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Abstract

Background Obesity is an important risk factor for osteoarthritis (OA), but the
mechanisms associated with OA progression are still not fully understood. The aim of
this study was to investigate the role of cyclin-dependent kinase 5 (CDK5) in regulating
the peroxisome proliferator-activated receptor gamma (PPARy)/nuclear factor-«B (NF-
kB) signaling pathway and its effect on obesity-related OA.

Methods By analyzing tissue samples from obese and nonobese patients with

OA in conjunction with a high-fat diet (HFD)-induced obese mouse model of OA,
we investigated the expression level of CDK5 and its effects on inflammation and
apoptosis. The role of CDK5 in macrophage polarization and chondrocyte apoptosis
was further explored by gene knockdown and pharmacological intervention.

Results CDKS5 levels were found to be significantly elevated in obese patients with OA,
promoting M1 macrophage infiltration and chondrocyte apoptosis. In the model, CDK5
knockdown attenuated cartilage damage and inhibited PPARy phosphorylation and
NF-kB signaling. In vitro experiments showed that overexpression of CDK5 facilitated
M1 macrophage polarization and chondrocyte apoptosis, and PPARy agonists reversed
these effects. Mechanically, CDK5 binds to PPARy to regulate the NF-kB signaling
pathway.

Conclusion CDK5 promotes the progression of obesity-associated OA through the
PPARY/NF-kB pathway and is a potential therapeutic target in OA, especially in obese
patients.

Keywords CDK5, Obesity-related osteoarthritis, PPARY/NF-kB signaling, Macrophage
polarization, Chondrocyte apoptosis, High-fat diet
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Introduction

Osteoarthritis (OA) and obesity are two major health issues in modern society. Obesity
is associated with the incidence and progression of OA in joints such as the knee and
hand. Obesity doubles the lifetime risk of symptomatic OA in comparison with individu-
als with a body mass index less than 25 [1]. The dynamic environment of the joints is
repeatedly subjected to minor injury as a result of mobility, especially in joints that bear
weight including the knees and hips, leading to ongoing wound healing and repair activi-
ties. This requires anabolic/catabolic enzyme activation within bones and cartilage [2,
3]. Typically, OA has been thought to be noninflammatory, caused by mechanical stress
resulting in cartilage damage [4]. Nevertheless, OA is now widely characterized as a
low-grade chronic inflammatory disease, evidenced by inflammatory cell infiltration in
the synovium [5, 6].

Peroxisome proliferator-activated receptor gamma (PPAR-y), a ligand-activated
transcription factor crucial for lipid homeostasis, exerts a significant effect on modu-
lating inflammation [7, 8]. As previously reported, PPAR-y expression is dramatically
decreased within both obese patients’ infrapatellar fat pad and synovial membrane [9],
which likely contributes to a proinflammatory and procatabolic environment within the
joints, as the activation of PPAR-y within adipose tissues is linked to favorable effects
such as macrophage-induced suppression of proinflammatory cytokines such as resis-
tin, interleukin (IL)-6, and tumor necrosis factor-a (TNF-a) [10]. Interestingly, carti-
lage-specific PPAR-y knock-out mice develop spontaneous OA, indicating that PPAR-y
is vital for maintaining chondrocyte function and inhibiting pro-catabolic pathways by
supporting autophagy [11, 12]. PPAR-y agonists effectively reduce inflammation and
catabolism within articular chondrocytes and synovial fibroblasts [13]. As recently
reported, PPAR activation contributes to OA improvement by several agents/factors
[14—17]. Therefore, the lower expression of PPAR-y in obese patients’ knee joint tissues
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suggests the potential advantages of targeted treatment for this OA subgroup [18]. Pre-
vious studies have shown that inflammatory mediators in OA are regulated by nuclear
factor-xB (NF-«B), a crucial transcription factor in inflammation. Reportedly, inhibition
of NF-kB activation could attenuate OA development [19]. Activation of PPAR-y could
repress the inflammation, as demonstrated by the capacity of PPAR-y agonists to inhibit
the activation of NF-«B signaling and the release of proinflammatory cytokines induced
by lipopolysaccharides [20, 21]. Given the significant decrease in PPAR-y levels observed
in obese individuals with OA, understanding the unknown mechanisms underlying this
reduction could lead to targeted therapies that address the specific inflammatory path-
ways associated with obesity-related OA.

Cyclin-dependent kinase 5 (CDK5) is known to exert a significant effect on a variety of
cellular processes, such as inflammation [22, 23]. Recent studies have identified CDK5
as a mediator of PPARy phosphorylation at Ser273, which leads to a decrease in PPARy
activity [24, 25]. This reduction of PPARY through CDK5-mediated phosphorylation
at Ser273 impairs PPARY’s ability to regulate gene expression related to lipid metabo-
lism and anti-inflammatory responses, thereby facilitating a pro-inflammatory state [24,
25]. Despite the established roles of CDKS5 in inflammation and PPARy regulation, the
specific impact of CDK5-mediated PPARy phosphorylation at Ser273 in the context of
obesity-related OA remains largely unexplored. Notably, Zhang et al. [26] reported that
CDK5 mRNA expression and protein levels were remarkably elevated within IL-1(3-
induced C28/12 cells; CDK5 expression depletion inhibited the apoptosis, inflammatory
response and extracellular matrix (ECM) in C28/12 cells with IL-1pB stimulation. There-
fore, CDK5 has been thought to influence PPARY activity and the subsequent inflam-
matory responses in obesity-related OA through PPARy phosphorylation at Ser273,
facilitating OA development.

In this study, OA lesions and CDKS5 levels in obese patients were examined. The OA
phenotypes and M1 macrophage infiltration in high-fat diet (HFD)-fed, destabiliza-
tion of the medial meniscus (DMM)-induced OA mouse model were assessed. CDK5
was knocked down in the mouse model to investigate its effects on obesity-related OA
cartilage damage and PPARY/NF-kB signaling, as well as synovial M1 macrophage infil-
tration. The impact of CDK5 on free fatty acid-induced macrophage polarization in
RAW264.7 cells and palmitic acid (PA)-induced chondrocyte damage was evaluated.
Finally, the influence of PPAR-y pathway inhibition on CDK5-mediated macrophage
polarization and chondrocyte damage was examined. Collectively, the mechanisms by
which CDK5 and PPARYy interactions contribute to inflammation and OA progression
in obesity were elucidated to provide insights that could inform the development of tar-
geted therapies for obesity-related OA.

Materials and methods

Patient samples

Synovial and cartilage tissues were harvested from six subjects without OA (aged
66.17+5.00 years, one male and five female, body mass index [BMI]<24) under-
going traumatic amputation surgery, six nonobese OA subjects (Thin-OA, aged
64.33 £ 6.62 years, six female, BMI<24), and six obese OA subjects (Obesity-OA, aged
75.83+9.24 years, four male and two female, BMI>30) undergoing joint replacement
surgery in Shenzhen Second People’s Hospital. The clinical information is listed in
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Supplementary Table S1. Specimens underwent immediate freezing within liquid nitro-
gen at —80 °C for subsequent analysis. This study was carried out under the approval of
the institutional review board of Shenzhen Second People’s Hospital, and all participants
provided written informed consent.

Animal models

Male C57BL/6] mice (8 weeks old) were procured from Hunan SJA Laboratory Ani-
mal Co. Ltd and used for in vivo experiments. Mice were divided into six groups (n=9
per group): Sham, HFD + Sham, DMM, HFD + DMM, HED + DMM + Lv-sh-NC, and
HFD + DMM + Lv-sh-CDK5. The DMM surgical procedure to establish the OA model
is described in previous studies [27]. Both knees of mice underwent DMM surgery to
induce OA. A xylazine/ketamine solution was injected intraperitoneally to anesthetize
the animals. After anesthesia, the medial skin of the hindlimbs was disinfected using
iodophor and alcohol. An aseptic medial capsular incision was made to expose the
knee joint, then the medial meniscotibial ligament was resected to dislocate it. Before
the DMM surgery, mice followed either a routine diet (15% energy from fat) or HFD
(60% energy from fat) for 8 weeks. The Sham group was fed a standard diet and sham
surgery, whereas the HFD + Sham group received a HFD for 8 weeks followed by sham
surgery. DMM group received DMM surgery to induce OA. The HFD + DMM group
received a HFD for 8 weeks followed by DMM surgery. For gene knockdown studies, the
HFD + DMM + Lv-sh-NC and HFD + DMM + Lv-sh-CDK5 groups received intra-articu-
lar injections of 10 L lentivirus packaged with short hairpin RNA (shRNA) of CDK5
(sh-CDKS5) or negative control (sh-NC), respectively, at a dose of 1x 10% PFU/mL every
2 weeks post-DMM surgery. Eight weeks after DMM surgery, mice were weighed and
euthanized.The serum, epididymal fat, cartilage, and synovium were collected for further
analysis. For histological analysis, six left knee joint sections were analyzed per group,
and for western blot validation, right knee cartilage tissue from at least three mice per
group was analyzed.

Primary chondrocytes isolation and culture

Primary chondrocytes were isolated from healthy wild-type C57BL/6] mice as previ-
ously described [28]. Briefly, articular cartilage was excised from knee joints, minced
into <1 mm? fragments, and digested in 0.1% collagenase I (17018029, Gibco, Grand
Island, USA) at 37 °C for 4 h. The resulting cell suspension was seeded in T25 flasks
containing Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 (DMEM/F12;
11320033, Gibco) supplemented with 20% fetal bovine serum (FBS, Gibco), 100 U/
mL penicillin, 100 pg/mL streptomycin, and 100 ug/mL gentamicin (Solarbio, Beijing,
China). Cultures were maintained at 37 °C in a humidified 5% CO, incubator. Once
chondrocytes migrated out from explants and reached >80% confluency, medium was
switched to DMEM/F12 with 10% FBS for experimental assays.

Cell culture and treatments

RAW264.7 macrophages (TIB-71) were obtained from the American Type Culture Col-
lection (ATCC) (Manassas, USA) and cultivated in DMEM (30-2002, ATCC) containing
10% FBS and 1% penicillin/streptomycin (PS). After transfection with scrambled control
of small interfering RNA (siRNA) (si-NC), siRNA of CDK5 (si-CDKS5), overexpressed
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control vector (Vector), or CDK5 overexpression (OE) plasmid (CDK5 OE), macro-
phages or chondrocytes were subjected to treatment with 0.5 mmol/L PA for 24 h in
various experimental groups: Control, PA, PA +si-NC, PA +si-CDK5, PA + Vector,
PA + CDKS5 OE, and PA + CDK5 OE + Rosi (1 pM rosiglitazone).

Cell transfection

Transfections were performed using OriTrans® PEI-DNA (ORI2305, OriBio, Changsha,
China) as per the instructions of the manufacturer. RAW264.7 cells or chondrocytes
were subjected to transfection with si-NC, si-CDK5, empty vector, or CDK5 overex-
pression plasmids. For each well of a six-well plate, 4 pg of plasmid DNA or 40 pmol
of siRNA was used. Cells were subjected to 6-h incubation with the transfection mix-
ture, then the medium was replaced with fresh growth medium. Transfection efficien-
cies were confirmed using quantitative real-time reverse-transcriptase polymerase chain
reaction (qQRT-PCR). The sequences of overexpressing vector and siRNA sequence are
listed in Supplementary Table S2.

Immunoblotting

Protein extracts from tissues and cultured cells were prepared with radioimmunopre-
cipitation assay (RIPA) lysis buffer containing protease and phosphatase inhibitors. Pro-
tein concentrations were determined using the bicinchoninic acid (BCA) protein assay
kit (Thermo Fisher Scientific, Waltham, USA). Following electrophoresis by sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE), the separated proteins
(30 pg) were electroblotted from the gel to polyvinylidene fluoride (PVDF) membranes.
Membranes were subjected to 1-h blocking at room temperature (RT) using 5% skim
milk in Tris-buffered saline with Tween 20 (TBS-T), followed by an overnight incuba-
tion at 4 °C using primary antibodies against CDK5 (10430-1-AP, Proteintech, Wuhan,
China), reduced glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (60004-1-1G,
Proteintech), PPARY (16643-1-AP, Proteintech), p-PPARy (BS-4888R, Bioss, Woburn,
USA), p65 (BF8005, Affinity, Changzhou, China), p-p65 (AF2006, Affinity), Aggrecan
(DF7561, Affinity), collagen II (AF0135, Affinity), cleaved caspase-3 (25128-1-AP, Pro-
teintech), Bax (50599-2-Ig, Proteintech), and Bcl2 (26593-1-AP, Proteintech). Mem-
branes were washed, followed by 1-h incubation at RT using horseradish peroxidase
(HRP)-labeled secondary antibodies. An enhanced chemiluminescence (ECL) detection
system (Bio-Rad, Hercules, USA) was utilized to visualize protein bands. The intensity
of protein bands was quantified with Image] software (National Institutes of Health,
Bethesda, USA) and normalized to GAPDH.

Histological examination

Knee joint tissue samples were subjected to 48 h of fixing with 4% paraformaldehyde,
3 weeks of decalcification with 10% ethylenediaminetetraacetic acid (EDTA), paraffin
embedding, and cutting into 5-um slices. Slices were subjected to staining with hema-
toxylin and eosin (H&E) (C0105S, Beyotime, Shanghai, China) and Safranin O/Fast
Green (G1053, Servicebio, Wuhan, China) as per the instructions of the manufacturer
to evaluate histopathological changes. The Osteoarthritis Research Society International
(OARSI) scoring system was employed to evaluate the severity of OA in the medial fem-
oral condyle and medial tibial plateau [29]. Synovitis severity was estimated on the basis
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of synovial lining cell layer enlargement, resident cell density, and inflammatory infiltra-
tion. A nine-point scale was used, where low scores indicated moderate synovitis and
high scores represented severe synovitis [30]. The OARSI score and synovitis score were
evaluated in blinded fashion by two independent pathologists.

Immunohistochemical (IHC) staining

After being deparaffinized and rehydrated, slices were subjected to antigen retrieval in
citrate buffer (pH 6.0). Hydrogen peroxide (3%) was used to quench endogenous per-
oxidase activity. Next, slices were subjected to blocking with 5% bovine serum albumin
(BSA), followed by overnight incubation at 4 °C using primary antibodies against cleaved
caspase-3 (25128-1-AP, Proteintech) and inducible nitric oxide synthase (INOS) (22226-
1-AP, Proteintech). Slices were washed, followed by incubation with biotinylated sec-
ondary antibodies. The avidin—biotin complex (ABC) kit (Vector Laboratories, Newark,
USA) and 3,3’-diaminobenzidine (DAB) substrate were employed to visualize slices. The
staining signals of targeted proteins were observed under light microscopy. The levels of
cleaved caspase-3 and INOS were analyzed and quantified using Image] software.

Immunofluorescence (IF) staining

After being deparaffinized and rehydrated, slices were subjected to antigen retrieval.
Slices were subjected to blocking with 5% BSA, followed by overnight incubation at 4 °C
with primary antibodies against INOS (22226-1-AP, Proteintech). Slices were washed,
followed by 1-h incubation in the dark at RT with Alexa Fluor 488-labeled secondary
antibodies (Invitrogen). After counterstaining nuclei with 4’,6-diamidino-2-phenylin-
dole (DAPIL; Invitrogen), an antifade mounting medium was utilized to mount slices. A
fluorescence microscope was applied to capture fluorescence images. The fluorescence
intensity of INOS was analyzed and quantified using Image]J software.

Flow cytometry
To assess macrophage polarization, RAW264.7 cells were harvested and stained with
anti-INOS (12-5920-82, Invitrogen, Carlsbad, USA) and anti-CD206 (141706, Bioleg-
end, San Diego, USA) antibodies. Cells were subjected to 30-min incubation at 4 °C away
from light with antibodies, rinsed, and analyzed with a BD FACSCalibur flow cytometer.
Chondrocyte apoptosis was detected using Annexin-V/PI staining. Cells were sub-
jected to staining with Annexin-V-fluorescein isothiocyanate (FITC) and propidium
iodide (PI) as per the protocols of the manufacturer’s instructions (BD Biosciences, San
Jose, USA), and flow cytometry was employed to analyze. FlowJo software was applied to
analyze data.

gRT-PCR

TRIzol reagent (Invitrogen) was employed to extract total RNA from tissue samples and
cell lines. A Nanodrop spectrophotometer (Thermo Fisher Scientific) was employed
to determine RNA concentrations. A High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Waltham, USA) was utilized to synthesize cDNA from 1 pg of
RNA. SYBR Green Master Mix (Applied Biosystems) on a QuantStudio 3 real-time PCR
system (Applied Biosystems) was applied to perform qPCR. The following primers were
used: CDK5, PPARY, INOS, TNF-a, Arg-1, IL-10, and GAPDH (Supplementary Table
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S2). The 2724t method was employed to calculate relative gene expression levels, with
normalization to GAPDH.

Serum biochemistry

Commercial kits (A110-1-1 for triglycerides (TG) and A111-1-1 for total cholesterol
(T-CHO), Nanjing Jiancheng Bioengineering Institute, Nanjing, China) were used as per
the protocols of the manufacturer to measure serum levels of TG and T-CHO. Cardiac
puncture was utilized to collect blood specimens, and 15-min centrifugation (3000 rpm)
at 4 °C was conducted to separate serum.

Co-immunoprecipitation (Co-IP) assay

RAW?264.7 macrophages and chondrocytes were lysed in non-denaturing buffer. Pro-
tein concentration was measured using a BCA assay, and equal amounts (~ 500 pg) were
incubated overnight at 4 °C with 2 pg of anti-CDKS5 antibody or control immunoglobulin
G (Ig@Q). The complexes were captured using Protein A/G magnetic beads (P2108, Beyo-
time) for 2 h at 4 °C. After washing beads three times with lysis buffer, bound proteins
were eluted in SDS sample buffer, resolved by SDS-PAGE, and analyzed via Western blot
using anti-PPARy and anti-CDK5 antibody. To assess the effect of Rosi, cells were pre-
treated with 1 uM Rosi for 24 h before lysis. All co-IP experiments were conducted in
biological triplicates. Input and IgG controls were included to confirm specificity.

Chromatin immunoprecipitation (ChIP)

Crosslinked chromatin from RAW?264.7 macrophages or chondrocytes (~5x10° cells)
was sonicated to~200-500 bp fragments. Immunoprecipitation was performed using
anti-PPARYy antibody or control IgG incubation overnight, with complexes captured on
Protein A/G magnetic beads (P2080S, Beyotime). Following sequential low/high-salt
washes, DNA-protein crosslinks were reversed, and DNA was purified using a stan-
dard Clean Up kit (D0041S, Beyotime). Enrichment of PPARy binding at predicted sites
within the IkBa promoter (~2.0 kb upstream) was assessed via qPCR and calculated as
percentage input using the ACt method. Each condition was performed in biological
triplicates.

Luciferase reporter assay

To assess the effect of CDK5 on IkBa promoter transcriptional activity, a 2.0-kb fragment
of the mouse IkBa promoter (—2000 to + 1 bp relative to the transcription start site) was
cloned upstream of the firefly luciferase gene in the psicheck-2 vector (psicheck-2-IkBa-
Luc). RAW264.7 macrophages or chondrocytes were seeded in 24-well plates and co-
transfected with psicheck-2-IkBa-Luc, 50 ng of Renilla luciferase control plasmid, and
CDK5 OE or empty vector. After 24 h, cells were treated with or without 1 uM Rosi for
an additional 24 h. Firefly and Renilla luciferase activities were measured using the Dual-
Luciferase Reporter System (Promega, Madison, USA). The primers for vector construc-
tion are listed in Supplementary Table S2.

Statistical analysis
The cell experiments were performed at least three times. The animal experiments were
performed at least six times. GraphPad Prism 8.0 software (GraphPad Software, San



Li et al. Cellular & Molecular Biology Letters (2025) 30:135 Page 8 of 24

Diego, USA) was applied to analyze all data. Results are presented as mean + standard
deviation (SD) of at least three independent experiments. The Shapiro—Wilk test was
utilized to assess the data distribution normality. For normally distributed data, one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test was performed to assess
differences among groups, and Student’s ¢-test was conducted to assess differences
between groups. The Kruskal-Wallis test followed by Dunn’s post hoc test was applied
to analyze non-normally distributed data. A p-value greater than 0.05 means that no sig-
nificant effect was observed.

Results

Increased severity of OA lesions and elevated CDKS5 levels in obese patients with OA
Synovial and cartilage samples were collected from participants without OA (control),
nonobese patients with OA (Thin-OA), and obese patients with OA (Obesity-OA).
H&E staining revealed distinct cartilage morphologies across the groups: samples from
patients in the Thin-OA group exhibited superficial erosion of the articular surface,
while Obesity-OA samples showed more extensive degradation, including deeper car-
tilage loss and a marked reduction in chondrocyte granules. In contrast, cartilage from
healthy controls maintained a smooth articular surface with abundant chondrocyte
granules (Fig. 1A). The OARSI scores were consistent with histological findings, which
revealed that Thin-OA group had significantly higher cartilage scores compared with
healthy control group, while the Obesity-OA group had highest OARSI score (Fig. 1B).
The severity of synovial inflammation and hyperplasia was progressively increased
across the groups. Control samples exhibited normal synovial architecture with minimal
inflammation. In contrast, the Thin-OA group showed moderate synovial hyperplasia,
inflammatory cell infiltration, and higher synovitis score, while the Obesity-OA group
displayed pronounced synovial thickening, severe inflammatory infiltration, and high-
est synovitis score, indicating a significant exacerbation of synovial pathology in obese
patients with OA (Fig. 1C, D). CDK5 levels were significantly elevated in both synovial
and cartilage tissues of the patients in the Obesity-OA group in comparison with normal
controls and patients in the Thin-OA group (Fig. 1C, D).

HFD-induced obesity exacerbates DMM-induced OA and M1 macrophage infiltration in
mice

Mice were allocated at random into four groups: Sham, HFD+Sham, DMM, and
HFD + DMM. The OA model was established in mice as described, with a normal diet
or HFD administered to model mice. Metabolic parameters were first evaluated in mice.
The body weight was significantly increased in the HFD + Sham mice relative to the
Sham mice (Supplementary Fig. S1A). The HFD + DMM group also exhibited a remark-
able increase relative to the DMM mice (Supplementary Fig. S1A). The impact of HFD
on lipid metabolism was assessed by measuring serum TG and T-CHO levels. Com-
pared with the Sham group, HFD + Sham showed significantly elevated TG and T-CHO;
compared with the DMM group, HFD + DMM group saw remarkably increased TG and
T-CHO levels as well (Supplementary Fig. S1B). Consistently, H&E staining of epidid-
ymal fat pads revealed that adipocytes were remarkably larger within the HFD + Sham
mice relative to the Sham mice, and the HFD+ DMM group also showed enlarged
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Fig. 1 Increased severity of OA lesions and elevated CDKS5 levels in obese patients with OA. Synovial and cartilage
samples were collected from six participants without OA (control), six nonobese patients with OA (Thin-OA), and
six obese patients with OA (Obesity-OA). A H&E staining was performed on cartilage tissues to evaluate the sever-
ity of cartilage degradation and OA pathology. B The severity of articular cartilage damage was evaluated using the
Osteoarthritis Research Society International (OARSI) scoring system. C H&E staining was performed on synovial
tissue samples to evaluate the severity of synovial inflammation and hyperplasia. D The quantification of synovitis
score was evaluated the synovitis severity of synovial tissues. N=6. E, F Immunoblotting was performed to exam-
ine CDK5 levels in synovial and cartilage tissues. N=3 (biological replicates). **p <0.01; #p <0.05

adipocytes compared with the DMM group, supporting the serum lipid level findings
and indicating adipose tissue hypertrophy as a response to HFD (Supplementary Fig.
S1C).

The severity of cartilage degradation and OA pathology was evaluated by performing
H&E staining upon cartilage tissues. The results showed that the Sham group exhibited
normal cartilage structure with no signs of degradation. In contrast, the HFD + Sham
group displayed slight cartilage alterations, while the DMM group showed moderate car-
tilage degradation and OA pathology. The HFD + DMM group exhibited the most severe
cartilage degradation and OA pathology, indicating that HFD-induced obesity exacer-
bates the severity of DMM-induced OA (Fig. 2A). There were no significant differences
in knee OA OARSI scores between Sham and HFD + Sham group. However, the OARSI
score was significantly elevated in DMM and HFD + DMM group, with the HFD + DMM
group having the highest OARSI score (Fig. 2E). Proteoglycan loss and cartilage matrix
degradation were assessed by performing Safranin O/Fast Green staining of cartilage tis-
sues. Control samples from the Sham group displayed intact cartilage matrix with sig-
nificant Safranin O staining, indicating elevated proteoglycan levels. The HFD + Sham
group showed mild proteoglycan loss, while the DMM group exhibited moderate deg-
radation of the cartilage matrix. The HFD + DMM group displayed extensive loss of
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Fig. 2 HFD-induced obesity exacerbates DMM-induced OA and M1 macrophage infiltration in mice. Mice were
randomly allocated into four groups: Sham, HFD + Sham, DMM, and HFD+DMM groups, and the OA model was
established in mice as described; normal diet or HFD was administered to model mice. A H&E staining was per-
formed on cartilage tissue samples to evaluate the severity of cartilage degradation and OA pathology. B Safranin
O/Fast Green staining was performed on cartilage tissues to assess proteoglycan loss and cartilage matrix deg-
radation. C IHC staining for cleaved caspase-3 was conducted on cartilage tissue samples to evaluate apoptosis.
D IF staining was performed to detect INOS + cells in synovial tissues to assess M1 macrophage infiltration. E The
severity of articular cartilage damage was evaluated using the OARSI scoring system. F Quantification of cleaved
caspase-3 positive cell intensity based on the IHC staining of the cartilage tissues. G Quantification of INOS fluores-
cence intensity based on the IF staining of the cartilage tissues. H, Il Ilmmunoblotting was performed to determine
CDKS5 levels in cartilage and synovial tissues. N=6 (biological replicates) for A-G and N=3 (biological replicates) for
Hand . **p<0.01; #p <0.05, ##p <0.01

Safranin O staining and remarkable structural damage to the cartilage matrix, further
confirming that obesity worsens DMM-induced cartilage degradation (Fig. 2B).

IHC staining for cleaved caspase-3 was conducted on cartilage tissue samples to eval-
uate apoptosis. The Sham and HFD + Sham group showed minimal cleaved caspase-3
staining, indicating low levels of apoptosis. The DMM group showed a more pronounced
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increase with cleaved caspase-3-positive cells. The HFD+ DMM group exhibited a
remarkable increase of cleaved caspase-3 staining relative to the other groups, suggest-
ing that HFD-induced obesity exacerbates apoptosis in DMM-induced OA (Fig. 2C, F).

IF staining was performed to detect INOS™ cells in synovial tissues and assess M1 mac-
rophage infiltration. The Sham group showed low levels of INOS™ cells. The HED + Sham
group had a moderate increase in INOS* cells, while the DMM group displayed a
remarkable increase within M1 macrophage infiltration. The HFD + DMM group exhib-
ited the highest levels of INOS" cells, indicating that obesity significantly enhances M1
macrophage infiltration in the context of DMM-induced OA (Fig. 2D, G).

Immunoblotting was performed to determine CDKS5 levels within cartilage and syno-
vial tissue samples. The results showed low CDK5 expression levels within the cartilage
and synovial tissue samples in the Sham mice. The HFD + Sham mice exhibited a slight
elevation within CDKS5 levels, while the DMM group showed a moderate increase. The
HFD + DMM group displayed the highest CDK5 expression levels within both cartilage
and synovial tissue samples, suggesting that HFD-induced obesity significantly upregu-
lates CDKS5 in cartilage and synovial tissues in DMM-induced OA (Fig. 2H, 2I). These
data suggest that obesity exacerbates DMM-induced OA in mice and increases CDK5
levels.

CDKS5 knockdown inhibits obesity-related osteoarthritis cartilage damage and modulates
the PPARY/NF-kB pathway

To investigate the effect of CDK5 knockdown upon obesity-associated OA cartilage
damage and the modulation of PPARY/NF-«kB signaling, model mice were injected with
negative control lentivirus (Lv-sh-NC) or lentivirus containing short hairpin RNA tar-
geting CDK5 (Lv-sh-CDXKS5). The protein level of CDKS5 in cartilage and synovial tissues
was detected by Immunoblotting. CDK5 knockdown significantly reduced the levels
of CDK5 in cartilage and synovial tissues, indicating good transfection efficiency (Sup-
plementary Fig. S2A, B). H&E staining of cartilage tissue showed a significant reduc-
tion in cartilage damage in the HFD + DMM + Lv-sh-CDK5 group compared with the
HED + DMM and HED + DMM + Lv-sh-NC groups (Fig. 3A). The OARSI score was
significantly reduced in the HFD + DMM + Lv-sh-CDK5 group when compared with
the HFD + DMM and HFD + DMM + Lv-sh-NC groups (Fig. 3B). Similarly, Safranin O/
Fast Green staining revealed that the HFD + DMM + Lv-sh-CDK5 group exhibited less
cartilage degradation compared with the HFD+DMM and HFD + DMM + Lv-sh-NC
groups (Fig. 3C). IHC staining for cleaved caspase-3 in cartilage tissue indicated that the
HFD + DMM + Lv-sh-CDK5 group exhibited a dramatically reduced level of apoptosis
in comparison with the HFD + DMM and HFD + DMM + Lv-sh-NC groups (Fig. 3D, E).
CDK5 knockdown markedly elevated aggrecan and collagen II proteins in mice cartilage
tissues compared with the HFD + DMM and HFD + DMM + Lv-sh-NC groups (Fig. 3F).
Immunoblotting also demonstrated that p-PPARy (Ser273) and p-p65 levels were con-
siderably reduced within the HFD + DMM + Lv-sh-CDK5 group compared with the
HFD + DMM and HFD + DMM + Lv-sh-NC groups, suggesting that CDK5 knockdown
suppressed the phosphorylation of PPARy at Ser273, as well as p65 phosphorylation
(Fig. 3G).
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CDK5 knockdown inhibits M1 macrophage infiltration and modulates the PPARy/NF-kB
pathway in synovial tissues of obesity-related OA mice

To explore the effect of CDK5 knockdown upon synovial M1 macrophage infiltration
and the modulation of PPARY/NF-kB signaling in synovial tissues of obesity-related
OA mice, related factors were examined in synovial tissues. Significantly lower syno-
vial INOS levels were revealed in the HFD + DMM + Lv-sh-CDK5 group by IF stain-
ing compared with the HFD + DMM and HFD + DMM + Lv-sh-NC groups (Fig. 4A, B).
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Consistently, the levels of p-PPARY (Ser273) and p-p65 were reduced in mice synovial
tissues from the HFD + DMM + Lv-sh-CDKS5 group compared with the HFD + DMM and
HFD + DMM + Lv-sh-NC groups (Fig. 4C), suggesting that CDK5 knockdown could sig-
nificantly inhibit synovial M1 macrophage infiltration and modulate the PPARy/NF-xB
pathway in the synovial tissues of mice.

CDKS5 affects palmitic acid (PA)-induced macrophage polarization

To explore the effect of CDK5 upon PA-induced macrophage polarization and chondro-
cyte damage in vitro, small interfering RNA (siRNA) against CDK5 (siCDK5#1/2/3) or
plasmid overexpressing CDK5 (CDK5 OE) was transfected into RAW264.7 macrophages
and chondrocytes; CDK5 knockdown and overexpression were detected by qRT-PCR
(Supplementary Fig. S2C—F). siCDK5#1 was used in the following experiments owing to
its better interference efficiency (Supplementary Fig. S2E, F).

Next, RAW264.7 macrophages were transfected with siCDK5 or CDK5 OE and evalu-
ated for macrophage polarization. gRT-PCR showed that PA treatment significantly
increased the mRNA expression of both M1 (INOS and TNF-a) and M2 (Arg-1 and
IL-10) polarization markers compared with the control group (Fig. 5A). CDK5 knock-
down (PA +siCDKS5) reduced the expression levels of M1 markers (INOS and TNF-«)
compared with the PA and PA +si-NC groups, while CDK5 overexpression (PA + CDK5
OE) further increased M1 marker levels in comparison with the PA and PA +vector
groups (Fig. 5A). Conversely, M2 marker levels were increased within the CDK5 knock-
down group in comparison with the PA and PA +si-NC groups, but reduced within the
CDKS5 overexpression group in comparison with the PA and PA + vector groups (Fig. 5A).
Flow cytometry (FC) analysis indicated that PA treatment dramatically increased the
INOS™ M1 macrophage percentage in comparison with normal controls; under PA treat-
ment, CDK5 knockdown reduced the INOS™ M1 macrophage percentage in compari-
son with the PA and PA +5i-NC groups, while CDK5 overexpression increased the M1
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macrophage percentage compared with the PA and PA +vector groups (Fig. 5B). Simi-
larly, PA treatment also remarkably elevated the CD206" M2 macrophage percentage
in comparison with normal controls; under PA treatment, CDK5 knockdown elevated
the CD206"* M2 macrophage percentage in comparison with the PA and PA +5i-NC
groups, while CDK5 overexpression decreased the CD206* M2 macrophage percent-
age compared with the PA and PA +vector groups (Fig. 5C). The ratio of INOS/CD206
was calculated to assess macrophage polarization. Compared with the control group,

PA treatment elevated the INOS/CD206 ratio (Fig. 5D). CDK5 knockdown resulted in
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a lower INOS/CD206 ratio in comparison with the PA and PA +si-NC groups, indicat-
ing a shift toward M2 polarization. In contrast, CDK5 overexpression led to a higher
INOS/CD206 ratio, indicating a shift toward M1 polarization (Fig. 5D). Immunoblot-
ting revealed that PA treatment facilitated the PPARy at Ser273 phosphorylation and
p65 phosphorylation compared with the control group (Fig. 5E). CDK5 knockdown sup-
pressed, whereas CDK overexpression facilitated the PPARy at Ser273 phosphorylation
and p65 phosphorylation compared with the PA and PA +si-NC/Vector groups (Fig. 5E).
Taken together, CDK5 exerts a significant effect on modulating macrophage polarization
upon PA treatment, possibly through PPARY/NF-«B signaling.

CDK5 affects PA-induced chondrocyte damage

To explore the effect of CDK5 upon PA-elicited chondrocyte damage, primary mouse
chondrocytes were transfected with siCDK5 or CDK5 OE under PA treatment and
examined for related indexes. FC analysis revealed that PA treatment significantly
increased chondrocyte apoptosis compared with the Control group. Under PA treat-
ment, CDK5 knockdown reduced apoptosis levels compared with the PA and PA +si-NC
groups, while CDK5 overexpression further increased apoptosis levels (Fig. 6A). Consis-
tently, PA treatment elevated the cleaved caspase-3 levels and the Bax/Bcl-2 ratio com-
pared with the Control group. Under PA treatment, CDK5 knockdown decreased the
cleaved caspase-3 levels and Bax/Bcl-2 ratio in comparison with the PA and PA +si-NC
groups. Conversely, CDK5 overexpression further increased cleaved caspase-3 levels
and Bax/Bcl-2 ratio (Fig. 6B). Immunoblotting for PPARy, p-PPARy (Ser273), p-p65,
and p65 revealed that, under PA treatment, CDK5 knockdown suppressed PPARy phos-
phorylation at Ser273 and p65 phosphorylation in chondrocytes compared with the PA
and PA +si-NC groups, whereas CDK5 overexpression had the opposite effect, with
enhanced PPARy phosphorylation at Ser273 and p65 phosphorylation (Fig. 6C). In sum-
mary, CDK5 exerts a crucial effect on regulating chondrocyte apoptosis and damage in
response to PA; the PPARy/NF-kB pathway could also be involved.

PPARY/NF-kB signaling mediates effects of CDK5 on PA-induced macrophage polarization

To investigate the effect of PPARy/NF-kB signaling in mediating the effects of CDK5
on PA-induced macrophage polarization, PA-treated RAW?264.7 cells were transfected
with CDK5 OE with or without treatment with rosiglitazone (Rosi), a PPARy agonist
that inhibits PPARy phosphorylation at Ser273. qRT-PCR analysis revealed that, in
PA-treated macrophages, CDK5 OE further elevated the levels of M1 markers com-
pared with the PA and PA + Vector groups, while Rosi treatment (PA + CDK5 OE + Rosi)
reduced these markers induced by CDK5 OE. Conversely, CDK5 OE decreased the lev-
els of M2 markers (Arg-1 and IL-10), while Rosi treatment further increased these lev-
els (Fig. 7A). Consistently, FC analysis of INOS* macrophages indicated that CDK5 OE
dramatically elevated the M1 macrophage percentage in comparison with the PA and
PA + Vector mice. Rosi treatment decreased the M1 macrophage percentage within the
CDKS5 OE group (Fig. 7B). In addition, CDK5 OE decreased the percentage of M2 mac-
rophages in comparison with the PA and PA + Vector mice. Rosi treatment elevated the
M2 macrophage percentage in the CDK5 OE group (Fig. 7C). The INOS/CD206 ratio
was calculated to assess macrophage polarization; CDK5 OE resulted in a higher INOS/
CD206 ratio in comparison with the PA and PA + Vector mice, whereas Rosi treatment
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Fig.6 CDKS5 affects PA-induced chondrocyte damage. Mouse chondrocytes were transfected with siCDK5 or CDK5
OE. A FC was performed to determine cell apoptosis. B Immunoblotting was performed to determine the protein
levels of cleaved-caspase3, Bax, and Bcl2. C Immunoblotting was performed to determine PPARy, p-PPARy (Ser273),
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reduced the INOS/CD206 ratio in the CDK5 OE group, indicating a shift toward M2
polarization (Fig. 7D). Furthermore, CDK5 OE elevated p-PPARYy (Ser273) and p-p65
levels within macrophages compared with the PA and PA + Vector groups, whereas Rosi
treatment reduced p-PPARYy (Ser273) and p-p65 levels within the CDK5 OE group, sug-
gesting that Rosi suppressed CDK5 overexpression-induced PPARy phosphorylation at
Ser273 and p65 phosphorylation (Fig. 7E). In summary, PPARy/NF-«B signaling medi-
ates the effects of CDK5 upon PA-induced macrophage polarization, with CDK5 pro-
moting M1 polarization and Rosi treatment mitigating these effects by inhibiting PPARy
phosphorylation.

PPARY/NF-kB signaling mediates effects of CDK5 on PA-induced chondrocyte damage

To explore the effect of PPARY/NF-«kB signaling on mediating the effects of CDK5
upon PA-induced chondrocyte damage, PA-treated primary mouse chondrocytes were
transfected with CDK5 OE with or without treatment with Rosi and examined for
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All N=3 (biological replicates). **p < 0.01; ##p < 0.01

related indexes. Under PA treatment, CDK5 overexpression further increased apop-
tosis, while Rosi treatment (PA + CDK5 OE + Rosi) reduced the apoptosis compared
with the PA + CDK5 OE group (Fig. 8A). Regarding apoptotic markers, CDK5 overex-
pression further increased cleaved caspase-3 levels and Bax/Bcl-2 ratio. Rosi treat-
ment mitigated these effects, showing lower cleaved caspase-3 levels and Bax/Bcl-2
ratio compared with the PA + CDK5 OE chondrocytes (Fig. 8B). Immunoblotting for
PPARY, p-PPARYy (Ser273), p-p65, and p65 revealed that CDK5 overexpression elevated
p-PPARy (Ser273) and p-p65 levels within chondrocytes in comparison with the PA
and PA + Vector group, whereas Rosi treatment decreased p-PPARy (Ser273) and p-p65
levels compared with the PA + CDK5 OE group, suggesting that Rosi suppressed CDK5
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overexpression-induced PPARy phosphorylation at Ser273 and p65 phosphorylation in
chondrocytes (Fig. 8C). Moreover, CDK5 overexpression notably promoted the levels of
inflammatory factors INOS, TNF-a, and IL-6 within chondrocytes in comparison with
the PA and PA + Vector group, whereas Rosi treatment decreased INOS, TNF-a, and

IL-6 levels compared with the PA + CDK5 OE group (Fig. 8D).

CDKS5 binds to PPARYy to regulate the NF-kB signaling pathway

Finally, whether CDK5 interacts directly with PPARy to influence downstream NF-kB
activation was investigated. Co-IP assays in both RAW?264.7 macrophages and chon-
drocytes revealed a direct CDK5-PPARY complex, which was significantly reduced fol-
lowing Rosi treatment (Supplementary Fig. S3A, B). Studies have shown that PPARy
promotes the expression of inhibitor of nuclear factor kappa-B alpha (IkBa), thereby
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inhibiting p65 phosphorylation [31, 32]. In addition, PPARy can bind to the promoter
of IkBa as a transcription factor [33]. Hence, the effects of CDK5 on the IkBa level in
macrophages and chondrocytes were explored. PCR results showed that, under PA
treatment, a downregulation of IkBa mRNA occurred in both cell types upon CDK5
overexpression, with IkBa mRNA levels rescued by Rosi treatment (Supplementary
Fig. S3C, D). Bioinformatic analysis using JASPAR identified high-affinity PPARy bind-
ing motifs approximately 2 kb upstream of the IkBa promoter (Fig S3E). Functional
ChIP-qPCR confirmed that CDK5 overexpression decreased PPARy enrichment at the
IxkBa promoter, while Rosi treatment restored this binding in both macrophages and
chondrocytes (Supplementary Fig. S3F, G). Correspondingly, luciferase reporter assays
demonstrated that CDK5 overexpression suppressed IkBa transcriptional activity in
both macrophages and chondrocytes, an effect that was reversed by Rosi treatment
(Supplementary Fig. S3H, I). These findings demonstrate that CDK5 modulates NF-kB
signaling by physically binding to PPARY, disrupting PPARy-mediated IxBa transcrip-
tion, and promoting NF-«B activation.

Discussion
The main findings of the present study demonstrate that mechanical destabilization by
DMM induces CDKS5 expression in joint tissues, and that obesity further amplifies CDK5
activation, leading to exacerbated OA pathology. In vivo, CDK5 knockdown alleviates
obesity-related OA by reducing inflammation and protecting cartilage integrity through
PPARY/NF-«B signaling. In vitro studies reveal that CDK5 modulates PA-induced polar-
ization of macrophages and chondrocyte apoptosis. Mechanistically, CDK5 directly
binds PPARy and facilitates the phosphorylation of PPARYy at Ser273, then inhibiting
PPARy-dependent transcription of IkBa, which in turn unleashes the NF-«xB pathway.
Obesity is the greatest modifiable OA risk factor [34—36]. Herein, analyses of syno-
vial tissues of obese patients with OA exhibited pronounced hyperplasia and severe
inflammatory infiltration, contrary to the mild synovial hyperplasia and moderate
inflammatory cell infiltration found within nonobese patients with OA [37, 38]. Further
assessment of cartilage tissues revealed severe cartilage matrix degradation within obese
patients with OA, marked by extensive loss of proteoglycan content and significant
structural damage, in contrast to the mild to moderate proteoglycan loss and early signs
of degradation observed in nonobese patients with OA [39, 40]. These observations indi-
cate that obesity significantly exacerbates synovial inflammatory infiltration and carti-
lage degradation in OA. Furthermore, HFD administration exacerbated DMM-induced
synovial M1 macrophage infiltration and cartilage degradation in OA mice, supporting
observations from human clinical samples. More importantly, elevated levels of CDK5
were observed in both synovial and cartilage tissues of obese patients with OA as well
as in synovial and cartilage tissues of OA mice. CDK5 has been regarded as a media-
tor of PPARy phosphorylation at Ser273, leading to decreased PPARYy activity [24, 25]
and impaired PPARY regulation of lipid metabolism and anti-inflammatory responses,
thereby facilitating a pro-inflammatory state [24, 25]. These findings suggest that CDK5
might link obesity and OA progression by promoting inflammatory responses and car-
tilage degradation through modulation of the PPARy pathway. It is worth noting that
CDK5 expression was elevated in DMM-operated knees even in the absence of obe-
sity, indicating that mechanical injury alone initiates CDK5 activation. However, mice
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subjected to both HFD and DMM exhibited significantly higher CDK5 expression and
more severe cartilage degeneration than the DMM-alone group, demonstrating that
obesity acts as an amplifier, rather than the primary trigger. This pattern may suggest
a two-step pathological model. DMM-induced cartilage damage may activate CDKS5,
while obesity-related inflammatory signaling may further boost CDK5/PPARYy activity,
thereby exacerbating joint pathology.

To validate the hypothesis, an obese OA model was established in mice and CDK5
knockdown was conducted in model mice. In vivo studies demonstrated that CDK5
knockdown in obese OA mice led to significant reductions in cartilage damage, as well
as synovial M1 macrophage infiltration. Reportedly, the apoptosis of chondrocytes
could participate in articular cartilage damage within osteoarthritis and is associated
with cartilage diseases; in OA, chondrocytes gain apoptotic and necrotic morphology
[41]. M1 macrophages aggregated more within the synovial membrane of experimen-
tal OA compared with M2 macrophages and worsened OA development, whereas M2
macrophages might elicit cartilage synthesis and repress the apoptosis of chondrocytes
[42—-44]. Therefore, CDK5 might affect the severity of OA in obesity through synovial
M1 macrophage infiltration and chondrocyte apoptosis. More importantly, the effects
of CDK5 were associated with a decrease in the phosphorylation of PPARy and NF-xB
pathways, which are key players in inflammatory and apoptotic processes [45, 46]. Spe-
cifically, phosphorylation of PPARy at Ser273 impairs its anti-inflammatory and lipid
metabolic functions [24, 25]. Thus, CDK5 knockdown alleviated obesity-related OA
by reducing inflammation and protecting cartilage integrity, possibly through PPARy/
NF-kB signaling.

In vitro studies with RAW?264.7 macrophages and primary chondrocytes provided fur-
ther support of our in vivo findings. In macrophages, CDK5 overexpression facilitated
M1 polarization, marked by increased levels of inflammatory markers including INOS
and TNF-«, while CDK5 knockdown promoted M2 polarization, characterized by anti-
inflammatory markers including Arg-1 and IL-10 [47, 48]. This polarization shift was
further supported by flow cytometer analysis, showing decreased INOS*/CD206" ratios
in CDK5-knockdown cells, indicating a shift toward an anti-inflammatory phenotype. In
chondrocytes, CDK5 overexpression elevated apoptosis, as demonstrated by increased
cleaved caspase-3 levels and Bax/Bcl-2 ratio, while its knockdown reduced apoptosis,
suggesting that CDK5 knockdown decreases chondrocyte death in OA. These in vitro
findings are similar to our earlier in vivo findings that CDK5 knockdown reduces carti-
lage damage and inflammation in obese OA mice by shifting macrophage polarization
toward an anti-inflammatory phenotype (reducing synovial M1 macrophage infiltration)
and protecting chondrocytes from apoptosis.

To further investigate the mechanism by which CDK5 exacerbates obesity-related
OA, the study explored the effects of rosiglitazone, a PPARy agonist that inhibits PPARy
phosphorylation at Ser273 [49], on CDK5-overexpressing macrophages and chondro-
cytes. Treatment with rosiglitazone in CDK5-overexpressing macrophages reduced the
expression of M1 markers (INOS and TNF-a) and increased M2 markers (Arg-1 and
IL-10), indicating a shift toward an anti-inflammatory phenotype. This was corroborated
by a decreased INOS*/CD206" macrophage ratio, demonstrating a balance toward M2
polarization. Similarly, in CDK5-overexpressing chondrocytes, rosiglitazone treatment
reduced apoptosis and levels of proapoptotic markers, including cleaved caspase-3 and
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Bax, while increasing the antiapoptotic marker Bcl-2 [50, 51]. These changes were asso-
ciated with rosiglitazone-induced decreased phosphorylation of PPARy at Ser273 and
NF-kB p65 within both macrophages and chondrocytes, suggesting that rosiglitazone
mitigates the pro-inflammatory and pro-apoptotic effects of CDK5 overexpression
through inhibition of these phosphorylation events. Moreover, previous report have
documented that CDK5 directly binds to PPARy [52]. Our co-IP data similarly confirm
this interaction in both cell types, supporting a conserved regulatory axis. PPARy pro-
motes the expression of IkBa, thereby inhibiting p65 phosphorylation [31, 32]. In addi-
tion, PPARY can bind to the promoter of IxBa as a transcription factor [33]. Our ChIP
assay confirmed that CDK5 overexpression decreased PPARy enrichment at the IkBa
promoter. Correspondingly, luciferase reporter assays demonstrated that CDK5 over-
expression suppressed IkBa transcriptional activity. Hence, CDK5 binding to PPARYy
impairs PPARY’s ability to induce IkBa transcription, thus relieving negative feedback on
NE-«xB p65 activity—a mechanism aligning with previous demonstrations that ligand-
activated PPARy promotes IkBa expression, thereby suppressing NF-kB-dependent
inflammation [53]. In summary, our mechanism studies showed that CDK5 modulated
NF-«B signaling by physically binding to PPARY or facilitating PPARy phosphorylation,
disrupting PPARy-mediated IkBa transcription, and promoting NF-kB activation.

This study has several limitations that should be considered. Firstly, the human cohort
was small, comprising only six subjects per group with an unequal distribution of males
and females, which may introduce sex-related biases. Additionally, our murine experi-
ments utilized only male mice, potentially limiting the generalizability of our findings
across sexes. Also, the use of high-fat diet-induced obesity in mice may not fully rep-
licate the complex metabolic and inflammatory environment of human obesity. Future
research should aim to include larger, sex-balanced cohorts and utilize both male and
female animal models to assess sex-specific differences in the CDK5/PPARY axis. Addi-
tionally, exploring alternative models of obesity, such as genetic or chemical-induced
obesity, may provide a more comprehensive understanding of the disease mechanisms.

These findings confirm that CDK5 promotes inflammation and apoptosis in obesity-
related OA by binding to PPARY and facilitating the phosphorylation of PPARy at Ser273
and activating the NF-kB pathway. Targeting this pathway with rosiglitazone could miti-
gate the effects of CDK5 overexpression in vitro and in vivo, providing a potential thera-
peutic strategy for managing OA in obese patients.

Conclusions
CDK5 promotes the progression of obesity-associated OA through the PPARy/NF-«xB
pathway and is a potential therapeutic target in OA, especially in obese patients.
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