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Abstract: Objective: This study aimed to investigate the role of ferroptosis-related genes and pathways in cartilage
degeneration in knee osteoarthritis (KOA) and to identify potential therapeutic targets. Methods: Integrated bioin-
formatics analysis of public KOA transcriptomic datasets was performed to identify differentially expressed ferrop-
tosis-related genes. Key pathways and hub genes were further validated using a surgically-induced KOA mouse
model and clinical cartilage samples through histology, immunohistochemistry, micro-CT, ELISA, western blot, and
gPCR. Results: Significant iron deposition, mitochondrial damage, and dysregulation of ferroptosis markers (e.g.,
decreased GPX4 and increased p53) were observed in KOA cartilage. Key genes such as MMP2, SPP1, MYC, and
BNIP3 were identified, and pathways including mTOR and HIF-1 signaling were enriched. Experimental results con-
sistently indicated enhanced ferroptosis and matrix degradation in both mouse and human OA samples. Conclusion:
Ferroptosis contributes significantly to KOA progression through iron overload, lipid peroxidation, and dysregulated

metabolic pathways, providing new insight for targeted therapeutic strategies.
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Introduction

Osteoarthritis (OA) [1] is a common degenera-
tive disorder characterized by the progressive
deterioration of articular cartilage, inflammato-
ry responses, and the formation of osteophytes
at the bone margins [2]. With the aging global
population, OA prevalence is on the rise, signifi-
cantly impairing the quality of life for affect-
ed individuals. Although various treatment
options, including pharmacological, physical,
and surgical interventions, are available, they
often merely alleviate symptoms rather than
provide a cure [3]; therefore, it is vital to delve
deeper into OA’'s pathogenesis and identify
novel therapeutic targets. A newly discovered
form of regulated cell death, has garnered con-
siderable attention. Unlike traditional apopto-

sis and necrosis, ferroptosis is mainly triggered
by the accumulation of lipid peroxides within
cells, with iron ions playing a pivotal role in this
process [4]. Research has demonstrated that
ferroptosis contributes to the onset of various
diseases, including neurodegenerative disor-
ders, cardiovascular conditions, and certain
cancers [5]. GPX4, a key regulator of ferropto-
sis, is significantly downregulated in the carti-
lage tissue of KOA patients, suggesting its
protective role in OA development [6]. Other
ferroptosis-related molecules, such as ACSL4
and FSP1, exhibit abnormal expression in the
chondrocytes of OA patients, further underscor-
ing the importance of ferroptosis in OA. Recent
studies indicate that ferroptosis may signifi-
cantly contribute to cartilage degeneration in
OA, and by modulating specific gene expression
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Figure 1. Graphical abstract.

or influencing related signaling pathways, fer-
roptosis can promote chondrocyte damage and
inflammation, thereby accelerating KOA pro-
gression [7, 8]. Initial experimental research
has demonstrated that blocking ferroptosis
pathways can alleviate KOA symptoms. Utilizing
iron chelators or antioxidants can reduce lipid
peroxidation in chondrocytes, thus slowing
down cartilage degeneration [9], laying a theo-
retical foundation for developing new therapeu-
tic strategies targeting ferroptosis.

At present, the treatment of osteoarthritis
mainly includes nonsteroidal anti-inflammatory
drugs for analgesia and anti-inflammation,
intravenous injection of glucocorticoids or hyal-
uronic acid to improve lubrication function,
physical therapy, and end-stage joint replace-
ment surgery, but these methods can only
relieve symptoms rather than delay or reverse
cartilage degeneration, and the efficacy is lim-
ited and long-term application may be accom-
panied by obvious side effects [10]. In recent
years, studies based on bioinformatics technol-
ogy have found that ferroptosis, a hovel mode
of cell death driven by iron-dependent lipid per-
oxidation, is closely related to OA cartilage
degeneration. Previous studies have found
abnormal expression of multiple ferroptosis-
related genes (such as GPX4, ACSL4, SLC7A11,
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etc.) in OA cartilage tissue, suggesting that iron
metabolism disorders, antioxidant defense
mechanism failure, and lipid peroxidation accu-
mulation may promote chondrocyte death and
extracellular matrix degradation [11, 12]. A
number of in vivo experiments [13, 14] con-
firmed that use of ferroptosis inhibitors can sig-
nificantly reduce cartilage structure destruc-
tion and inflammatory responses in animal
models, suggesting that targeting ferroptosis
pathways may provide new strategies for OA
treatment. Therefore, integrating bioinformat-
ics screening and in vivo experimental valida-
tion, plus in-depth study of the role of ferropto-
sis-related genes and pathways in the process
of OA will help us understand the mechanism
and develop targeted therapy to delay cartilage
degeneration. This research aims to conduct a
thorough investigation into the roles and regu-
latory mechanisms of ferroptosis-associated
genes and their networks during cartilage
degeneration in OA. We will identify ferroptosis-
related genes with differential expression, use
bioinformatics methods to construct interac-
tion networks among these genes, and pin-
point key regulatory nodes (Figure 1). Through
exploring the ferroptosis pathway, we aim not
only to unveil novel mechanisms underlying the
pathogenesis of KOA but also to establish a
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foundation for developing innovative therapeu-
tic strategies for this condition.

Materials and methods
Bioinformatics techniques

Source of gene chip data: Gene expression
data for OA cartilage tissue were extracted
from the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/)
using dataset GSE98918. The microarray
platform employed was GPL20844 (Agilent-
072363 SurePrint G3 Human GE v3 8x60K
Microarray 039494). This dataset includes
12 OA samples (OA group) and 12 non-OA
samples (normal control group). Using platform
annotation files, “probe IDs” in the expression
matrix were converted to “gene symbols”. For
genes associated with multiple probes, the
average expression value was used to repre-
sent their expression levels.

Weighted Gene Co-expression Network Analy-
sis (WGCNA): To build a co-expression network,
the WGCNA package was employed, focusing
on the top 25% most variably expressed genes
from the GSE21942 dataset. The module
exhibiting the strongest correlation with KOA
was then pinpointed. Sample clustering was
carried out to detect and eliminate outliers,
while the optimal soft-thresholding power 3
was determined based on the scale-free topol-
ogy criterion. Using this [ value, adjacency was
computed and subsequently converted into a
topological overlap matrix (TOM). A hierarchical
clustering tree was constructed based on the
calculated B to demarcate gene modules.
Principal component analysis (PCA) was per-
formed on all genes within each co-expression
module, and the first principal component,
termed the module eigengene (ME), was
identified. The Pearson correlation coefficient
between ME values and the phenotype was cal-
culated, and the module with the most robust
correlation with MS was selected for further
analysis.

Data processing and differential gene screen-
ing: Datasets pertaining to ferritin inhibitors,
suppressors, and markers were sourced from
the FerrDB database (http://www.zhounan.
org/ferrdb) and then combined to identify
genes linked to ferroptosis, and the common
FR-DEGs in both tissues were identified. The
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GSE98918 dataset underwent preprocessing
and normalization in R to obtain the probe
expression matrix for each sample. DEGs were
selected based on the criteria of P < 0.05, and
[log, fold change (log2FC)| > 1 was selected.
Heatmaps were generated using the “pheat-
map” package, while volcano plots were con-
structed utilizing the “ggplot2” package.

Gene Ontology (GO) and KEGG pathway analy-
sis: The DAVID database was employed to con-
duct enrichment analysis of DEGs in GO terms
and KEGG pathways. GO analysis served to elu-
cidate the biological characteristics inherent
in high-throughput genomic or transcriptomic
data, whereas KEGG pathway analysis aimed
to uncover signaling pathways linked to the
DEGs. A significance threshold of P < 0.05 was
set for gene enrichment, and the results were
visually represented using the ‘GOplot’ pack-
age in R.

Protein-Protein Interaction (PPI) network analy-
sis: Protein-Protein Interaction (PPI) network
analysis was performed to identify pivotal func-
tional associations among the differentially
expressed genes (DEGs). The DEGs were
imported into the STRING database (https://
string-db.org/cgi/input.pl) to construct a pre-
liminary interaction network with a confidence
score threshold set at > 0.4. The resulting inter-
action data were then imported into Cytoscape
software (version 3.7.2) for further topological
analysis. Using the Degree algorithm in the
cytoHubba plugin, key hub genes were system-
atically ranked based on their connectivity
within the network. The top 10 candidate hub
genes with the highest degree scores were
selected as key targets, and a subnetwork cen-
tered around these genes was extracted and
visualized to illustrate their direct and indirect
interactions, thereby elucidating their potential
central roles in the biological context.

Diagnostic performance analysis of marker
genes: The efficacy of the marker genes for
diagnosis was evaluated through receiver oper-
ating characteristic (ROC) curves and the area
under the curve (AUC). ROC curve analysis was
carried out using the pROC package in R, and
the results were visualized with ggplot2.

In vivo experiments
Animal preparation: Eight- to ten-week-old male

C57BL/6 mice, weighing 20-25 grams, were
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randomly assigned to two groups: a control
group (CON, n = 10) and an OA model group (n
= 10). All mice were housed under standard
conditions, with unrestricted access to food
and water, at a temperature of 22-24°C and
relative humidity of 50-60%. The animals were
sourced from Henan SKB Biotech Co., LTD.
(Animal Production License No. SCXK(Yu)
2020-0005) and accommodated in the
Experimental Animal Center of Cangzhou
Integrated Traditional Chinese and Western
Medicine Hospital, Hebei Province, under natu-
ral lighting, with a maintained temperature of
20°C and relative humidity of 60%. This study
received ethical approval from the Animal
Ethics Committee of Cangzhou Integrated
Traditional Chinese and Western Medicine
Hospital (Review No. LL2023022203).

OA model construction: The OA model was cre-
ated by surgical means. Mice were anesthe-
tized using isoflurane: an initial 4-5% concen-
tration for induction, then maintained at
1.5-2.5% in oxygen, administered through a
precision vaporizer. Anesthesia depth was reg-
ularly checked to safeguard the animals dur-
ing the procedure. Under sterile conditions, an
incision was made over the knee joint skin, and
the patella was shifted laterally to reveal the
medial femoral condyle. With microsurgical
tools, part of the meniscus was removed, and
the medial collateral ligament was damaged,
after which the skin was sutured. Control gro-
up mice underwent the same anesthesia and
incision process but were spared meniscecto-
my or ligament injury [9]. After surgery, anti-
biotics were given daily for 7 days to ward off
infection. The success of the OA modeling was
evaluated at 8 weeks post-surgery through
multiple methods: microscopic observation of
articular cartilage structure using Safranin O/
Fast Green staining confirmed proteoglycan
loss and cartilage degradation; Osteoarthritis
Research Society International (OARSI) scor-
ing system was applied for semi-quantitative
histological assessment, showing significantly
higher scores in the DMM group compared to
sham controls; micro-CT analysis revealed
osteophyte formation and subchondral bone
remodeling in operated joints; and immunohis-
tochemical analysis indicated elevated expres-
sion of cartilage degeneration.

Sample collection: Following the completion of
the experimental period, all mice were humane-
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ly euthanized. The euthanasia was performed
by carbon dioxide (CO,) asphyxiation in a gradu-
ally filled chamber, with a flow rate displacing
30% to 70% of the chamber volume per minute,
followed by confirmation of death by cervical
dislocation as a secondary physical method.
This protocol is consistent with the recom-
mendations of the AVMA Guidelines for the
Euthanasia of Animals (2020) and was app-
roved by the Institutional Animal Care and Use
Committee (IACUC) to ensure minimal pain and
distress was inflicted. After 8 weeks of gavage
administration, right knee joint samples were
harvested, and these samples were immedi-
ately fixed in 4% tissue fixative for 24 hours.
Following thorough rinsing, they were immers-
ed in a 70% ethanol solution and stored at 4°C
for subsequent analysis.

Micro-CT scanning: The knee joints of the
rats underwent scanning using a Micro-CT
instrument (Skyscan1276) with the following
optimized parameters: a voltage of 50 kV, a
current of 200 pA, a full 360° rotation angle
with a rotation increment of 0.4°, and a slice
thickness of 9 um. Post-scanning, the two-
dimensional image sequences were automati-
cally reconstructed into three-dimensional vol-
umes with an isotropic voxel size of 15.9 um,
utilizing Skyscan NRecon software and the
Feldkamp cone-beam algorithm. The trabecu-
lar bone microstructure and relevant parame-
ters were analyzed using the Custom Analysis
program (CTAn, Skyscan), which evaluated fac-
tors such as trabecular bone volume fraction,
thickness, number, separation, and structure
model index. Tomographic CT images were pro-
cessed using CTAn and DataViewer software.

Biochemical detection by ELISA: The serum lev-
els of COL2A1, MDA, SOD, and MMP-13 in the
mice were quantified using ELISA kits, strictly
adhering to the manufacturer’s instructions.
Absorbance readings for each well were taken
at 450 nm using a microplate reader. Standard
curves were constructed based on the correla-
tion between concentration and absorbance
values, enabling the calculation of the concen-
trations of the detected indicators in the
samples.

Hematoxylin and Eosin (H&E) staining of articu-
lar cartilage: The samples were decalcified in a
14% EDTA solution for two weeks, thoroughly
rinsed, and embedded in paraffin. The paraffin
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sections were then dried on a slide warmer,
and H&E staining was performed according to
the kit instructions. After staining, the sections
were dehydrated, cleared, and mounted with
neutral gum for microscopic examination.

Safranin O-fast green staining of articular carti-
lage: The prepared cartilage paraffin blocks
were cooled at 4°C for 20 minutes, and Sa-
franin O-fast green staining was carried out fol-
lowing the kit’s protocol. After staining, the sec-
tions were mounted with neutral gum and
imaged under a microscope to observe articu-
lar cartilage changes.

Osteoarthritis Research Society International
(OARSI) Scoring System: The severity of arthri-
tis was assessed using the OARSI scoring sys-
tem, and each sample was evaluated for carti-
lage structure, cellularity, matrix quality, and
tidemark integrity, and scored according to
OARSI grading and staging criteria. The OARSI
score, calculated as the product of grade and
stage, had a maximum possible value of 24
[12]. Higher scores indicated more severe carti-
lage degeneration.

Prussian blue staining: Paraffin sections of car-
tilage and subchondral bone were deparaf-
finized and rehydrated, and they were then
stained with Prussian blue working solution for
60 minutes at room temperature. After remov-
ing the staining solution, the sections were
washed three times with distilled water, and
they were then stained with Prussian blue solu-
tion C for 3-5 minutes at room temperature,
followed by rinsing in running tap water until
colorless. The sections were dehydrated in
absolute ethanol three times, each for 5 min-
utes, treated with xylene for 5 minutes, mount-
ed with neutral gum, and examined under a
microscope. Images were captured for further
analysis.

Immunohistochemical staining: Sections were
deparaffinized, rehydrated, and rinsed with dis-
tilled water. They were then incubated with 3%
hydrogen peroxide at room temperature for 5
minutes, washed three times with PBS, and
subjected to antigen retrieval in citrate buffer
at 97.5°C for 10 minutes. After cooling to room
temperature and washing with PBS, sections
were blocked with 5% BSA at 37°C for 30 min-
utes. Primary antibodies against COL2A1 and
SLC7A11 at a 1:100 ratio were applied, and
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sections were incubated overnight at 4°C.
Following three PBS washes, sections were
treated with a secondary antibody at 37°C for
30 minutes, washed again, and developed with
DAB. After rinsing in tap water, sections were
counterstained with hematoxylin for 30 sec-
onds, differentiated with hydrochloric acid for 5
seconds, and blued in warm water for 3 min-
utes. Finally, sections were dehydrated, cleared
in xylene, and mounted with neutral gum.
Brown positive expression areas on the articu-
lar surface were observed and quantified using
ImageJ software.

Transmission Electron Microscopy (TEM): Ar-
ticular cartilage samples were thoroughly
rinsed with physiological saline to remove
debris. Observations were conducted under a
transmission electron microscope at 80 kV,
with a high vacuum environment maintained by
extracting sufficient air from the sealed dark
chamber. The microscopic structure of the
cartilage surface was examined and photo-
graphed.

Immunofluorescence staining: Paraffin sec-
tions of joints were deparaffinized and rehy-
drated, followed by antigen retrieval with cit-
rate buffer. Endogenous peroxidase activity
was neutralized with 3% H,0,, and sections
were permeabilized with 1% Triton X-100 for
30 minutes and blocked with 5% BSA for ano-
ther 30 minutes. Primary antibodies against
GPX4, p53, SPP1, and MMP-2 (diluted 1:300)
were applied, and sections were incubated
overnight at 4°C. After three PBS washes, sec-
tions were incubated with a FITC-conjugated
secondary antibody (diluted 1:300) in the dark
at room temperature for one hour. Following
another three PBS washes, sections were
stained with DAPI for 10 minutes and examined
for target marker expression.

Clinical cartilage sample collection: Clinical
cartilage samples were collected from patients
undergoing total knee arthroplasty (TKA) for
advanced knee osteoarthritis (OA) (n = 4, 2
male and 2 female). Normal control cartilage
samples were obtained from patients receiving
lower limb amputation due to non-OA causes
such as trauma or vascular disease (n = 4, 2
male and 2 female). Based on the Internation-
al Cartilage Repair Society (ICRS) grading sys-
tem, OA samples were classified as damaged
(ICRS grades 1-4), while control samples were
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Table 1. List of PCR primer sequences

Forward Reverse
COL2A1 5-GAGAGCAACAGGCTGGTAT-3’ 5-TGTGTTTCCAGGTTTCCAG-3’
GPX4 5-TGCAGGAGGAGAAGGAGAA-3’ 5-GCTGAGGAGGAAGGAGTAG-3’
SLC7A11 5-TCTGCGGAGGAGGAGGAG-3’ 5-TCCTGAGGAGGAGGAGGAG-3’
p53 5-TGAGGAGGAGGAGGAGGAG-3’ 5-TCTGAGGAGGAGGAGGAGG-3’
MMP13 5-TGGAGGAGGAGGAGGAG-3’ 5-TCTGAGGAGGAGGAGGAG-3’
MYC 5-TCTGAGGAGGAGGAGGAG-3’ 5-TCTGAGGAGGAGGAGGAG-3’

confirmed as undamaged (ICRS grade 0) [15].
Inclusion criteria for the OA group included:
diagnosis of primary knee OA according to ACR
criteria, age between 60-80 years, and under-
going primary TKA. Controls were included
based on: absence of history of joint disease,
normal radiographic appearance of the knee,
and ICRS grade O confirmed macroscopically
and histologically. Exclusion criteria for both
groups comprised: inflammatory arthritis (e.g.,
rheumatoid arthritis), previous knee surgery,
infectious arthropathy, chondrocalcinosis, and
significant medical comorbidities affecting car-
tilage metabolism. The study was approved by
the Ethics Committee of Cangzhou Integrated
Traditional Chinese and Western Medicine
Hospital, Hebei Province (IRB: CZX2023-KY-
152.1). All participants provided written infor-
med consent prior to participation, in compli-
ance with the World Medical Association’s
Helsinki Declaration and relevant ethical
requirements.

Western blot: Cartilage tissues from each
group were homogenized and lysed, and pro-
tein concentrations were measured using the
BCA method. Proteins were separated by elec-
trophoresis, transferred to membranes, and
blocked at room temperature for 2 hours. The
membranes were then incubated overnight
at 4°C with the following primary antibodi-
es: Anti-Collagen Il (Abcam 34712, 1:1000),
Anti-Glutathione Peroxidase 4 (GPX4) (Ab-
cam 125066, 1:1000), Anti-SLC7A11 (Abcam
307601, 1:1000), p53 (Abcam PAb 240,
1:1000), MMP13 (Abcam 219620, 1:1000),
MYC (Abcam 185656, 1:1000), SPP1 (Abcam
283656, 1:1000), MMP2 (Abcam 92536,
1:1000), BNIP3 (Abcam 109362, 1:1000), and
B-actin (Abcam 8226, 1:1000). After thorough
washing, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (diluted 1:5000) at room
temperature for 2 hours. Blots were develop-
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ed using a chemiluminescent substrate, and
band intensities were analyzed with Image)
software.

Real-time PCR: Real-time quantitative poly-
merase chain reaction (qPCR) was performed
to measure the mRNA expression levels of tar-
get genes. Total RNA was extracted from carti-
lage tissues or cells using TRIzol reagent,
and its concentration and purity were asses-
sed spectrophotometrically. cDNA was syn-
thesized from 1 pg of total RNA using a
PrimeScript™ RT reagent kit with gDNA Eraser
according to the manufacturer’s protocol. The
gPCR reaction was carried out in a 20 pL sys-
tem containing 2 yL of cDNA template, 10 uL
of TB Green® Premix Ex Taqg™, 0.8 uL of each
forward and reverse primer (10 uM), and 6.4
uL of RNase-free water. The amplification con-
ditions consisted of an initial denaturation at
95°C for 30 seconds, followed by 40 cycles
of 95°C for 5 seconds and 60°C for 30 sec-
onds. Each sample was run in triplicate, and a
no-template control was included in each run
to monitor potential contamination. The rela-
tive expression of genes was calculated using
the 224°t method, with GAPDH serving as the
internal reference gene for normalization. The
primer sequences used in the PCR experiment
are shown in Table 1.

Statistical analysis

All statistical analyses were performed using
SPSS software (version 26.0). Continuous vari-
ables that followed a normal distribution are
expressed as mean + standard deviation. For
multi-group comparisons of normally distribut-
ed data with homogeneity of variance, one-way
analysis of variance (ANOVA) was applied, and
post-hoc pairwise comparisons were conduct-
ed using the least significant difference (LSD)
test. In cases where variances were unequal,
Welch’'s ANOVA was used for multi-group com-
parisons, followed by the Kruskal-Wallis H test
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Figure 2. Integrative Analysis of Differential Gene Expression and Ferroptosis in Osteoarthritis. A. Volcano plot il-
lustrating significant differentially expressed genes (DEGs) in canine samples, highlighting upregulated (red) and
downregulated (blue) genes relative to control samples. B. Venn diagram depicting the overlap of DEGs associated
with ferroptosis and other identified pathways in canine osteoarthritis. C. Heatmap displaying the expression levels
of significant DEGs across various samples, with hierarchical clustering to reveal patterns of expression between
control (Con) and osteoarthritis (OA) groups. The color scale indicates normalized expression values, ranging from

downregulation (blue) to upregulation (red).

for subsequent pairwise analysis. The Kruskal-
Wallis H test was also employed for comparing
categorical data across groups. A two-sided
P-value of less than 0.05 was considered sig-
nificant for all tests.

Results

Bioinformatics analysis identifying ferroptosis-
related target genes and pathways in OA

The volcano plot illustrates the relationship
between gene expression significance and fold
change (Figure 2A, 2B). The heatmap reveals
marked upregulation or downregulation of mul-
tiple genes in the OA group (Figure 2C), in-
dicating significant differences in ferroptosis-
related gene expression between arthritic and
normal cartilage. The analysis identified 62
ferroptosis-associated genes, highlighting their
strong correlation and potential pivotal role in
arthritis pathogenesis. Using WGCNA, we dis-
covered 20 gene modules linked to ferroptosis
and arthritis. Correlation analysis showed a
significant positive association between the
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MEblue module and ferroptosis characteri-
stics (r = 0.76, P < 0.001), while arthritis sever-
ity was negatively correlated with the MEred
module (r = -0.65, P < 0.01) (Figure 3A). The
gene dendrogram (Figure 3B) supports the
differentiation of these modules (Figure 3C),
with the dynamic tree cut method effectively
partitioning distinct modules. Scale indepen-
dence analysis indicated that, at a soft th-
reshold power of 6, the network exhibits high
scale-free characteristics, with highly connect-
ed modules (mean > 500) primarily associated
with ferroptosis-related features (Figure 3D).
These findings underscore the potential role of
specific gene modules in the pathological
mechanisms of ferroptosis and arthritis, laying
the groundwork for future therapeutic targets.

Bioinformatics analysis also identified key sig-
naling pathways and interactions associated
with ferroptosis and arthritis-related genes.
Pathway analysis revealed the ferroptosis path-
way as the most significantly enriched (Figure
4A), with an enrichment score of 5.5 (P <
0.005), followed by the mTOR and HIF-1 signal-
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Figure 4. Pathway and Gene Ontology Analysis Reveals Key Biological Processes and Pathways Associated with
Disease Mechanisms. A. Pathway analysis illustrating the enrichment scores and significance of various pathways,
including the mTOR signaling pathway and Alzheimer’s disease, represented by bubble size and color coding based
on p-values. B. Gene Ontology (GO) results for three ontologies, highlighting the enrichment scores of biological
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processes, cellular components, and molecular functions. C. Network visualization of significant genes associated
with the identified pathways and GO terms, showing interactions and relationships among key regulatory elements.
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Figure 5. Pathologic examination of bone microstructure. A. Micro-CT scanning and analysis of the knee joint of
mice. B. ELISA for serum Col2a1, SOD, MDA and MMP13 in each group. C. Histological staining (scale bar = 200
pm). D. Safranin O and Fast Green staining staining (scale bar = 200 pym). E. OARSI score. Values are expressed as
mean + SD, n = 10; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

ing pathways (P < 0.01). Pathways related to
bladder cancer, PPAR signaling, Alzheimer’s
disease, and thyroid cancer were also identi-
fied, suggesting potential links between these
conditions and ferroptosis. GO analysis high-
lighted enriched biological processes such as
response to oxidative stress and reactive oxy-
gen species, emphasizing the role of oxidative
stress in the pathogenesis of both ferroptosis
and arthritis (Figure 4B). The PPl network
underscored the importance of the hub gene
VGC (Vascular Growth Factor) (Figure 4C),
which connects various pathways and biologi-
cal processes. Key interacting genes, including
ITM2A, ALDH1A1, and MPO, emerged as criti-
cal players, suggesting their potential as thera-
peutic targets. Using the Maximal Clique
Centrality (MCC) algorithm, we identified pivotal
genes such as MYC, MMP2, SPP1, BNIP3,
GJA1, CDKAIN, and TXNIP, and illustrated their
interactions with other differentially expressed
ferroptosis-related genes (DEFRGs) (Figure
4C).

Our findings suggest that ferroptosis-linked
genes may significantly impact OA develop-
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ment. Integrating differential expression analy-
sis and gene overlap assessments provides
insight into the potential mechanisms linking
iron metabolism and joint inflammation, war-
ranting further investigation into therapeutic
targets for OA management.

Pathologic and biochemical manifestations of
cartilage degeneration and ferroptosis in OA
mice

Micro-CT analysis of subchondral bone (Figure
5A) revealed that the CON group exhibited an
orderly trabecular arrangement with appropri-
ate thickness and spacing. In contrast, the
OA model group demonstrated a significant
increase in subchondral bone volume, charac-
terized by reduced trabecular spacing and
severe sclerosis. Serum ELISA assays (Figure
5B) demonstrated a marked reduction in the
cartilage-specific collagen factor Col2al in the
OA group compared to the control, alongside
significant increases in ferroptosis-related oxi-
dative stress markers SOD and MDA, as well
as the inflammatory factor MMP13 (P <
0.001). Histologic examination using HE stain-
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Figure 6. Ferroptosis related pathological examination of knee joint. (A) Prussian blue staining of mice in each
group. (B) The electron microscope of microstructure. (C) Immunohistochemistry of femoral tissue of (a) Col2al, (b)
SLC7A11 (active cell stained in brown, scale bar = 200 um). (¢) Immunohistochemical statistical bar graph, Values
are expressed as mean + SD, n = 10; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

ing (Figure 5C) showed normal cartilage mor-
phology in the CON group, with a smooth, con-
tinuous surface and no significant meniscal
damage or pathologic changes. Conversely, the
OA group exhibited a rough, discontinuous
articular cartilage surface with fissures extend-
ing into the subchondral layer and meniscal
pathology. OARSI pathological scoring revealed
significantly increased cartilage degeneration
in OA mice (P < 0.001) (Figure 5D). Safranin
O-fast green staining (Figure 5E) further con-
firmed distinct pathologic changes in the OA
group, including cartilage wear and fissuring,
with significant differences from the control (P
< 0.001).

Prussian blue staining, which highlights triva-
lent iron ions, revealed significant iron particle
deposits stained deep blue in the knee joint
cartilage of the OA group compared to the con-
trol (Figure 6A), suggesting marked iron over-
load associated with cartilage degeneration in
OA. Electron microscopy examination of mito-
chondrial morphology and density in cartilage
tissue showed that, compared to the CON
group, the OA group exhibited reduced or
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absent mitochondrial cristae, increased mem-
brane density, and cytoplasmic vacuoles -
characteristic pathological alterations indica-
tive of ferroptosis (Figure 6B). Immunohisto-
chemical analysis corroborated the activation
of ferroptosis targets in the OA model. The posi-
tive expression of the cartilage-specific factor
Col2al was significantly reduced in the articu-
lar cartilage of OA mice compared to the CON
group, as was the expression of the ferroptosis
negative regulator SLC7A11 (Figure 6Ca, 6Cb),
with statistically significant differences (P <
0.001) (Figure 6Cc). Immunofluorescence anal-
ysis of mouse knee joints (Figure 7) further
demonstrated significant differences in the
expression of cartilage and ferroptosis-related
targets between the CON and OA groups.
Specifically, GPX4 expression was significantly
diminished in the OA group (Figure 7A, 7Aa),
indicating reduced antioxidant capacity of
chondrocytes under osteoarthritic conditions.
Conversely, the ferroptosis positive regulator
p53 was significantly elevated in the OA group
(P < 0.001) (Figure 7B, 7Bb). Additionally,
SPP1 and MMP2 expression levels showed an
upward trend in the OA group (P < 0.001)
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Figure 7. Immunofluorescence staining of cartilage tissue of mouse knee joint, Images are arranged in a grid format,
with scale bars indicating 200 um. (A) GPX4, (B) P53, (C) SPP1, (D) MMP2; (a-d) Corresponding quantitative analy-
sis of Immunofluorescence staining. Values are presented as mean * SD, n = 10; *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001.

(Figure 7C, 7D, 7Cc, 7Dd), further indicating
cartilage tissue damage and remodeling pro-
cesses. Overall, these findings suggest that
changes in the expression of cartilage and fer-
roptosis-related targets in the OA group may be
closely linked to the pathologic progression of
arthritis.

Co-expression of cartilage and ferroptosis-
related targets in clinical cartilage samples
demonstrates a clear association

Immunofluorescence analysis of clinical carti-
lage samples (Figure 7) revealed a notable
decrease in the cartilage growth factor COL2A1
in the OA group compared to the CON group
(Figure 7A, 7Aa), while the expression of the
cartilage-degrading matrix metalloproteinase
MMP13 was significantly elevated. Among fer-
roptosis-related factors, the OA group exhibit-
ed marked suppression of the negative regula-
tors GPX4 and SLC7A11, alongside a signifi-
cant increase in the positive regulator P53
compared to the CON group (Figure 7B, 7Bb),
with statistical significance (P < 0.001). Fur-
thermore, SPP1 and MMP2 expression levels
were significantly lower in the OA group (Figure
7C, 7D, 7Cc, 7Dd), also achieving significance
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(P < 0.001). These findings indicate exacerbat-
ed cartilage matrix degradation and enhanced
inflammatory responses in OA. Protein and
RNA analyses were conducted on clinically
obtained cartilage samples. Western blotting
and quantitative PCR (QT-PCR) revealed that
(Figure 8), compared to the CON group, the OA
group exhibited significant downregulation of
Col2a1, GPX4, and SLC7A11 proteins (Figure
8A, 8B), as well as their total RNA expression.
Conversely, P53 and MMP13 proteins and total
RNA (Figure 8C) were significantly upregulated
in the OA group (all P < 0.001).Based on previ-
ous bioinformatics findings, we performed
experimental analyses, including reverse tran-
scription polymerase chain reaction and west-
ern blot. These analyses revealed significant
differences in targeted protein expression
between the CON and OA groups (Figure 9).
Specifically, MYC protein and its mRNA levels
were significantly higher in the CON group than
in the OA group (P < 0.01), suggesting a more
critical role for MYC in the control group.
Conversely, MMP2 protein and mRNA expres-
sion were significantly elevated in the OA group
relative to the CON group (P < 0.001), indicating
a potential link between MMP2 and OA patho-
logical progression (Figure 9A, 9B). BNIP3 pro-
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Figure 9. Expression of Ferroptosis and cartilage related factor in collected human cartilage tissue. A. Gray value
statistics from western blot for each group. B. Western blot bands in grayscale. C. Histogram statistics of gray val-
ues for QT PCR in each group. Values are expressed as mean + SD, n = 10; *P < 0.05, **P < 0.01, ***P < 0.001,
**%%pP < 0.0001.

tein and mRNA were significantly more abun- pression were significantly greater in the OA
dantin the CON group than in the OA group (P < group compared to the CON group (P < 0.01)
0.001), whereas SPP1 protein and mRNA ex- (Figure 9C), and these results highlight sub-
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stantial differences in the expression levels of
MYC, BNIP3, MMP2, and SPP1 between the
CON and OA groups, possibly reflecting distinct
biological functions and underlying pathologi-
cal mechanisms in each group.

Discussion

Recent studies have underscored the signifi-
cant link between ferroptosis and knee joint
diseases, including OA, rheumatoid arthritis,
and other joint disorders [14]. Iron, vital for cel-
lular function, can induce oxidative stress and
cellular damage when in excess [16]. Abnormal
iron accumulation in joint tissues is closely
associated with inflammatory responses and
cell death [17]. In knee joint diseases, iron over-
load may worsen chondrocyte damage, pro-
mote inflammation, and hasten joint degenera-
tion. Studies indicate a notable relationship
between iron overload in OA patients’ articular
cartilage and the onset of ferroptosis [13],
which may lead to chondrocyte death, affecting
cartilage structure and function. Our findings
demonstrate a significant association between
ferroptosis and the pathogenesis of OA, which
is supported by both in vivo mouse model data
and clinical sample analyses. The observed
pathological changes - including mitochondrial
shrinkage, increased membrane density, iron
deposition, and dysregulation of ferroptosis-
related markers such as GPX4 and p53 - are
consistent with previously established hall-
marks of ferroptosis reported in studies focus-
ing on metabolic and degenerative disorders
[18, 19]. Notably, the upregulation of MMP2
and SPP1 in OA cartilage aligns with findings
[20], who also described their roles in extracel-
lular matrix degradation and inflammation.
Similarly, the central role of genes such as
MYC and BNIP3 in modulating oxidative stress
and mitophagy corroborates earlier work in
cancer and neurodegeneration [15, 21], thou-
gh their involvement in chondrocyte ferroptosis
introduces a novel dimension to OA patho-
physiology. The enrichment of mTOR and HIF-1
signaling pathways further supports the inter-
play between metabolic reprogramming and
ferroptosis, as recently highlighted in studies
on age-related joint degeneration. However,
some of our results, such as the downregula-
tion of MYC in OA tissues, appear to contradict
its previously reported pro-ferroptotic role in
cancer models, suggesting cell- and context-
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specific functions that warrant further in-
vestigation.

Although we made these insights, this study
still has some limitations. The sample size,
especially that of the clinical group, was rela-
tively small, which may affect the general appli-
cability of the research results. Additionally,
although we identified multiple genes and
pathways related to ferroptosis through bioin-
formatics and experimental verification, the
precise mechanism connection between iron
metabolism imbalance, mitochondrial dysfunc-
tion and cartilage degeneration is still not fully
clear. A deeper understanding of the specific
mechanism of ferroptosis in osteoarthritis
may lead to the discovery of new therapeutic
targets and strategies for the early diagnosis,
prevention and treatment of this disease. The
research conducted a systematic exploration
of the impact and regulatory networks of
ferroptosis-associated genes in the degenera-
tion of knee osteoarthritis (KOA) cartilage.
By integrating comprehensive bioinformatics
analyses with in vitro and in vivo experiments,
our results suggest that ferroptosis may drive
the progression of KOA by influencing iron
metabolism, oxidative stress responses, and
cartilage matrix degradation. We identified
key ferroptosis-related genes, including MYC,
MMP2, SPP1, and BNIP3, as potential thera-
peutic targets, and highlighted the involvement
of oxidative stress and hypoxia signaling path-
ways. The functional effects of these genes
and pathways were validated through both ani-
mal and clinical sample experiments. These
findings not only enhance our understanding of
the pathogenic mechanisms underlying KOA
but also provide a foundation for the develop-
ment of novel treatment strategies, ultimately
improving the quality of life for KOA patients.
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