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Background: Osteoarthritis (OA) causes irreversible joint damage, but current treatments fail to fully address its complex pathology. 
Emerging evidence suggests subchondral bone metabolic dysfunction may initiate OA. While vitamin D (VitD) is well-established for 
bone metabolism regulation in osteoporosis, its therapeutic potential in OA remains unclear despite observational studies suggesting 
protective effects. Our integrated in vivo/in vitro study demonstrates VitD’s dual chondroprotective and osteogenic actions in OA.
Methods: Sprague-Dawley rats (n=24) were divided into three groups: sham operation (Sham), OA model (OA), and OA+VitD 
treatment, with 8 rats in each group. Oral cholecalciferol (2.34 μg/kg/day) was administered for 6 weeks post-Monosodium iodoacetate 
(MIA) induction. The therapeutic potential of vitamin D was evaluated through a series of in vivo experiments. Human chondrocyte 
C28 cells were pretreated with TNFα (1ng/mL) to model inflammatory injury, followed by 1,25(OH)2 D3 (10−2 μM) exposure for 
72 hours to assess the VitD’s effects of chondrogenesis and further investigate its underlying mechanism.
Results: In OA rats, VitD suppressed femoral cartilage degradation (evidenced by 567.76% increased cartilage area, and 39.13% 
decreased Osteoarthritis Cartilage Histopathology (OACH) score and enhanced subchondral bone mass (61.81% higher BV/TV). At 
the molecular level, VitD downregulated the expression of cartilage matrix metalloproteinase 13 (MMP13), with a reduction of 
74.72% compared to OA group. Additionally, VitD inhibit inflammatory signaling pathways, particularly through the MyD88-TAK1- 
ERK axis in chondrocytes, and decrease serum IL-6 level. Mechanistic validation of these findings was demonstrated by protein 
expression reduction of Myd88 (31.22%), phospho-ERK1/2 (66.11%), AP-1 (61.43%) and NFκB (34.36%) compared to OA group. In 
vitro, VitD also rescued ethanol-induced C28 cell viability loss while significantly upregulating cartilage anabolic markers.
Conclusion: These findings establish VitD as a multimodal OA therapeutic agent targeting both cartilage catabolism and subchondral 
bone remodeling through Myd88-TAK1-ERK axis.
Keywords: vitamin D, bone, cartilage, osteoarthritis, rat

Introduction
Osteoarthritis (OA), affecting >240 million globally, manifests as progressive cartilage degradation, aberrant subchondral 
bone remodeling, and synovial inflammation - collectively driving irreversible joint dysfunction.1 As the leading cause of 
chronic disability in aging populations, OA pathogenesis arises from the intrinsic systemic factors (including genetic 
susceptibility, age-related cellular senescence, metabolic dysfunction-associated obesity, sex-specific biological effects, 
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and nutritional homeostasis disruption) and local joint biomechanical factors (comprising aberrant joint loading 
dynamics, post-traumatic joint remodeling failure, and articular surface incongruity).2 These elements form an integrated 
and complex regulatory network that orchestrates OA progression. Current palliative therapies (paracetamol, NSAIDs, et. 
al) have not effectively addressed disease progression and are associated with significant side effects,3 while surgical 
interventions carry substantial risks.4 For example, NSAIDs can help alleviate pain in OA patients, but their use often 
comes with gastrointestinal/renal toxicity challenging side effects. Glucosamine and chondroitin sulfate are thought to 
alleviate OA progression providing a synthetic substrate for cartilage regeneration while their true effectiveness remains 
limited.

Mechanical stress and wear, aging, and chronic inflammation, these factors are thought to induce sustained cartilage 
degradation and release substantial production of degrading enzymes. Mechanical overload-induced cartilage breakdown 
releases proteases that destabilize subchondral bone architecture.5 Subsequent trabecular loss and plate thickening further 
disrupt load distribution, accelerating cartilage catabolism and degradation,6,7 creating a vicious cycle that ultimately 
initiate OA progression. Emerging evidence reveals that subchondral bone remodeling precedes cartilage degeneration.7 

Emerging evidence indicates that dysregulated subchondral bone remodeling may precede the onset of cartilage 
degeneration in osteoarthritis pathogenesis.7 Therefore, the concept that subchondral metabolic dysregulation precedes 
macroscopic cartilage damage, positioning bone modulation as potential a preventive therapeutic window. Breaking the 
disturbance connection between subchondral bone remodeling imbalance and cartilage catabolism is promising to 
mitigate OA disease progression.

1,25-Dihydroxyvitamin D3, the biologically active metabolite of vitamin D exhibits pronounced osteoanabolic 
properties through its pleiotropic regulation of bone mineralization processes.8 Research demonstrates that concomitant 
calcium and vitamin D3 supplementation significantly reduces hip fracture incidence in postmenopausal osteoporosis by 
synergistically enhancing bone mineral density and microarchitecture.9 Our previous research also revealed that VitD 
significantly alleviated osteopenia associated with type 2 diabetes.10 Furthermore, VitD plays a crucial role in controlling 
human Th17-mediated synovial inflammation11 and exhibits a significant inhibitory effect on the activation of the NLRP1 
inflammasome.12 VitD demonstrated promising potential in alleviating symptoms of OA.13,14 These evidences suggest 
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that VitD emerges as a dual-action candidate for OA therapy through osteoanabolic regulation and anti-inflammatory 
properties. However, there are limited study comprehensively clarify the role of VitD treatment for the protection of 
cartilage degradation and OA therapy.

Through integrated in vitro and in vivo studies, we investigate vitamin D3’s therapeutic mechanisms in osteoarthritis 
using an inflammation-stimulated chondrocyte model to examine the potential pathway modulation and a monosodium 
iodoacetate (MIA)-induced rat OA model to assess structural and functional outcomes. Our goal is to provide mechan
istic evidence supporting vitamin D’s potential repurposing from nutritional supplement to disease-modifying OA 
therapy.

Materials and Methods
Materials and Reagents
Twenty-four female Sprague-Dawley rats (6 months old, SPF-grade) with a mean body weight of 286 ± 19 g were procured 
from the Guangxi Medical University Laboratory Animal Center (License No. SCXK Gui 2014–0002). All animals were 
maintained under standardized housing conditions (the SPF Animal facility of Guangdong Medical University, issued ID: 
SYXK-Yue-2019-0213) with free access to food and water throughout the study period. Following a one-month acclimatiza
tion period, their average weight at the start of the experiment was (295 ± 22) g. The rats were weighed weekly, with food 
withheld the day prior to each weighing session.

All experimental procedures were performed in strict accordance with the Chinese national standards for laboratory 
animal welfare and approved by the Institutional Animal Care and Use Committee of Guangdong Medical University 
(License Number GDY2002272).

The human C28 chondrocyte cells (Product number: ZY-C6492H) were commercially acquired from Shanghai zeye 
biology science and technology co., ltd. Calcitriol capsules (batch number: 14071716) were sourced from Roche 
Pharmaceutical Factory Hong Kong Limited. For experimental dosing, we adopted a clinically relevant regimen of 
1000 IU/day (25 μg/day) as a reference, corresponding to the therapeutic threshold for vitamin D insufficiency in high- 
risk populations as established by current clinical guidelines.15,16 This human-equivalent dosage was adjusted to 2.34 μg/ 
kg/day in rats to maintain physiological relevance across species. For preparation of the calcitriol working solution, 
a single pharmaceutical-grade capsule containing 25 μg 1,25-dihydroxycholecalciferol was initially solubilized in 2 mL 
of Tween 80 under sterile conditions, with subsequent dilution using ultrapure water to achieve a final concentration of 
1 μg/mL in a 25 mL volumetric preparation. The suspension was stored in a dark environment to maintain stability.

Establishment of OA Model
Preparation of monosodium iodoacetate (MIA) working solution: Weigh 240 mg of MIA into a sterile EP tube. Add 3 mL 
of normal saline and mix thoroughly until the powder is completely dissolved.17 Ensure the entire procedure is carried 
out in the dark. Based on the body weight of rats, twenty-four rats were assigned to three groups randomly (n=8/group): 
Sham control group (Sham), Intra-articular injection of 50 μL sterile saline (0.9% NaCl); OA model group (OA), 
Monosodium iodoacetate (MIA, 50 μL working solution) via intra-articular injection; Therapeutic intervention group 
(OA+VitD) group, MIA-induced OA followed by daily oral administration of 1,25-(OH)2D3 (2.34 μg/kg/day).

Pathological Evaluation
Remove the redundant muscles around the femur and tibia, and closely examine the changes in joint shape, cartilage 
thickness, and color. The gross observation of the articular cartilage was scored according to the criteria outlined in 
reference standard.18

Serum Biomarkers
Serum concentrations of key biomarkers were quantitatively analyzed using standardized enzyme-linked immunosorbent 
assays (ELISA, Wuhan Yilai Ruite Biotechnology Co., Ltd), including:
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i. pro-inflammatory cytokine interleukin-6 (IL-6),
ii. cartilage-degrading enzyme matrix metalloproteinase-13 (MMP-13),

iii. angiogenesis marker CD31 (platelet endothelial cell adhesion molecule-1),
iv. bone formation indicator PINP (N-terminal propeptide of type I procollagen),
v. hypertrophic chondrocyte marker collagen X (COL10A1),

vi. bone resorption marker β-CTX (C-terminal telopeptide of type I collagen).

All assays were performed in technical duplicates following the manufacturer’s standardized protocols.

μ-CT Assessment
We immersed the upper tibia in meglumine diatrizoate solution and heated it to 37°C using a water bath. The sample was 
maintained at a constant temperature for 20 minutes before being removed for μ-CT three-dimensional scanning. The 
scanning parameters were as follows: an image matrix of 2048×2048, 200 ms integration time per projection, energy/ 
intensity settings (45 kVp, 177 μA, 8 W). Density calibration: Standardized to 1200 mg hydroxyapatite (HA)/cm³ 
phantom. Additionally, a three-dimensional μ-CT scan was conducted on the distal femur with the scanning parameters 
were as follows: energy/intensity settings (70 kVp, 114 μA, 8 W), and other scanning conditions are consistent with 
upper tibia. Three-dimensional reconstruction and quantitative analysis were performed after CT scan. From these 
analyses, the following physical parameters were obtained: bone volume/tissue volume (BV/TV), thickness of subchon
dral bone plate, trabecular separation (Tb.Sp), cartilage thickness, and trabecular thickness (Tb.Th).

Histopathological Analysis
Femoral specimens underwent systematic processing beginning with demineralization in 12% ethylenediaminetetraacetic 
acid (EDTA) solution (pH 7.4) under controlled ambient conditions for 42 days. Post-demineralization, tissues were 
subjected to a standardized gradient ethanol dehydration protocol. After the dehydration steps, the tissue samples were 
rinsed with xylene, embedded in wax, and sectioned into thin slices. To complete the histological evaluation, tissue 
sections were stained using a safranin O-fast green dual staining system (G1371, Solarbio, China), which selectively 
highlights proteoglycan-rich cartilage matrix. Quantitative morphometric analysis was performed using Image Pro Plus 
6.0 to obtain precise measurements of cartilage thickness and surface area in stained sections. Concurrently, 
a comprehensive semi-quantitative assessment of cartilage degeneration was conducted through systematic light micro
scopic examination (Olympus) following established histological grading criteria. The Osteoarthritis Cartilage 
Histopathology (OACH) score was calculated by multiplying the damage stage by the classification grade, providing 
a comprehensive assessment of cartilage degeneration.19

Immunohistochemistry
Antigen retrieval was achieved via thermal treatment in citrate buffer (pH 6.0, 95°C ×20 min), with subsequent 
peroxidase inhibition using 3% hydrogen peroxide (15 min, RT).

Following this, incubate the slice with the recombinant Anti-MMP13 antibody (ab219620, Abcam, American) 
overnight at 4°C. After the primary antibody incubation, apply the secondary antibody and incubate for 1 hour. To 
visualize the antibody binding, use the DAB chromogenic kit (DA1010, Solarbio, Beijing, China). After developing the 
color, perform a slight counterstain with hematoxylin for 20 seconds. Rinse thoroughly, air-dry the slice, and seal it with 
neutral resin.

Tissue sections were subsequently incubated with recombinant monoclonal anti-MMP-13 antibody (ab219620; 
Abcam, USA) at 4°C overnight in a humidified chamber. Following primary antibody incubation, sections were treated 
with species-matched horseradish peroxidase (HRP)-conjugated secondary antibody for 60 minutes at room temperature. 
Antigen-antibody complexes were visualized using 3,3’-diaminobenzidine (DAB) chromogen (DA1010; Solarbio, 
China). Nuclei were counterstained with Mayer’s hematoxylin (20 seconds). Rinse thoroughly, air-dry the slice, and 
seal it with neutral resin. Finally, digital morphometric analysis was conducted with Image-Pro Plus wherein protein- 
positive areas were segmented, followed by IOD quantification of target epitopes and areal normalization (IOD/Area).
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Cell Viability Assay
Human C28 chondrocytes were seeded in 96-well plate and were treated with 0.1% EtOH-dissolved VitD with 
concentration gradients (D1530, Sigma, American) across three temporal intervals (24, 48, and 72 hours). Cell viability 
was determined via Cell Counting Kit-8 assay (C0038, Beyotime, China).

TNFα Induction
To model inflammatory chondrocyte injury, C28 chondrocytes were exposed to recombinant human TNF-α (1 ng/mL, 
10602-HNAE, Sino Biological, China) in complete DMEM/F-12 medium supplemented with 10% FBS. The experi
mental design incorporated three treatment groups:

(a) Vehicle control: Complete DMEM/F12 medium (CON)
(b) Inflammatory model: 1 ng/mL TNFα stimulation (TNFα)
(c) Therapeutic intervention: TNFα (1 ng/mL) + 1,25-dihydroxyvitamin D3 (10−2μM; D1530, Sigma) co-treatment 

(TNFα+VitD)

Quantitative Reverse Transcription-PCR
Total chondrocyte RNA was isolated with TRIzol (Takara, Japan) followed by cDNA synthesis with the PrimeScript RT 
Master Mix (Perfect Real Time; Takara, Japan). Quantitative gene expression analysis was conducted on an ABI 7500 
Fast Real-Time PCR System (Applied Biosystems, USA) using SYBR Green chemistry (TB Green Premix Ex Taq II, 
Takara, Japan). The following cartilage-specific markers were quantified: collagen type II alpha 1 (Col2a1), SRY-box 
transcription factor 9 (SOX9), TAK1, and Aggrecan (ACAN). Amplification conditions consisted of an initial denatura
tion at 95°C for 30 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for 34 sec, with GAPDH serving as the 
endogenous reference gene.

Western Blotting
Cellular proteins were extracted using ice-cold RIPA lysis buffer (Beyotime, China) supplemented with protease and 
phosphatase inhibitors. Lysates were clarified by centrifugation at 4°C (10000 × g, 10 min) and protein concentrations 
were determined via bicinchoninic acid (BCA) assay. Equal amounts of protein (30 μg per lane) were resolved and 
separated on 10% SDS-polyacrylamide gels and subsequently electro transferred to polyvinylidene difluoride (PVDF) 
membranes. Samples separated by SDS-PAGE (10% gel) and transferred to PVDF. Membranes were blocked with 5% 
(w/v) BSA for 1 h at room temperature, followed by incubation with primary antibodies (detailed in Table 1) overnight at 
4°C with gentle agitation.

HRP-anti-rabbit IgG (1:5000, Abbkine) used for detection. Imaging via FluorChem® Q (ProteinSimple) with ImageJ 
analysis.

Statistical Analysis
Data were visualized using GraphPad Prism 8.0. Statistical analyses were performed using SPSS 19.0, with the sample 
size (N) for each experiment specified in the corresponding figure captions. Each experimental replication was conducted 
as an independent observation. Normality and homogeneity of variances were first assessed using Levene’s tests, 

Table 1 Primary Antibody Used in Western Blot

Target Protein Antibody Dilution Ratio Catalog No. Manufacturer

MyD88 1:1000 4283 CST
p-ERK1/2 1:1000 4370 CST

Total ERK1/2 1:1000 4695 CST

AP-1 1:1000 342583 ZenBio
NF-κB p65 1:1000 sc8008 Santa Cruz Biotechnology

GAPDH 1:10000 ab181602 Abcam
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respectively. Significant differences between two groups were analyzed with an independent-samples t-test (assuming 
equal variances) or Welch’s t-test (for unequal variances). Comparisons among multiple groups were evaluated via one- 
way ANOVA. Post hoc analyses utilized Fisher’s Least Significant Difference (LSD) test when variances were homo
geneous, and Tamhane’s T2 test when variances were heterogeneous. A significance threshold of P<0.05 was considered 
statistically significant.

Results
TNFα Caused Inflammatory Damage in Chondrocytes, While OA Rats Led to 
Considerable Bone and Cartilage Damage
The OA animal model was successfully induced in SD rats through intra-articular administration of monosodium 
iodoacetate (MIA) solution. Macroscopic evaluation revealed distinct pathological changes in the OA group compared 
to sham-operated controls, the knee cartilage in OA rats exhibited a rough and uneven surface and displayed significant 
cartilage defects (Figure 1A). Histomorphometry analysis demonstrated a statistically significant 22-fold elevation in 
osteoarthritis lesion severity scores in MIA-induced rats relative to sham controls (P<0.001) (Figure 1C). Serum 
biomarker profiling revealed marked upregulation of multiple pathogenic mediators (MMP13, IL-6, CD31, COL10A, 
CTX-I and PINP) in the OA rats (Figure 2).

Micro-computed tomography (μ-CT) quantification demonstrated profound structural alterations in the OA model 
group, articular cartilage degeneration manifested as a 61.33% reduction in mean thickness relative to sham controls 
(P<0.001) (Figure 3A), subchondral bone remodeling characterized by a 37.49% increase in plate thickness (P<0.01) 
(Figure 3B). In addition, we conducted a three-dimensional reconstruction of the femoral cancellous bone, focusing on 
a 3 mm-thick cancellous bone located 1 mm away from the femoral growth plate, followed by quantitative analysis. 
Quantitative microarchitectural analysis revealed significant osseous alterations in OA rats compared to sham controls. 
Femoral trabecular bone volume fraction decreased by 10.54% (Figure 3C), mean trabecular thickness (Tb. Th) was 
mildly reduced (Figure 3D) and trabecular separation (Tb. Sp) increased by 14.61% (Figure 3E). Histological analysis 

Figure 1 Effect of 2.34 μg/kg/day VitD on body weight and knee joint lesion in OA rats. (A) Representative images of the knee joint in OA rats treated with 2.34 μg/kg/day 
VitD. (B) Body weight measurements of OA rats following treatment with 2.34 μg/kg/day VitD, N=8. (C) Histopathological scores of the osteoarthritis lesion areas in OA 
rats treated with 2.34 μg/kg/day VitD, N=8. 
Note: ***P<0.001 vs Sham; ###P<0.001 vs OA. Values are presented as mean ± SD.
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with safranin O fast green staining revealed a significant increase of 2633.33% in OACH score of OA rats (P<0.001) 
(Figure 4A). Morphometric analysis further revealed substantial cartilage degeneration in OA rats, characterized by 
a 48.11% reduction in cartilage mean thickness (P<0.001), and an 87.53% decrease in total articular cartilage surface 
area (P<0.001) compared to sham controls (Figure 4A). Immunohistochemical quantification showed marked upregula
tion of matrix metalloproteinase-13 (MMP13) in OA cartilage, with a 277.24% increase in positive staining intensity 
compared to sham-operated animals (P<0.01, Figure 4B), indicating enhanced extracellular matrix degradation in the 
disease state.

VitD Demonstrated Potent Chondroprotective Effects in in vivo Models of 
Osteoarthritis
In the MIA-induced rat OA model, therapeutic administration of VitD resulted in macroscopic improvement of articular 
cartilage integrity, evidenced by restoration of smooth articular surfaces, significant mitigation of subchondral bone 
damage, suggesting disease-modifying potential through dual cartilage-bone protective mechanisms (Figure 1A). During 
the intragastric administration of VitD, there were no significant differences in the weight of the rats across the various 
groups (Figure 1B).

Furthermore, VitD treatment elicited significant improvements in OA pathology, as evidenced by a 39.13% reduction 
in histomorphometry lesion severity scores compared to untreated OA controls (P<0.001) (Figure 1C). Serum biomarker 
analyses demonstrated significant VitD-mediated downregulation of multiple pathogenic mediators (MMP13, IL-6, 
CD31, COL10A, CTX-I and PINP) in OA rats (Figure 2). μ-CT quantification demonstrated that VitD treatment exerted 
significant structural modifications in OA rats, including: (1) 64.50% augmentation of tibial plateau cartilage thickness 
(Figure 3A); (2) a 22.35% reduction in subchondral bone plate thickness (P<0.05) (Figure 3B); and (3) marked 
improvements in femoral trabecular microarchitecture, evidenced by a 61.81% increase in bone volume fraction (BV/ 
TV, P<0.001) (Figure 3C), 36.89% elevation in trabecular thickness (Tb.Th, P<0.001) (Figure 3D) and 37.79% decrease 
in trabecular separation (Tb.Sp, P<0.01, Figure 3E). Histopathological evaluation demonstrated that the OACH score in 
VitD-treated rats was significantly reduced by 84.15% (P<0.001) (Figure 4A). Cartilage thickness increased by 67.69% 
(P<0.001), while the cartilage area expanded by 567.76% (Figure 4A) (P<0.001). Immunohistochemical analysis 
confirmed the therapeutic efficacy of VitD, showing a 74.72% downregulation of MMP13 expression in articular 
cartilage compared to untreated OA controls (P<0.01) (Figure 4B).

Figure 2 Serum biochemical markers in OA rats treated with 2.34 μg/kg/day VitD. 
Note: N=8, *P<0.05, **P<0.01, ***P<0.001 vs Sham; #P<0.05, ##P<0.01, OA. Values are presented as mean ± SD.
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VitD Demonstrated Potent Chondroprotective Effects in Inflammatory Chondrocytes 
and is Associated with the Inhibition of Myd88-TAK1-ERK Signaling Axis
Following exposure of C28/I2 chondrocytes to graded concentrations of VitD for over 24–72 hours, VitD treatment 
effectively counteracted the cytotoxic effects of 0.1% ethanol vehicle (Figure 5A). Quantitative cell viability assessment 
(CCK-8 assay) identified 10−2 μM as the optimal therapeutic concentration for subsequent mechanistic studies. 
Immunoblotting analysis revealed TNF-α-mediated activation of pro-inflammatory signaling cascades, evidenced by 
74.33% upregulation of myeloid differentiation primary response 88 (MyD88, P<0.05); 105.37% increase in phosphory
lated ERK1/2 (p-ERK1/2, P<0.01); 125.53% increase in activator protein-1 (AP-1, P<0.01); 109.03% induction of 
nuclear factor kappa-B (NF-κB p65, P<0.001). VitD intervention potently suppressed these inflammatory mediators, 
achieving 31.22% reduction in MyD88 expression; 66.11% (P<0.01) decrease in ERK1/2 phosphorylation; 61.43% 
(P<0.001) decrease in AP-1; 34.36% (P<0.001) downregulation of NF-κB activation (vs TNF-α group, Figure 5 B&C). 

Figure 3 Representative μ-CT images in OA rats treated with 2.34 μg/kg/day VitD and the corresponding quantitative analysis. (A) Cartilage from the surface of the medial 
tibial plateau (B) Subchondral bone plate on the medial tibial plateau (C) Microstructure of the cancellous bone in distal femur (D) Tb. Th of the cancellous bone in the distal 
femur (E) Tb. Sp of the cancellous bone in the distal femur. 
Note: The red dotted square shows the areas with significant differences in the representative μ-CT images of each group. N=8, **P<0.01, ***P<0.001 vs Sham; #P<0.05, 
##P<0.01, ###P<0.001 vs OA. Values are presented as mean ± SD.
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Transcriptional RT-qPCR profiling demonstrated VitD’s chondroprotective effects through significant upregulation of 
collagen type II α1 (Col2a1, P<0.01), SRY-box transcription factor 9 (SOX9, P<0.05), and suppression of TGF-β 
activated kinase 1 (TAK1, P<0.05) (Figure 5D).

In summary, these in vitro results establish that VitD enhances chondrocyte viability under inflammatory stress, 
preserves cartilage-specific gene expression profiles and exerts anti-inflammatory and chondroprotective effects via 
suppression of the MyD88/TAK1/ERK/NF-κB signaling axis.

Discussion
Our study demonstrated that MIA exhibited typical pathological OA changes in rats. These included cartilage damage on 
the femoral surface, thinning of the cartilage thickness, thickening of the subchondral bone plate, degradation of the bone 
microstructure at the distal femur, and upregulation of MMP-13 expression in both serum and cartilage on the femoral 
surface. Collectively, these findings confirm the successful establishment of an OA rat model.

In this study, our findings establish VitD as a potential disease-modifying osteoarthritis drug candidate, exhibiting dual 
therapeutic efficacy in monosodium iodoacetate-induced osteoarthritis. VitD treatment (2.34 μg/kg/day for 6 weeks) alleviated 
disease progression by reducing cartilage degradation, evidenced by a 39.13% reduction in OACH scores, a 64.50% increase 
in tibial cartilage thickness, 74.72% decrease in MMP13, and enhanced subchondral bone remodeling (VitD increased Tb. Th 
by 36.89% and deceased separation by 37.79%) while normalizing bone plate thickness. Mechanistically, VitD disrupted the 
Myd88-TAK1-ERK inflammatory cascade, decreasing Myd88, TAK1, and p-ERK1/2 activity, leading to a significant 

Figure 4 (A) Representative images of safranin O fast green staining of knee joint in OA rats treated with 2.34 μg/kg/day VitD and the corresponding quantitative analysis, N=8. (B) 
Representative images of immunohistochemical staining for MMP13 of knee joint in OA rats treated with 2.34 μg/kg/day VitD and the corresponding quantitative analysis, N=8. 
Note: **P<0.01, ***P<0.001 vs Sham; ##P<0.01, ###P<0.001 vs OA. Values are presented as mean ± SD.

Drug Design, Development and Therapy 2025:19                                                                             https://doi.org/10.2147/DDDT.S526064                                                                                                                                                                                                                                                                                                                                                                                                   5863

Gao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



inhibition of NFκB activity by 34.36%. This signaling modulation restored chondrogenic factors, including Col II, Aggrecan, 
and Sox9. Histological results synergistically match these data, showing improved cartilage repair and reduced MMP-13 
expression, along with increased cartilage thickness and area. In vitro, VitD reversed the reduction in C28 cell viability 
induced by EtOH and mitigated TNFα-induced chondrocyte inflammatory injury by upregulating Col2a1, ACAN, and SOX9 
expression, while downregulating TAK1, Myd88, p-ERK1/2, AP-1, and NFκB. These findings establish VitD’s disease- 

Figure 5 Regulation of 10−2μM VitD on Myd88-TAK1-ERK signal axis in C28 chondrocytes induced by 1ng/mL TNFα. (A) Effects of various concentrations of VitD on the 
viability of C28 chondrocytes, N=6. (B) Western blots show effects of 10−2μM VitD on protein levels of Myd88, p-ERK1/2, AP-1 and NFκB in C28 chondrocytes induced by 
1ng/mL TNFα for 72h. (C) Protein levels of Myd88, p-ERK1/2, AP-1 and NFκB, N=5. (D) RT-qPCR show effects of 10−2μM VitD on gene expression of Col2a1, ACAN, SOX9 
and TAK1 in C28 chondrocytes induced by 1ng/mL TNFα for 72h, N=6. 
Note: *P<0.05, **P<0.01, ***P<0.001 vs Control; #P<0.05, ##P<0.01, ###P<0.001 vs TNFα. Values are presented as mean ± SD.
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modifying potential through coordinated targeting of cartilage catabolism and aberrant bone remodeling, providing 
a mechanistic foundation for clinical translation in OA management.

Vitamin D is a lipid-soluble vitamin that primarily includes two forms: vitamin D2 and vitamin D3. Among these, 
vitamin D3 exhibits higher biological activity and serves as the primary form utilized by the human body. Vitamin D3 
undergoes hepatic 25-hydroxylation and subsequent renal 1α-hydroxylation to form its biologically active metabolite, 
1,25-dihydroxyvitamin D3, a potent endocrine regulator of calcium-phosphate homeostasis.

As an essential nutritional factor, vitamin D not only supports bone health20 and helps alleviate muscle atrophy,21,22 

but also maintains glucose metabolism homeostasis23,24 through increasing secretion of insulin and suppressing inflam
mation, thereby mitigating type 2 diabetes mellitus (T2DM) risk.25 Our previous study demonstrated that VitD 
ameliorates osteopenia and enhances musculoskeletal integrity in Goto-Kakizaki rats (T2DM model).10 In addition, 
previous studies demonstrated that VitD could decrease the risk of OA. Specifically, VitD has been shown to alleviate 
OA symptoms by regulating autophagy,26 reducing inflammation,27 inhibiting senescence28 and inhibiting the expression 
of matrix metalloproteinases (MMPs).29

In our study, our experimental data extend these observations by demonstrating that VitD Exerts disease-modifying 
effects in osteoarthritis through in vitro provide chondroprotective effects in inflammatory chondrocytes and in vivo 
preservation of cartilage and joint architecture. Further data revealed that VitD mechanistically targets the MyD88/TAK1/ 
ERK signaling axis, representing a novel therapeutic axis for OA intervention.

Myeloid differentiation primary response 88 (MyD88) serves as a pivotal adaptor molecule that orchestrates inflam
matory signaling cascades initiated by Toll-like receptors (TLRs) and interleukin-1 receptors (IL-1Rs).30 MyD88’s death 
domain mediates interactions with interleukin-1 receptor-associated kinases (IRAKs), facilitating sequential recruitment and 
activation of IRAK4 and IRAK1/IRAK,31,32 forming the myddosome complex, a critical signaling platform.33

Myddosome recruits and activates TRAF634 through phosphorylated IRAK1/IRAK2, forming a cascade of signal 
transmission and subsequent phosphorylation of TGF-β-activated kinase 1 (TAK1). TAK1 initiated TAK1-TAB1/2/3 
complex formation in response to various stimuli, including Pro-inflammatory cytokines (TNF-α, IL-1β) and toll-like 
receptor ligands.35 This process ultimately triggers the activation of both the NFκB signaling pathway36 and the MAPK 
signaling pathway.37 Disruption of MyD88 dimerization suppresses synovitis inflammation and attenuates inflammatory 
arthritis progression.38 Furthermore, as the central signalosome in inflammatory responses, the down-regulation of TAK1 
kinase inhibits MAPK cascade (Phosphorylation of JNK, p38, ERK1/2, ATF-2, and c-Jun); Suppress NF-κB pathway: 
IKK-mediated IκBα degradation to activate p65/p50 nuclear translocation.35,39 Notably, the inhibition of NFκB and ERK 
maintains cartilage homeostasis, suppresses osteoclast activity in subchondral bone,40 reduces osteochondral pathology, 
mitigates subchondral bone remodeling.41

Our mechanistic investigations demonstrate that the therapeutic efficacy of VitD on OA is closely associated with its 
ability to inhibit the Myd88-TAK1-ERK signaling axis. Specifically, VitD primarily exerts its protective role by 
suppressing inflammatory signal transmission, thereby preventing cartilage degradation. This conclusion is further 
supported by our results showing a decrease in NFκB protein expression in C28 inflammatory cells and a reduction in 
MMP13 levels in the cartilage of OA rats following VitD intervention.

Emerging evidence has implicated the MyD88-TAK1 signaling cascade in various inflammatory pathologies (cervical 
cancer,42 neurons43 and the intestinal barrier44), with therapeutic modulation of this pathway demonstrating efficacy in diverse 
conditions including cervical cancer (via TLR4-MyD88-TAK1 axis). Additionally, studies have explored its relevance to the 
treatment of prostatic hyperplasia,45 sepsis46 and pulpitis,47 which are linked to the TAK1-ERK signaling pathway.

Notably, recent work has identified extracellular histones as mediators of trauma-induced inflammation through 
a MyD88-IRAK1-ERK dependent mechanism, triggering lytic cell death of adipocyte.48 However, despite these advances, 
the potential role of vitamin D3 in osteoarthritis management through selective inhibition of the MyD88-TAK1-ERK 
signaling axis remains underexplored, representing a critical gap in our understanding of its chondroprotective mechanisms.

Our study specifically identifies VitD’s pivotal role in suppressing OA progression, establishes VitD as a selective 
pathway modulator by inhibiting the Myd88-TAK1-ERK axis, providing a solid theoretical foundation to support its 
clinical application in OA treatment. The clinical translation of VitD in OA management may be further advanced by its 
therapeutic potential and ease of integration into existing treatment strategies.
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a) NSAID-Sparing Effects. Emerging evidence suggests that vitamin D exerts anti-inflammatory effects that provide 
a synergistic anti-inflammatory effect49 and may reduce dependence on NSAIDs—an important consideration given the 
gastrointestinal, cardiovascular, and renal risks associated with long-term NSAID use in older adults. VitD suppress 
COX-2 expression50 and modulates prostaglandin synthesis pathways,51 which reducing reliance on NSAIDs and its 
associated gastrointestinal and cardiovascular risks while maintaining anti-inflammatory efficacy. In a randomized, 
double-blind placebo-controlled study, high-dose vitamin D supplementation to analgesic regimens led to faster sig
nificant reductions in VAS scores and pro-inflammatory cytokines in patients with musculoskeletal pain, suggesting 
additive analgesic effects when used with standard therapies.51 Additionally, low serum VitD levels have been correlated 
with higher NSAID consumption in patients with inflammatory arthritis, further supporting this link.52

b) Augmentation of Physical Therapy. Several studies have demonstrated synergistic benefits when VitD is combined 
with physical rehabilitation. A clinical trial found that combining vitamin D supplementation with physiotherapy 
significantly improved pain outcomes in patients with musculoskeletal disorders compared to physiotherapy alone.53 

A systematic review and meta-analysis concluded that combined vitamin D and resistance exercise improved lower limb 
muscle strength, although additional benefits in mobility indices (eg, SPPB, TUG) remain inconclusive.54 These data 
suggest VitD could potentiate the efficacy of rehabilitative therapies in OA by improving muscle function and reducing 
inflammation-induced pain.

c) Cartilage Protection and Disease Modification. At the cellular level, vitamin D exhibits cartilage-protective effects 
through multiple mechanisms. In vitro, 1,25(OH)₂D₃ inhibits TNF-α-induced MMP (MMP-1, −2, −3, −9, and −13) 
expression and diminish the cytotoxic effect of TNF-α, restores levels of protective mediators like TIMP-1, TIMP-2, and 
VDR by dose-dependent in human chondrocytes.55 In animal OA models, vitamin D supplementation ameliorated joint 
inflammation, cartilage degradation, and pain, with additional evidence supporting enhanced autophagic flux and 
attenuation of inflammatory cell death. Interestingly, the expressions of MMP-13, IL-1β, and MCP-1 in synovial tissues 
were remarkably attenuated by vitamin D treatment. Vitamin D and celecoxib showed a synergistic effect on anti
nociceptive and chondroprotective properties in vivo.27 Vitamin D induces chondrocyte autophagy and reduces the loss 
of proteoglycans in OA, further investigation reveals VitD’s protective actions appear to involve modulation of the NF- 
κB/AMPK/mTOR axis, offering a mechanistic basis for disease-modifying effects in OA.56

The clinical translation of vitamin D may also warrant more thorough clinical evaluation. Emerging observational 
data suggest that vitamin D deficiency is associated with the onset and progression of osteoarthritis.57 While promising, 
vitamin D supplementation should be considered with attention to baseline serum levels.

1,25-Dihydroxyvitamin D deficiency exacerbates aging-related osteoarthritis through Sirtuin 1 (Sirt1) downregulation 
in murine models. Mechanistically, 1,25(OH)2D3 acts via vitamin D receptor (VDR)-mediated transcriptional regulation 
to attenuate age-associated knee OA pathogenesis by upregulating Sirt1, an aging-related gene that critical for main
taining articular cartilage homeostasis. This regulatory axis promotes chondrocyte proliferation, enhances extracellular 
matrix (ECM) protein synthesis, and suppresses cellular senescence and senescence-associated secretory phenotype 
(SASP).28

Clinically, a prospective cohort analysis of vitamin D-deficient participants (<50 nmol/L serum 25(OH)D) revealed 
a reduction in NSAID prescription risk among those receiving vitamin D supplementation versus placebo (RR=0.87; 
p=0.009).58 These findings underscore the necessity of pre-treatment serum 25(OH)D quantification to stratify OA 
patients, as therapeutic responses to vitamin D supplementation demonstrate significant dose-dependent efficacy in 
individuals with hypovitaminosis D. Current evidence suggests vitamin D repletion (>40 ng/mL) in deficient populations 
may potentiate NSAID-sparing effects while improving functional outcomes in early-stage OA.

While VitD and other current OA drug synergies are promising, possible pharmacokinetic interactions, especially for 
drugs metabolized via CYP3A4, warrant further study to ensure safe co-administration.59

Cost-Effectiveness, Affordability, and Accessibility VitD’s cost-effectiveness is also the advantages when compared 
to other medicines. From a pharmacoeconomic perspective, vitamin D is a compelling candidate for OA management 
due to:

a) Affordability. Vitamin D supplements are low-cost and widely available over-the-counter, with costs significantly 
lower than biologics, intra-articular injections, or long-term NSAID therapy.
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b) Global Accessibility. Unlike injectable biologics that require refrigeration and healthcare infrastructure, VitD 
supplements are shelf-stable at ambient temperatures and accessible in nearly all WHO member states. This confers 
a distinct implementation advantage, particularly in low-resource settings or rural areas.

c) Ease of Use and Adherence. Vitamin D’s favorable safety profile and simple dosing regimen (typically daily or 
weekly oral dosing) support higher adherence rates than many OA treatments. Public awareness campaigns around 
osteoporosis prevention have also indirectly increased compliance with VitD supplementation in aging populations.

In summary, vitamin D represents a biologically active, cost-effective, and implementation-feasible adjunct to 
existing OA therapies. Its capacity to synergize with NSAIDs, physiotherapy, and exercise—coupled with its global 
accessibility—positions VitD as a promising component of integrated OA management, particularly for at-risk or 
resource-limited populations.

While our research primarily focuses on utilizing animal experiments and molecular biology to assess the potential of 
vitamin D in treating osteoarthritis and to investigate its underlying molecular mechanisms, we noticed that the mixed 
results observed in clinical trials involving vitamin D. Two randomized clinical trial showed no significant benefits of 
vitamin D supplementation on cartilage preservation or pain relief in established knee OA when compared with 
placebo.60,61 However, we also found stratified analyses and post hoc investigations suggesting that maintains sufficient 
vitamin D levels could be an effective strategy to alleviate OA progression and joint pain. Post-analysis of the results 
revealed that OA patients who maintained sufficient levels of serum vitamin D exhibited less severe pathological 
conditions compared to those with persistent deficiency.13 A post hoc study also emphasized that vitamin 
D supplementation and maintenance of sufficient vitamin D levels improved foot pain in those with knee OA.62 

Vitamin D is associated with reduced pain in male patients with KOA.63 The results showed that patients with KOA 
had lower levels of vitamin D and higher levels of IL-1β, TNF-α, and NF-κB p65 compared with healthy controls. 
Patients with sufficient vitamin D levels had lower total and physical function WOMAC scores compared with patients 
with vitamin D insufficiency.64 Some interventional studies also demonstrated that vitamin D supplementation alleviate 
cancer pain and muscular pain—but only in patients with insufficient levels of vitamin D when starting intervention.65

Consequently, it appears that the clinical therapeutic effect of vitamin D in OA is closely linked to the initial levels of 
vitamin D in patients. Vitamin D may potential benefits more in early disease and prevention in OA. It is unequivocal that low 
levels of vitamin D significantly elevate the risk of various diseases, particularly those associated with musculoskeletal health. 
Furthermore, recent studies have identified the primary risk factors contributing to low vitamin D levels in the general 
population, which include inadequate environmental ultraviolet radiation, insufficient dietary intake of vitamin D, and genetic 
polymorphisms.66 Given that the elderly population faces a higher risk of bone tissue diseases and that diminish ability of 
synthesize vitamin D, taking vitamin D supplements can significantly benefit the improvement of bone tissue metabolic 
disorders.67 Although individual differences and various environmental factors contribute to the variability in the therapeutic 
effects of vitamin D, this does not diminish its many benefits. Given the complexity of the pathogenesis of osteoarthritis and its 
close relationship with the steady state of bone metabolism, it is essential to consider additional influencing factors when 
evaluating the therapeutic potential of vitamin D for osteoarthritis. To further advance, more in-depth research of the 
application of vitamin D in osteoarthritis is necessary in the future.

To propel the clinical translation of vitamin D in osteoarthritis management, future research needs to go more in-depth on 
some critical domains, for example, 1. Precision Dosing Optimization; 2. Combinatorial trials with physical therapy/NSAIDs.

Limitations: First, while our findings demonstrate that vitamin D (VitD) mitigates OA progression through inhibition 
of the Myd88-TAK1-ERK signaling axis, the precise regulatory mechanisms remain incompletely resolved. Definitive 
validation of signaling cascade dynamics requires complementary approaches, including in vivo gene knockout models 
or administration of pathway-specific inhibitors targeting critical nodal components. Second, the VitD dosage employed 
in this study was extrapolated from clinically recommended human levels,15,16 rather than empirically optimized through 
preclinical dose-response studies. Consequently, the potential existence of a therapeutic dose-dependent relationship 
between VitD and OA amelioration remains undefined. Third, although Western blot analyses provided initial evidence 
supporting VitD-mediated OA alleviation, these findings should be interpreted as preliminary due to limited biological 
replicates. Future investigations incorporating experiments with expanded samples are required to establish the patho
physiological significance of the observed molecular alterations.
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Conclusion
In summary, our findings reveal VitD as a dual-target OA therapeutic with disease-modifying capacity, operating through 
suppression of the Myd88-TAK1-ERK cascade to concurrently mitigate cartilage catabolism and aberrant subchondral 
remodeling. While this study mechanistically validates VitD’s multiple pharmacological advantages over conventional 
OA therapies, future work will delineate dose-response relationships, therapeutic thresholds, and molecular dynamics of 
VitD-receptor interactions to optimize clinical translation. By repositioning VitD from nutritional adjunct to mechanism- 
driven OA intervention, this work bridges the gap between observational correlations and actionable therapeutic 
strategies, offering a cost-effective blueprint for multifactorial joint preservation.
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