoarthritis therapy: shifting from sustained release

to enhancing penetration into cartilage. Drug Deliv. 2022;29(1):767-91. https://doi.org/10.1080/10717544.2022.2048130 PMID: 35261301
6. Litwic A, Edwards MH, Dennison EM, Cooper C. Epidemiology and burden of osteoarthritis. Br Med Bull. 2013;105:185-99. https://doi.org/10.1093/

bmb/Ids038 PMID: 23337796
7. Camacho A, Simdo M, Ea H-K, Cohen-Solal M, Richette P, Branco J, et al. Iron overload in a murine model of hereditary hemochromatosis is asso-

ciated with accelerated progression of osteoarthritis under mechanical stress. Osteoarthritis Cartilage. 2016;24(3):494-502. https://doi.org/10.1016/j.

joca.2015.09.007 PMID: 26403062

PLOS One | https:/doi.org/10.1371/journal.pone.0342242  February 19, 2026 171719



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342242.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342242.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342242.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342242.s007
https://doi.org/10.1136/annrheumdis-2019-215142
http://www.ncbi.nlm.nih.gov/pubmed/30987966
https://doi.org/10.1016/S0140-6736(14)60802-3
https://doi.org/10.1016/S0140-6736(14)60802-3
http://www.ncbi.nlm.nih.gov/pubmed/25748615
https://doi.org/10.1016/S0140-6736(19)30417-9
http://www.ncbi.nlm.nih.gov/pubmed/31034380
https://doi.org/10.1007/s11926-008-0007-8
http://www.ncbi.nlm.nih.gov/pubmed/18457610
https://doi.org/10.1080/10717544.2022.2048130
http://www.ncbi.nlm.nih.gov/pubmed/35261301
https://doi.org/10.1093/bmb/lds038
https://doi.org/10.1093/bmb/lds038
http://www.ncbi.nlm.nih.gov/pubmed/23337796
https://doi.org/10.1016/j.joca.2015.09.007
https://doi.org/10.1016/j.joca.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26403062

PLO\S\% One

8. Karim A, Bajbouj K, Qaisar R, Hall AC, Hamad M. The role of disrupted iron homeostasis in the development and progression of arthropathy. J
Orthop Res. 2022;40(6):1243-50. https://doi.org/10.1002/jor.25323 PMID: 35289955

9. Robinson WH, Lepus CM, Wang Q, Raghu H, Mao R, Lindstrom TM, et al. Low-grade inflammation as a key mediator of the pathogenesis of
osteoarthritis. Nat Rev Rheumatol. 2016;12(10):580-92. https://doi.org/10.1038/nrrheum.2016.136 PMID: 27539668

10. Echtermeyer F, Bertrand J, Dreier R, Meinecke |, Neugebauer K, Fuerst M, et al. Syndecan-4 regulates ADAMTS-5 activation and cartilage break-
down in osteoarthritis. Nat Med. 2009;15(9):1072—6. https://doi.org/10.1038/nm.1998 PMID: 19684582

11.  Nedunchezhiyan U, Varughese |, Sun AR, Wu X, Crawford R, Prasadam |. Obesity, Inflammation, and Immune System in Osteoarthritis. Front
Immunol. 2022;13:907750. https://doi.org/10.3389/fimmu.2022.907750 PMID: 35860250

12. Karim A, Bajbouj K, Shafarin J, Qaisar R, Hall AC, Hamad M. Iron Overload Induces Oxidative Stress, Cell Cycle Arrest and Apoptosis in Chondro-
cytes. Front Cell Dev Biol. 2022;10:821014. https://doi.org/10.3389/fcell.2022.821014 PMID: 35252185

13. Burton LH, Radakovich LB, Marolf AJ, Santangelo KS. Systemic iron overload exacerbates osteoarthritis in the strain 13 guinea pig. Osteoarthritis
Cartilage. 2020;28(9):1265-75. https://doi.org/10.1016/j.joca.2020.06.005 PMID: 32629162

14. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death.
Cell. 2012;149(5):1060-72. https://doi.org/10.1016/j.cell.2012.03.042 PMID: 22632970

15. Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, et al. Ferroptosis: process and function. Cell Death Differ. 2016;23(3):369—79. https://doi.
org/10.1038/cdd.2015.158 PMID: 26794443

16. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role in disease. Nat Rev Mol Cell Biol. 2021;22(4):266-82. https://doi.
org/10.1038/s41580-020-00324-8 PMID: 33495651

17. Pope LE, Dixon SJ. Regulation of ferroptosis by lipid metabolism. Trends Cell Biol. 2023;33(12):1077-87. https://doi.org/10.1016/}.tcb.2023.05.003
PMID: 37407304

18. Ursini F, Maiorino M. Lipid peroxidation and ferroptosis: The role of GSH and GPx4. Free Radic Biol Med. 2020;152:175-85. https://doi.
org/10.1016/j.freeradbiomed.2020.02.027 PMID: 32165281

19. Chen X, Comish PB, Tang D, Kang R. Characteristics and Biomarkers of Ferroptosis. Front Cell Dev Biol. 2021;9:637162. https://doi.org/10.3389/
fcell.2021.637162 PMID: 33553189

20. Sato H, Tamba M, Ishii T, Bannai S. Cloning and expression of a plasma membrane cystine/glutamate exchange transporter composed of two
distinct proteins. J Biol Chem. 1999;274(17):11455-8. https://doi.org/10.1074/jbc.274.17.11455 PMID: 10206947

21. Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M, et al. Pharmacological inhibition of cystine-glutamate exchange induces endoplas-
mic reticulum stress and ferroptosis. Elife. 2014;3:€02523. https://doi.org/10.7554/eLife.02523 PMID: 24844246

22. Stockwell BR. Ferroptosis turns 10: Emerging mechanisms, physiological functions, and therapeutic applications. Cell. 2022;185(14):2401-21.
https://doi.org/10.1016/j.cell.2022.06.003 PMID: 35803244

23. Sun S, Shen J, Jiang J, Wang F, Min J. Targeting ferroptosis opens new avenues for the development of novel therapeutics. Signal Transduct
Target Ther. 2023;8(1):372. https://doi.org/10.1038/s41392-023-01606-1 PMID: 37735472

24. Yao X, Sun K, Yu S, Luo J, Guo J, Lin J, et al. Chondrocyte ferroptosis contribute to the progression of osteoarthritis. J Orthop Translat.
2020;27:33-43. https://doi.org/10.1016/].jot.2020.09.006 PMID: 33376672

25. Nagase H, Katagiri Y, Oh-Hashi K, Geller HM, Hirata Y. Reduced Sulfation Enhanced Oxytosis and Ferroptosis in Mouse Hippocampal HT22 Cells.
Biomolecules. 2020;10(1):92. https://doi.org/10.3390/biom10010092 PMID: 31935947

26. Hochberg M, Chevalier X, Henrotin Y, Hunter DJ, Uebelhart D. Symptom and structure modification in osteoarthritis with pharmaceutical-grade

chondroitin sulfate: what's the evidence?. Curr Med Res Opin. 2013;29(3):259—67. https://doi.org/10.1185/03007995.2012.753430 PMID:
23186102

27. Mou J, Li Q, Qi X, Yang J. Structural comparison, antioxidant and anti-inflammatory properties of fucosylated chondroitin sulfate of three edible sea
cucumbers. Carbohydr Polym. 2018;185:41—7. https://doi.org/10.1016/j.carbpol.2018.01.017 PMID: 29421058

28. Tahiri K, Korwin-Zmijowska C, Richette P, Héraud F, Chevalier X, Savouret J-F, et al. Natural chondroitin sulphates increase aggregation of proteo-
glycan complexes and decrease ADAMTS-5 expression in interleukin 1 beta-treated chondrocytes. Ann Rheum Dis. 2008;67(5):696—702. https://
doi.org/10.1136/ard.2007.078600 PMID: 17901089

29. Vallieres M, du Souich P. Modulation of inflammation by chondroitin sulfate. Osteoarthritis Cartilage. 2010;18:S1-6. https://doi.org/10.1016/j.
joca.2010.02.017

30. Campo GM, Avenoso A, Campo S, Ferlazzo A, Altavilla D, Micali C, et al. Aromatic trap analysis of free radicals production in experimen-
tal collagen-induced arthritis in the rat: protective effect of glycosaminoglycans treatment. Free Radic Res. 2003;37(3):257—68. https://doi.
org/10.1080/1071576021000046640 PMID: 12688421

31. Mishra S, Ganguli M. Functions of, and replenishment strategies for, chondroitin sulfate in the human body. Drug Discov Today. 2021;26(5):1185—
99. https://doi.org/10.1016/j.drudis.2021.01.029 PMID: 33549530

32. LiuQ, Wang J, SunY, Han S. Chondroitin sulfate from sturgeon bone protects chondrocytes via inhibiting apoptosis in osteoarthritis. Int J Biol
Macromol. 2019;134:1113-9. https://doi.org/10.1016/j.ijbiomac.2019.05.110 PMID: 31121225

PLOS One | https://doi.org/10.1371/journal.pone.0342242 February 19, 2026 18719



https://doi.org/10.1002/jor.25323
http://www.ncbi.nlm.nih.gov/pubmed/35289955
https://doi.org/10.1038/nrrheum.2016.136
http://www.ncbi.nlm.nih.gov/pubmed/27539668
https://doi.org/10.1038/nm.1998
http://www.ncbi.nlm.nih.gov/pubmed/19684582
https://doi.org/10.3389/fimmu.2022.907750
http://www.ncbi.nlm.nih.gov/pubmed/35860250
https://doi.org/10.3389/fcell.2022.821014
http://www.ncbi.nlm.nih.gov/pubmed/35252185
https://doi.org/10.1016/j.joca.2020.06.005
http://www.ncbi.nlm.nih.gov/pubmed/32629162
https://doi.org/10.1016/j.cell.2012.03.042
http://www.ncbi.nlm.nih.gov/pubmed/22632970
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1038/cdd.2015.158
http://www.ncbi.nlm.nih.gov/pubmed/26794443
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
http://www.ncbi.nlm.nih.gov/pubmed/33495651
https://doi.org/10.1016/j.tcb.2023.05.003
http://www.ncbi.nlm.nih.gov/pubmed/37407304
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
http://www.ncbi.nlm.nih.gov/pubmed/32165281
https://doi.org/10.3389/fcell.2021.637162
https://doi.org/10.3389/fcell.2021.637162
http://www.ncbi.nlm.nih.gov/pubmed/33553189
https://doi.org/10.1074/jbc.274.17.11455
http://www.ncbi.nlm.nih.gov/pubmed/10206947
https://doi.org/10.7554/eLife.02523
http://www.ncbi.nlm.nih.gov/pubmed/24844246
https://doi.org/10.1016/j.cell.2022.06.003
http://www.ncbi.nlm.nih.gov/pubmed/35803244
https://doi.org/10.1038/s41392-023-01606-1
http://www.ncbi.nlm.nih.gov/pubmed/37735472
https://doi.org/10.1016/j.jot.2020.09.006
http://www.ncbi.nlm.nih.gov/pubmed/33376672
https://doi.org/10.3390/biom10010092
http://www.ncbi.nlm.nih.gov/pubmed/31935947
https://doi.org/10.1185/03007995.2012.753430
http://www.ncbi.nlm.nih.gov/pubmed/23186102
https://doi.org/10.1016/j.carbpol.2018.01.017
http://www.ncbi.nlm.nih.gov/pubmed/29421058
https://doi.org/10.1136/ard.2007.078600
https://doi.org/10.1136/ard.2007.078600
http://www.ncbi.nlm.nih.gov/pubmed/17901089
https://doi.org/10.1016/j.joca.2010.02.017
https://doi.org/10.1016/j.joca.2010.02.017
https://doi.org/10.1080/1071576021000046640
https://doi.org/10.1080/1071576021000046640
http://www.ncbi.nlm.nih.gov/pubmed/12688421
https://doi.org/10.1016/j.drudis.2021.01.029
http://www.ncbi.nlm.nih.gov/pubmed/33549530
https://doi.org/10.1016/j.ijbiomac.2019.05.110
http://www.ncbi.nlm.nih.gov/pubmed/31121225

PLO\S\% One

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Liang Y, Chen S, Yang Y, Lan C, Zhang G, Ji Z, et al. Vasoactive intestinal peptide alleviates osteoarthritis effectively via inhibiting NF-kB signaling
pathway. J Biomed Sci. 2018;25(1):25. https://doi.org/10.1186/s12929-018-0410-z PMID: 29540226

Reginster J-Y, Veronese N. Highly purified chondroitin sulfate: a literature review on clinical efficacy and pharmacoeconomic aspects in osteoarthri-
tis treatment. Aging Clin Exp Res. 2021;33(1):37—47. https://doi.org/10.1007/s40520-020-01643-8 PMID: 32638342

Bauerova K, Ponist S, Kuncirova V, Mihalova D, Paulovicova E, Volpi N. Chondroitin sulfate effect on induced arthritis in rats. Osteoarthritis Carti-
lage. 2011;19(11):1373-9. https://doi.org/10.1016/j.joca.2011.08.006 PMID: 21884808

Kim H, Kim J, Park S-H, Kim J, Gwon Y, Lee M, et al. Porcine-Derived Chondroitin Sulfate Sodium Alleviates Osteoarthritis in HTB-94 Cells and
MIA-Induced SD Rat Models. Int J Mol Sci. 2025;26(2):521. https://doi.org/10.3390/ijms26020521 PMID: 39859238

Li W, Wang Y, Zhang Y, Fan Y, Liu J, Zhu K, et al. Lizhong decoction ameliorates ulcerative colitis by inhibiting ferroptosis of enterocytes via the
Nrf2/SLC7A11/GPX4 pathway. J Ethnopharmacol. 2024;326:117966. https://doi.org/10.1016/}.jep.2024.117966 PMID: 38401661

Youle RJ, van der Bliek AM. Mitochondrial fission, fusion, and stress. Science. 2012;337(6098):1062-5. https://doi.org/10.1126/science.1219855
PMID: 22936770

Miao C, Zhang Y, Yu M, Wei Y, Dong C, Pei G, et al. HSPAS8 regulates anti-bacterial autophagy through liquid-liquid phase separation. Autophagy.
2023;19(10):2702-18. https://doi.org/10.1080/15548627.2023.2223468 PMID: 37312409

Wang Y, Zhao M, Zhao L, Geng Y, Li G, Chen L, et al. HBx-Induced HSPA8 Stimulates HBV Replication and Suppresses Ferroptosis to Support
Liver Cancer Progression. Cancer Res. 2023;83(7):1048-61. https://doi.org/10.1158/0008-5472.CAN-22-3169 PMID: 36745032

Shah R, Raska K Jr, Tiku ML. The presence of molecular markers of in vivo lipid peroxidation in osteoarthritic cartilage: a pathogenic role in osteo-
arthritis. Arthritis Rheum. 2005;52(9):2799-807. https://doi.org/10.1002/art.21239 PMID: 16145669

Blanco FJ, Rego |, Ruiz-Romero C. The role of mitochondria in osteoarthritis. Nat Rev Rheumatol. 2011;7(3):161-9. https://doi.org/10.1038/
nrrheum.2010.213 PMID: 21200395

Liu T, Daniels CK, Cao S. Comprehensive review on the HSC70 functions, interactions with related molecules and involvement in clinical diseases
and therapeutic potential. Pharmacol Ther. 2012;136(3):354—74. https://doi.org/10.1016/j.pharmthera.2012.08.014 PMID: 22960394

Liu Q-W, Fan Q-L, Chen J-Y, Liu J-X, Li Y, Luo Q, et al. Pristimerin Promotes Ubiquitination of HSPA8 and Activates the VAV1/ERK Pathway to
Suppress TNBC Proliferation. Adv Sci (Weinh). 2025;12(10):e2413174. https://doi.org/10.1002/advs.202413174 PMID: 39813169

Liu Z, Zheng W, Liu Y, Zhou B, Zhang Y, Wang F. Targeting HSPAS8 inhibits proliferation via downregulating BCR-ABL and enhances chemosen-
sitivity in imatinib-resistant chronic myeloid leukemia cells. Exp Cell Res. 2021;405(2):112708. https://doi.org/10.1016/j.yexcr.2021.112708 PMID:
34157313

Geng Y, Zhao Y, Schuster LC, Feng B, Lynn DA, Austin KM, et al. A Chemical Biology Study of Human Pluripotent Stem Cells Unveils HSPAS8 as a
Key Regulator of Pluripotency. Stem Cell Reports. 2015;5(6):1143-54. https://doi.org/10.1016/j.stemcr.2015.09.023 PMID: 26549849

Hu Q, Ecker M. Overview of MMP-13 as a Promising Target for the Treatment of Osteoarthritis. Int J Mol Sci. 2021;22(4):1742. https://doi.
0rg/10.3390/ijms22041742 PMID: 33572320

du Souich P. Absorption, distribution and mechanism of action of SYSADOAS. Pharmacol Ther. 2014;142(3):362—74. https://doi.org/10.1016/j.
pharmthera.2014.01.002 PMID: 24457028

PLOS One | https:/doi.org/10.1371/journal.pone.0342242  February 19, 2026 19/19



https://doi.org/10.1186/s12929-018-0410-z
http://www.ncbi.nlm.nih.gov/pubmed/29540226
https://doi.org/10.1007/s40520-020-01643-8
http://www.ncbi.nlm.nih.gov/pubmed/32638342
https://doi.org/10.1016/j.joca.2011.08.006
http://www.ncbi.nlm.nih.gov/pubmed/21884808
https://doi.org/10.3390/ijms26020521
http://www.ncbi.nlm.nih.gov/pubmed/39859238
https://doi.org/10.1016/j.jep.2024.117966
http://www.ncbi.nlm.nih.gov/pubmed/38401661
https://doi.org/10.1126/science.1219855
http://www.ncbi.nlm.nih.gov/pubmed/22936770
https://doi.org/10.1080/15548627.2023.2223468
http://www.ncbi.nlm.nih.gov/pubmed/37312409
https://doi.org/10.1158/0008-5472.CAN-22-3169
http://www.ncbi.nlm.nih.gov/pubmed/36745032
https://doi.org/10.1002/art.21239
http://www.ncbi.nlm.nih.gov/pubmed/16145669
https://doi.org/10.1038/nrrheum.2010.213
https://doi.org/10.1038/nrrheum.2010.213
http://www.ncbi.nlm.nih.gov/pubmed/21200395
https://doi.org/10.1016/j.pharmthera.2012.08.014
http://www.ncbi.nlm.nih.gov/pubmed/22960394
https://doi.org/10.1002/advs.202413174
http://www.ncbi.nlm.nih.gov/pubmed/39813169
https://doi.org/10.1016/j.yexcr.2021.112708
http://www.ncbi.nlm.nih.gov/pubmed/34157313
https://doi.org/10.1016/j.stemcr.2015.09.023
http://www.ncbi.nlm.nih.gov/pubmed/26549849
https://doi.org/10.3390/ijms22041742
https://doi.org/10.3390/ijms22041742
http://www.ncbi.nlm.nih.gov/pubmed/33572320
https://doi.org/10.1016/j.pharmthera.2014.01.002
https://doi.org/10.1016/j.pharmthera.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24457028

