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A B S T R A C T   

Aim of the study: In this study, we investigated the therapeutic potential of vitamin D (VITD) in OA 
Wistar rats induced by anterior cruciate ligament transection combined with medial meniscec-
tomy (ACLT + MMx). In ACLT + MMx-induced OA rats, pain severity, cartilage destruction, 
inflammatory cytokines, and MMPs were all measured. 
Materials and methods: ACLT + MMx methods were used to induce OA, and pain behavioral 
studies such as the weight bearing test and paw withdrawal test were performed while the knee 
width and body weights were also measured. Furthermore, Hematoxylin and Eosin (H&E) 
staining was used to determine knee histopathological studies, as well as OARSI scoring, cartilage 
thickness, cartilage width, and cartilage degradation scores. The enzyme-linked immunosorbent 
assay (ELISA) studies were used to check the serum levels of VITD, C-telopeptide of Type II 
collagen (CTX-II), and pro-inflammatory cytokines tumor necrosis factor-α (TNF-α), interleukin- 
1β (IL-1β), interleukin-6 (IL-6), and anti-inflammatory cytokines interleukin-10 (IL-10), and 
MMPs (MMP-3, MMP-9, and MMP-13). Finally, the reverse transcription polymerase chain re-
action (RT-PCR) test was used to determine the levels of MMPs, nuclear factor-kappa B (NF-κB), 
TNF-α, IL-6, and IL-10 in IL-1β stimulated chondrocytes. 
Results: The oral VITD supplement significantly reduced OA pain, inflammation, cartilage 
destruction, and MMPs levels. Furthermore, serum VITD levels increased while CTX-II levels 
decreased, indicating that VITD reduced cartilage degradation effectively. Moreover, VITD sup-
plementation reduced the expression of pro-inflammatory TNF-α, IL-1β, and IL-6 cytokines while 
increasing the expression of anti-inflammatory IL-10. The elevation of MMPs after ACLT + MMx 
surgery contributed to articular cartilage destruction, which was reduced by VITD supplemen-
tation. Finally, VITD supplementation significantly reduces serum levels of MMPs, IL-1β, TNF-α, 
and IL-6 while increasing IL-10 levels. Then, using the in-vitro cytotoxicity (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide) MTT assay, examine the cytotoxicity profile of 
VITD in rat chondrocytes after stimulated with IL-1β, which shows no toxicity in the dose range of 
VITD 0–500 IU. Finally, RT-PCR studies in IL-1β stimulated rat chondrocytes revealed that VITD 
(50, 100, and 500 IU) significantly reduced the mRNA levels of MMPs, NF-κB, TNF-α, and IL-6, 
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while increasing IL-10 levels, indicating that VITD reduced chondrocyte destruction and over-
came harsh conditions in a dose-dependent manner. 
Conclusion: Overall, the in vivo and in vitro findings show that VITD effectively reduces OA pain, 
inflammation, and chondrocyte destruction by lowering MMPs levels specifically.   

1. Introduction 

Knee osteoarthritis (OA) is a degenerative joint disorder that worsens over time. OA is described by articular cartilage deterio-
ration, synovial membrane inflammation, subchondral bone defects, and joint space reduction, etc. The complexity of OA has 
hampered efforts to unravel its etiology, which remains a mystery [1]. Predominant OA is caused by a combination of risk factors, the 
most significant of which include increasing age and obesity. Treatment approaches are mostly concerned with symptom relief, and 
there are presently no disease-modifying OA therapeutics that can reduce symptoms while also slowing disease progression. The 
primary OA therapeutic agents focused on reducing inflammation and pain symptoms [2]. According to US nutritional research so-
ciety, VITD, vitamin E, and vitamin C rich foods significantly reduced the advancement of OA disorder and its consequences [3,4]. 
VITD deficiency is still accompanied by OA disease advancement, chondrocytes, synoviocytes inflammation, and pain mechanisms. In 
some recent studies, VITD-supplemented patients had slower OA progression, less pain and stiffness than non-VITD-supplemented 
patients. There is no gold-stranded evidence of VITD’s effect on chondrocyte protection and pain relief at the molecular level 
[5–7]. VITD has shown some adverse effects in clinical trial studies, and long-term administration reveals no meaningful benefit in 
terms of OA progression and pain relief [4,5,8–10]. 

According to recent studies, VITD deficiency is directly linked to oxidative stress damage and mitochondrial abnormalities, which 
worsens OA disease and increases pain [11]. In another study, VITD significantly increases muscle strength and function in the skeletal 
muscle, which has been extensively studied in the elderly. There is no evidence of pain relief or chondrocyte protection in their study 
[12,13]. The oxidative stress conditions and mitochondrial membrane potential changes have been influencing the VITD status and 
severity of OA, but this one has a direct impact on the VITD receptor functionality in the various organs. The VITD receptors play an 
important role in the regulation of VITD concentration in chondrocytes to keep the redox environment stable [14]. Another clinical 
trial study found that the less amount of VITD accompanied by chronic inflammation at joints and pain index varied by gender and age 
[15,16]. 

MMPs are known to be essential in OA cartilage disruption, with chondrocytes expressing mRNA for a wide range of MMPs 
[17–19]. Cytokines have been linked to the complex regulation of MMPs generation by chondrocytes, and recent animal studies have 
shown that VITD plays a crucial role in cartilage metabolism [20]. VITD is known to play a pivotal role in calcium and phosphorous 
metabolism as well as a variety of bone and mineral disorders such as osteoporosis and rickets [21,22]. VITD also regulates cell 
proliferation, differentiation, and immune function through its binding to VITD receptors [23–25]. VITD is believed to modulate 
chondrocyte expression in different areas of the growth plate cartilage, with different effects on proteoglycan and collagen synthesis, 

Fig. 1. The graphic representation of animal grouping, the oral administration of VITD, pain behavioral studies, the extraction of knee samples, and 
chondrocytes, and the testing of biological parameters are all part of the research. 
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plasminogen activator restrict the MMPs expression [25–27]. However, the majority of existing in vivo and in vitro studies are also 
using traditional therapeutic agents to investigate MMPs role in cartilage degradation, and inflammation. Moreover, there is no proper 
evidence of VITD impact on MMPs levels and how it contributes to reduced cartilage degradation, inflammation, and pain at the in vivo 
or in vitro levels studies [28]. 

The prospective relationship between VITD deficiency and OA progression, pain reduction, and chondrocyte protection remains 
unknown in vivo and in vitro studies. As shown in Fig. 1, we investigated the effects of VITD effectiveness in vivo and in vitro. Oral 
VITD supplementation reduced OA pain, cartilage destruction, joint inflammation, and MMPs levels, according to our findings. 

2. Materials and methods 

2.1. Animals 

Male Wistar rats, weight 290–310 g (10 weeks old), were purchased from BioLASCO Taiwan Co., Ltd (Taipei, Taiwan). The rats 
were housed in 2 per cage at Catha Medical Research Institute (CMRI) with controlled temperature (22 ± 2 ◦C), humidity (55%), and 
light (12/12 h light/dark cycle), and had access to sterile food and water. All procedures were approved by Cathay Hospital Insti-
tutional Animal Care and Use Committee (IACUC) (IACUC mummer: CGH-IACUC-111-002). 

2.2. OA induction and drug treatment 

OA was induced in rats, as previously reported [29–31]. To induce OA in rats, the ACLT + MMx method was used on the right knee. 
Rats were anesthetized with isoflurane (5%, Panion, and BF, Biotech Inc., Taipei, Taiwan). In brief, the medial aspect of the joint 
capsule was incised, the ACLT was transected, and MMx was removed. To maintain hygienic conditions, cefazolin (100 mg/kg/day) 
(Cat: 097603.1566, Sigma-Aldrich, Neihu, Taipei, Taiwan) was administered intramuscularly (IM) for 4 days. Sham rats had a medical 
joint capsule incision made and closed but without the anterior cruciate ligament transection and MMx removal. One week after OA 
induction, VITD (Cat: 1131009, cholecalciferol, Sigma-Aldrich, NY, USA) were orally administered daily for up to 12 weeks (500 
(VITD-H), 100 (VITD-M), and 50 (VITD-L) IU/kg/day). The sham and OA group animals were treated with an equivalent volume of 
saline containing 10% dimethyl sulfoxide (DMSO). 

2.3. Assessment of pain behavior 

As previous report [32], mechanical sensitivity was used to assess pain; a dynamic plantar Aesthesiometer (Ugo Basile, Gemonio, 
VA, Italy) was used to assess the pain response after OA induction and VITD supplementation. OA-treated rats were tested for hind paw 
response to masseter mechanical stimulation with rigid von Frey filaments and a force transducer (Electronic von Frey, Woodland 
Hills, CA, USA). The rat’s paw withdrawal threshold was determined by gradually reducing the pressure from 1 to 50 g through a metal 
filament (0.5 mm) aimed at the plantar region, the average was set at 50 g as the cut-off threshold to prevent paw injury. Every 2 min, 
the paw reflexes were measured in triplicate, for analysis, the mean three values were used. 

2.4. Weight-bearing test 

An incapacitance tester (Linton instrument, Norfolk, UK) with a dual channel weight mean value was used to test weight bearing. 
The rats were carefully placed in a plastic chamber. The strength applied via a hind limb was averaged over a 3 s. The single data point 
was the average of three measurements. The weight distribution on the surgery hind limb (ipsilateral) was calculated using the weight 
difference between the non-surgical and surgical limb (△ Force, g) [33]. 

2.5. Histological studies 

The effects of VITD supplement on cartilage degeneration in OA rats were determined using histological changes. After 12 weeks of 
study, rats were sacrificed and knee joints removed. The joints were resected and fixed for an additional 48 h at 4 ◦C, including the 
patella and joint capsule. The fixed joint specimens were decalcified for 12 days in a 5% collagenase solution at 40 ◦C, followed by 5 
days in 2% formic acid. The samples were then embedded in paraffin and stained with Hematoxylin and Eosin (H&E). The Osteo-
arthritis Research Society International (OARSI) score, cartilage thickness, width, and degradation score were used to estimate OA 
histopathology [34]. 

2.6. ELISA studies 

The total serum VITD levels were measured by the radioimmunoassay assay using a Cobas E411 analyzer (Cathay GeneralHospital, 
Taipei, Taiwan). To determine the concentrations of biological proteins in serum using commercially available ELISA kits. TNF-α, IL-6, 
and IL-10 (San Diego, CA, USA), MMP-3, MMP-9, IL-1β, and CTX-II (Cambridge, MA, USA) ELISA kits from Abcam Co., Ltd. All 
measurements were taken in triplicate as a directed manufacturer. For the detection of the concentrations of each independent study 
sample, a standard curve was calculated [30,35]. 
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2.7. Extraction and culture of chondrocytes 

Chondrocytes were isolated from the knee samples. The tissues were immersed in a sterilized phosphate buffer solution (pH7.4). 
The tissue fat and connective tissue were digested with 1% collagenase solution (Invitrogen, Thermo Fisher Scientific, Grand Isle, NY, 
USA), and kept at 37 ◦C for 50 min. The cells were isolated from tissue culture using 70 μM cell strainers. The cells were then cultured 
with Dulbecco Modified Eagle Medium (DMEM) (Gibco BRL, NY, USA) and antibiotics penicillin and streptomycin (100 ng/mL) 
(Sigma-Aldrich, Darmstadt, Germany), and incubated at 37 ◦C with 5% CO2. After reaching confluence, the cells were detached with 
0.1% trypsin (Sigma-Aldrich, Darmstadt, Germany) and pretreated with (10 ng/mL) IL-1β before being treated with VITD for 24 h to 
simulate harsh conditions. MTT assay was used to determine the toxicity of VITD (Sigma-Aldrich, Darmstadt, Germany) [36,37]. 

2.8. RT-PCR test 

Chondrocytes were cultured in 100 mm cell culture dishes (10 × 106 cells/dish) and used for RT-PCR experiments. Cells were 
washed twice with PBS solution (pH-7.4). After VITD treatment and total mRNA was isolated using TRIzol reagent. The total mRNA (1 
g) was reverse-transcribed into cDNA using the prime-script RT reagent kit and the gDNA eraser (Takara Bio, Kusatsu, Shiga, Japan) as 
directed using manufacturer instructions. SYBER premix Ex TaqII was also used on an ABI prism 7500 fast RT-PCR system (Applied 
Biosystem, Wilmington, NC, USA). The expression levels were calculated using the − 2△△CT method (Livak and Schmittgen) with 
actin serving as the reference gene [38]. The primer sequences were shown in Table 1. 

2.9. Statistical analysis 

The data are presented as mean ± S.D., GraphPad Prism version 6 was used to create all of the figures. One-way ANOVA analysis 
was performed on all data sets, followed by a t-test for multiple comparisons among the groups. P-values less than 0.05 were considered 
significant. Significant differences between groups were found at *p < 0.05, **P < 0.01, and ***P < 0.001. 

3. Results and discussions 

OA is the most common type of knee arthritis that develops in middle age, and it is associated with many risk factors, including age, 
sex, genetics, and obesity. There is no cure for OA, but anti-inflammatory and analgesic drugs such as non-steroidal anti-inflammatory 
drugs (NSAIDs) and corticosteroids are frequently used. Although these therapeutic agents effectively relieve pain, they are not 
without risks. Steroid drugs can cause some side effects, making long-term use difficult, whereas NSAIDs can cause gastrointestinal 
issues as well as hepatotoxicity and renal toxicity. As a result, long-term medications without such complications are required. Ac-
cording to recent clinical reports, VITD is safe over time and may be useful in the treatment of OA patients. In this study, we inves-
tigated the effects of VITD in ACLT + MMx surgical method-induced OA rats by reducing inflammation and inhibiting MMPs to lessen 
articular cartilage damage. 

3.1. VITD alleviates pain in ACLT + MMx-induced OA rats 

The most common symptoms of OA are pain and cartilage destruction. Thus, we tested tactile allodynia in ACLT + MMx induced 
OA rats to see if VITD can alleviate pain. The paw withdrawal thresholds (g) in orally treated VITD-H, VITD-M, and VITD-L group rats 
were significantly higher than in sham-group rats (Fig. 2A). When compared to sham-group rats, VITD-H, VITD-M, and VITD-L treated 
rats show a significant difference in weight-bearing (Force g) (Fig. 2B). In vivo studies revealed that VITD has significant anti- 
nociceptive activity in a dose-dependent manner. 

Throughout the experiment, consistently increased body weight (g) in all groups of rats (Fig. 3A). Supplement of VITD attributes no 
adverse or toxic effects. The knee width (nm) in VITD-treated rats shows better reduction compared to OA rats (Fig. 3B). This reveals 
that the knee inflammation was reduced, with knee width reduction, in a dose-dependent manner. Additionally, this data is supported 
by additional experimental findings, such as the serum pro-inflammatory and anti-inflammatory cytokines expression. 

Table 1 
Details of the RT-PCR primer sequences.   

Forward Primers (5’-3’) Reverse Primers (3’-5’) 

MMP-3 CATAATACACAGCTGACCTGTATAA ATTTAAGAAATCATAGATAAACAGTTACTTA 
MMP-9 TAGTGAGAGACTCTACACAG CCACTTCTTGTCAGTGTCGA 
MMP-13 TGATGATGAAACCTGGACAAGCA GAACGTCATCTCTGGGAGCA 
NF-κB CATGCGTTTCCGTTACAAGTGCGA TGGGTGCGTCTTAGTGGTATCTGT 
TNF-α AGCCCACGTCGTAGCAAACCACCAA AACACCCATTCCCTTCACAGAGCAAT 
IL-6 GACAAAGCCAGAGTCCTTCAGA AGGAGAGCAATTGGAAATTGGGG 
IL-10 TTGCCAAGCCTTGTCTGAGAT TTCTCCCCCAGGGAGTTCAC 
β-actin GGAGATTACCTGCCCTGGCTCCTA GACTCATCTACTCCTGCTTGCTG  

P. Busa et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e15268

5

3.2. VITD attenuates cartilage destruction in ACLT + MMx induced OA rats 

In OA knee, articular cartilage destruction is caused by a combination of increased extracellular matrix degradation (ECM), 
decreased ECM production, and chondrocyte death. In addition, members of the MMPs and a disintegrin and metalloproteinase with 
thrombospondin motifs (ADAMTS) genes are throughout to be essential in cartilage degradation [39]. According to our previous, the 
ACLT + MMx-induced OA revealed that progressive reduced serum VITD and increased MMPs play a significant role in the progression 

Fig. 2. The therapeutic effect of VITD in ACLT + MMx-induced OA rats. Pain behavior was analyzed by (A) paw withdrawal threshold method (g), 
and (B) weight bearing method, and were measured in sham-group (n = 5), OA-group (n = 5), VITD-H (500-IU/kg/day) (n = 5), VITD-M (100-IU/ 
kg/day) (n = 5), and VITD-L (50-IU/kg/day) (n = 5) group animals. Data are presented as means ± S.D, *P < 0.05, **P < 0.01, and ***P < 0.001. 

Fig. 3. Therapeutic effect of VITD in ACLT + MMx-induced OA rats. Checking the (A) body weight changes (g), and (B) Knee with (nm) changes in 
sham- (n = 5), OA- (n = 5), VITD-H (500-IU/kg/day) (n = 5), VITD-M (100-IU/kg/day) (n = 5), and VITD-L (50-IU/kg/day) (n = 5) group animals. 
Data are presented as mean ± S.D.*P < 0.05, **P < 0.01, and ***P < 0.001. 
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of OA in a time-dependent manner [35]. 
For the chondroprotective property of VITD, H&E-stained revealed that VITD treatment (Fig. 4A c-e) reduced articular cartilage 

destruction compared to OA-group rats (Fig. 4A b). OARSI scores revealed that VITD-treated ACLT + MMX-induced rats (VITD-H, 
VITD-M, and VITD-L) had significantly less cartilage destruction than OA-group rats (Fig. 4A f). Furthermore, compared to OA-group 
rats, VITD-treated rats significantly increased cartilage thickness (μM) (Fig. 4B a), decreased cartilage width (μM) (Fig. 4B b), and 
decreased cartilage degradation score (Fig. 4B c). The overall results showed that VITD effectively reduced cartilage destruction in a 
dose-dependent manner. 

3.3. The effect of VITD on serum levels of VITD and CTX-II in ACLT + MMx-induced OA rats 

According to previous studies, lower serum VITD levels had been shown to hasten the progression of OA. The roles of VITD and 

Fig. 4. The cartilage protective effect of VITD in ACLT + MMx-induced OA rats. (A) H&E staining studies of (a) sham-group (n = 5), (b) OA-group 
(n = 5), (c) VITD-L (n = 5), (d) VITD-M (n = 5), (e) VITD-H (n = 5) (scale bar 200 μM), and (f) OARSI score. (B) H&E studies estimated cartilage 
destruction parameters, (a) cartilage thickness (μM), (b) cartilage width (μM), and (c) cartilage degradation score. Data are presented as mens±S.D. 
*P < 0.05, **P < 0.01, and ***P < 0.001. 
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CTX-II in cartilage degradation and OA progression are critical targets for detection and treatment. According to recent studies, higher 
serum levels of CTX-II enhanced the progression of OA [30,40]. In our study, serum VITD levels increased significantly in a 
dose-dependent manner when compared to OA-group animals (Fig. 5A). Furthermore, serum CTX-II, responsible for cartilage 
degradation, levels were significantly lower in VITD-treated groups compared with OA-group animals (Fig. 5B). These findings support 
the argument that VITD supplementation restores VITD levels while decreasing CTX-II levels, thereby reducing cartilage degradation. 

3.4. The effect of VITD on serum pro-inflammatory and inflammatory cytokines expression in ACLT + MMx-induced OA rats 

The pro-inflammatory IL-1β, TNF-α, IL-6, and anti-inflammatory cytokine IL-10, in particular, regulate articular cartilage matrix 
degradation, making them prime targets for therapeutic strategies [41]. Recent animal and clinical studies support this treatment 
strategy of OA, via inhibiting the pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 (Macrophase type 1 (M1 type)), and enhancing the 
level of anti-inflammatory cytokines IL-10 level (Macrophase type 2 (M2 type)) [42]. According to recent studies, VITD is a powerful 
agonist of the transcription factor vitamin D receptor. The VITD has received widespread acclaim for its impact not only on mineral 
homeostasis, but also on metabolic diseases, such as immunological disease and cancer, among others [43,44]. However, VITD 
treatment modalities have demonstrated potent anti-inflammatory activity in both animal and cell culture models. In this study, VITD 
significantly reduced the serum pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 when compared to OA-group rats (Fig. 6A–C). 
Furthermore, VITD-treated rats exhibit a significant increase in serum anti-inflammatory cytokine (IL-10) concentrations in a 
dose-dependent manner when compared to OA-group rats (Fig. 6D). According to the present findings, the VITD supplement reduced 
the inflammation in OA; the width of the knee joints was reduced after treatment. 

3.5. The effect of VITD on serum MMPs in ACLT + MMx-induced OA rats 

In chronic OA, the pro-inflammatory cytokines stimulate the production of MMPs, which degrade all extracellular matrix com-
ponents. MMP-3, MMP-9, and MMP-13 collagenases are rate-limiting in the collagen degradation process and thus play a significant 
role in OA progression. MMP-13, for example, is produced by chondrocytes in cartilage and degrades aggrecan, a proteoglycan 
molecule, as well as collagen, giving it a dual role in cellular matrix destruction. MMP-3 and MMP-9 are also elevated in OA, which 
degrades non-collagen matrix components of joints [45–48]. When compared to the OA-group rats, the VITD supplement significantly 
lowered MMP-13 levels (Fig. 7B). Furthermore, MMP-3 and MMP-9 enzyme levels were significantly lower after VITD treatment 
compared to OA-group rats (Fig. 7A&C). Overall, the findings show that oral VITD supplement protects the cartilage against collagen 
degradation by lowering MMPs expression in joint chondrocytes. 

3.6. The effect of VITD on rat chondrocytes 

Cartilage is a tissue made up of only one type of cell chondrocytes, which are wrapped in a collagen-rich extracellular matrix they 
produced. Chondrocytes can adopt different phenotypes in vivo and in vitro which are determined by the type of collagen they 
produced. When separated from their matrix, chondrocytes can differentiate and produce fibroblastic type I and III collagens. With the 
onset of OA and chondrocytes undergo several variations, including changes in proliferation, viability, and secretory profile [49–52]. 

The toxic and protective effects of VITD were tested in chondrocytes using the MTT assay. When chondrocytes were first treated 
with IL-1β, cell viability was drastically reduced due to reactive oxygen species (ROS) levels, as previously discovered. The VITD- 

Fig. 5. VITD effect on the serum VITD and CTX-II levels. ELISA studies of (A) VITD concentration (ng/mL), and (B) CTX-II concentration (pg/mL) 
levels checked in the sham-group (n = 5), OA-group (n = 5), VITD-H (500-IU/kg/day) (n = 5), VITD-M (100-IU/kg/day) (n = 5), and VITD-L (50- 
IU/kg/day) (n = 5) group animals. Data are presented as means ± S.D. *P < 0.05. **P < 0.01, and ***P < 0.001. 
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treated chondrocytes show protection from harsh conditions at all drug concentrations after being stimulated with IL-1β. Furthermore, 
the VITD alone treatment shows constant cell viability for up to 24 h, indicating that the VITD supplement has no toxicity toward 
chondrocytes (Fig. 8B). Based on the findings from our study, we recommend VITD (Fig. 8A) as a good candidate for the protection of 
chondrocytes under the harsh conditions of OA. 

3.7. The effect of VITD on chondrocytes mRNA expression of MMPs, NF-kB, TNF-α, IL-6, and IL-10 

VITD (dose-dependent) supplementation significantly reduced the mRNA expression of MMPs, TNF-α, NF-kB, and IL-6, and 
increased IL-10 mRNA expression in IL-1β stimulated rat chondrocytes (Fig. 9A–G), which indicates VITD successfully reduced the 
inflammation and protects from the harsh conditions. 

Fig. 6. VITD effect on serum pro-inflammatory and anti-inflammatory cytokines levels. (A–C) ELISA studies of serum pro-inflammatory cytokines 
IL-1β (pg/mL), TNF-α (pg/mL), and IL-6 (pg/mL), and (D) anti-inflammatory cytokines IL-10 (pg/mL) concentration was determined in the sham- 
group (n = 5), OA-group (n = 5), VITD-H (500-IU/kg/day) (n = 5), VITD-M (100-IU/kg/day) (n = 5), and VITD-L (50-IU/kg/day) (n = 5) group 
animals. Data are presented as means ± S.D. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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4. Conclusion 

In this study, we discovered that VITD has a chondroprotective effect in ACLT + MMx-induced OA rats and IL-1β-stimulated rat 
chondrocytes. The pain behavioral studies show that VITD (dose-dependent) treatment significantly reduced pain severity, cartilage 
destruction, as well as inflammation. The ACLT + MMx-induced OA animals show low levels of VITD and increased levels of CTX-II 
levels; however, after VITD oral supplementation, the VITD and CTX-II levels are restored. According to the H&E studies, VITD 
treatment significantly reduced cartilage destruction. Furthermore, ELISA studies revealed that after VITD treatment, serum pro- 
inflammatory cytokines IL-1β, TNF-α, and IL-6 levels significantly reduced while anti-inflammatory cytokines IL-10 levels 
increased, indicating that VITD successfully reduced inflammation in OA rats. Furthermore, VITD also inhibited MMPs expression in 
chondrocytes (MMP-3, MMP-9, and MMP-13), which are required for cartilage protection against the harsh conditions of OA. 
Furthermore, the VITD toxicity study, using MTT assay, shows that VITD is not toxic before or after IL-1β stimulation. Finally, we 
further examined MMPs, IL-6, TNF-α, IL-10, and NF-κB mRNA expression in chondrocytes. Revealed a significant reduction in MMPs, 
IL-6, TNF-α, and NF-κB expression, and enhanced IL-10 mRNA expression after VITD treatment. This study found that VITD has anti- 
inflammatory, pain reduction, and protective effects on rat chondrocytes. 

Fig. 7. VITD effect on MMPs enzymes levels: MMPs levels in the serum were measured using an ELISA test, (A) MMP-3, (B) MMP-13, and (C) MMP- 
9 enzyme levels in the sham-group (n = 5), OA-group (n = 5), VITD-H (500-IU/kg/day) (n = 5), VITD-M (100-IU/kg/day) (n = 5), and VITD-L (50- 
IU/kg/day) (n = 5) group animals. Data are presented as means ± S.D. *P < 0.05, **P < 0.01, and ***P < 0.001. 

Fig. 8. Checking the VITD effect on chondrocytes. (A) Chemical structure of VITD, and (B) MTT assay studies on chondrocytes with VITD (500, 100, 
and 50 -IU) for 24 h of treatment before and after stimulation with IL-1β. 
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