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Background: Osteoarthritis (OA) is the most prevalent chronic joint disease globally. Loss 
of extracellular matrix (ECM) by chondrocytes is a classic feature of OA. Inflammatory 
cytokines, such as interleukin-1β (IL-1β) and interleukin-18 (IL-18), secreted mainly by 
macrophages, promote expression of matrix degrading proteins and further aggravate pro
gression of OA. 1,25-dihydroxyvitamin D (1,25VD) modulates inflammation thus exerting 
protective effects on cartilage tissue. However, the underlying mechanisms of 1,25VD 
activity have not been fully elucidated.
Methods: The destabilization of the medial meniscus (DMM)-induced mice model of OA 
was established to investigate the protective effects of 1,25VD by micro-CT and Safranin-O 
and Fast Green staining. And the co-culture system between THP-1 cells and primary 
chondrocytes was constructed to explore the effects of vitamin D receptor (VDR) and 
1,25VD on chondrogenic proliferation, apoptosis, and migration. The immunofluorescence 
staining and Western blot analysis were used to detect the expressions of ECM proteins and 
matrix degradation-associated proteases. Enzyme-linked immunosorbent assay (ELISA) was 
used to examine the expression levels of inflammatory cytokines.
Results: The findings of the study showed that 1,25VD prevented cartilage degeneration and 
osteophyte formation by inhibiting secretion of inflammatory cytokines in OA mice model. 
These protective effects were exerted through the vitamin D receptor (VDR). Further studies 
showed that 1,25VD increased ubiquitination level of NLRP3 by binding to VDR, resulting 
in decrease in IL-1β and IL-18 secretion. These findings indicate that 1,25VD binds to VDR 
thus preventing chondrogenic ECM degradation by modulating macrophage NLRP3 activa
tion and secretion of inflammatory cytokines, thus alleviating OA progression.
Conclusion: Here, our study suggests that 1,25VD, targeting to VDR, prevents chondro
genic ECM degradation through regulating macrophage NLRP3 activation and inflammatory 
cytokines secretion, thereby alleviating OA. These findings provide information on a novel 
molecular mechanism for application of 1,25VD as OA therapy.
Keywords: osteoarthritis, 1,25-dihydroxyvitamin D, vitamin D receptor, NLRP3, 
inflammatory cytokines

Introduction
Osteoarthritis (OA) is a common joint-related disease globally and it causes motor 
limitation and disability in the elderly.1 Several factors lead to OA, such as age,2 

joint injury,3 hip dysplasia,4,5 femoroacetabular impingement morphology,6,7 varus 
(or valgus) knee alignment,8,9 and leg length inequality.10 Notably, age and joint 
injury are the most common factors leading to OA.2,3 Pathological changes of OA 
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include articular cartilage degeneration, osteophyte forma
tion and subchondral bone sclerosis.11,12 Chondrocytes are 
the only cell type residing in cartilage and play a crucial 
role in articular cartilage composition. The extensive 
extracellular matrix (ECM) comprises type II collagen 
alpha 1 (COL2A1) and structural proteoglycan aggrecan, 
which surrounds the chondrocytes.13 Previous studies 
report that increase of articular cartilage ECM degradation 
is implicated in OA progression.14,15 A disintegrin-like 
and metalloproteinase domain with thrombospondin-1 
motifs 5 (ADAMTS5) is involved in pathogenesis of 
osteoarthritis as it promotes degradation of aggrecan. In 
addition, matrix metalloproteinase 13 (MMP13) are major 
enzymes involved in degradation of the cartilage 
matrix.16,17 Clinical studies and basic studies report that 
ADAMTS5 and MMP13 exert key effects on articular 
cartilage degeneration, and their expression is significantly 
upregulated in OA.18–20 Therefore, protection of chondro
genic ECM from degradation is an important strategy in 
OA treatment.

Several studies report that OA is driven by inflamma
tion-related pro-inflammatory cytokines such as IL-1β, and 
IL-18, which actively remodel the ECM of chondrocytes 
by significantly upregulating expression of matrix degrad
ing proteins.21,22 Moreover, macrophages are the major 
immune cells that present in synovial lining and exert 
important functions in maintaining immune 
homeostasis.23 IL-1β and IL-18 secreted by macrophages 
are mainly produced from macrophage nod-like receptor 
pyrin domain 3 inflammasome (NLRP3).24,25 NLRP3 acti
vation has been widely explored in recent years and is 
associated with OA synovial inflammation.26,27 Upon acti
vation, NLRP3 assembles inflammasome complex and the 
effector pro-caspase-1, which mediates proteolytic clea
vage of pro-caspase-1 into active caspase-1 and converts 
the cytokine precursors pro-IL-1β and pro-IL-18 into bio
logically active IL-1β and IL-18.27 Secretion of IL-1β and 
IL-18 promotes degradation of ECM.12,28 Therefore, inhi
bition of NLRP3 activation thus reducing inflammatory 
cytokines release can abrogate ECM degradation.

Previous studies report that 1,25VD, the active form of 
vitamin D, exerts immunologic activities on multiple com
ponents of the innate and adaptive immune system, includ
ing inflammation response.29 VDR are expressed by most 
immune cells, including macrophages. Vitamin D and 
VDR signaling pathway play a suppressive role on inflam
matory response, reducing macrophage activation and 
secretion of inflammatory cytokines.30 However, studies 

have not explored whether vitamin D exerts protective 
effects on OA progression and the mechanism related to 
the VDR signaling pathway has not been fully elucidated.

In the current study, destabilization of the medial 
meniscus (DMM) induced OA model was established to 
explore the potential protective effects of 1,25VD. The 
finding showed that 1,25VD, the ligand of VDR, modu
lated interaction between VDR and NLRP3 in macro
phages (MФ), and abrogated secretion of inflammatory 
cytokines (IL-1β and IL-18), resulting in inhibition of 
chondrogenic ECM degradation thus ultimately preventing 
pathological progression of OA.

Materials and Methods
Experimental Animals and Procedures
Male C57BL/6 mice (10 weeks) were obtained from the 
Animal Resource Center of the Faculty of Medicine, 
Nanjing Medical University for use in the current study. 
VDR−/− mice were obtained from Yunzi Chen Laboratory. 
All animal procedures were performed following the 
guidelines by the Animal Protection and Use Committee 
of Jiangsu Experimental Animal Association. The study 
was approved by the Animal Protection and Ethics 
Committee of Nanjing Medical University (No. IACUC- 
2006052). OA induction was conducted by destabilization 
of the medial meniscus (DMM) on the right knee. Anterior 
cruciate ligament and medial meniscus were removed dur
ing DMM surgery. All C57 mice aged 8 weeks were 
randomly divided into 3 groups: Sham group, OA 
+Vehicle group and OA+Vitamin D group, with 13 mice 
in each group. Sham group only underwent sham opera
tion, that is, the skin and muscle inside the right knee joint 
were cut with a surgical blade, and then sutured. The mice 
in OA+Vehicle group and OA+Vitamin D group received 
DMM operation and were fed PBS or Vitamin D (0.25 ug/ 
kg/d) for six weeks. The grouping and treatment of VDR−/ 

− mice were the same as C57 mice. Each mouse was 
treated with buprenorphine (0.05 mg/kg) to relieve pain 
and gentamicin (5 mg/kg) to prevent infection after the 
operation. Three days after DMM operation, all animals 
were forced to jog on a specific treadmill at 10m/min for 
40 min per day for 6 weeks.

Administration of Drugs
1,25VD and vitamin D were purchased from Sigma- 
Aldrich (17943 and C2150000, respectively). Phorbol 
myristate acetate (PMA), LPS And Nigericin (Nig) were 
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purchased from Sigma-Aldrich (P1585, 916374 and 
N7143, respectively). Vitamin D was dissolved in PBS 
buffer and 0.25 ug/kg/d administered to mice by intragas
trical administration as previously reported.31 In addition, 
1,25VD was dissolved in absolute ethyl alcohol, to achieve 
different concentrations of 1,25VD at 4 μM, 20 μM and 
100 μM which were used to treat cells for 48h. PMA was 
dissolved in dimethyl sulfoxide to achieve a concentration 
of 1μM which was used to treat cells. LPS was dissolved 
in PBS buffer and was used to treat cells at a concentration 
of 200 ng/mL. Nig was dissolved in absolute ethyl alcohol 
and was used to treat cells at a concentration of 10 μM. 
Activating NLRP3 in THP-1 usually requires two 
signals, one is LPS and the other is Nigericin.32 LPS 
activates inflammatory factor precursors and NLRP3 
through Nf-kb.32,33

Cell Culture and Treatment of Cells
Isolation and incubation of human chondrocytes was con
ducted as described previously.34 Knee cartilages were 
obtained from clinical cases who underwent total knee 
arthroplasty (TKA). The study protocol was approved by 
the research ethics committee of the First Affiliated 
Hospital of Nanjing Medical University (No. 2021-SR 
-027). All OA patients without additional systemic disor
ders provided informed consent. Cartilage tissue was 
washed three times with PBS buffer supplemented with 
1% penicillin-streptomycin (P/S) (Gibco). Cartilage tissues 
were then cut using a surgical blade into cubes with a rib 
length of 1 mm. Cartilage tissues were digested with PBS 
containing 2% trypsin (Gibco) for 30 min, then with 
complete medium containing 2 mg/mL collagenase type 
II (Gibco) for 12–16 h. The digestion was terminated and 
chondrocytes were filtered through a cell sieve and cen
trifuged 3 times (1000 rpm, 5 min) to obtain primary 
chondrocytes. Chondrocytes were cultured in Dulbecco’s 
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/ 
F12, Gibco) supplemented with 10% fetal bovine serum 
(FBS) (Gibco) and 1% penicillin/streptomycin (Gibco). 
Cells were then incubated at a constant temperature of 
37 °C and 5% CO2 for subsequent experiments. All of 
the above procedures were performed under aseptic 
conditions.

THP-1, a promonocytic cell line, was obtained from 
American Type Culture Collection (Nr. TIB-202). THP-1 
cells were cultured in RPMI 1640 medium (Gibco) sup
plemented with 10% FBS and 1% penicillin/streptomycin.

Cell Transfection
THP-1 cells were used for cell transfection experiment 
after adherence. Adherence of THP-1 was induced by 
PMA. Adherent THP-1 cells were transfected with siRNA- 
VDR (GenePharma, China) and Lipofectamine 2000 
(Invitrogen, United States).35 The siRNA-VDR sequence 
used was CCTCCAGTTCGTGTGAATGAT; ATCATTCA 
CACGAACTGGAGG. The siRNA-NLRP3 sequence used 
was GCTCATATCATCATTCCCGCT; ACCAGCTACAA 
AAAGCATGGA.

Micro-Computed Tomography 
(Micro-CT) Joint Imaging
Knee joint tissues of mice were imaged using Skyscan 
1176 Micro-CT equipment (Bruker, Billerica, MA, USA). 
3D images were reconstructed using SkyScan volumetric 
NRecon reconstruction software version 1.6 (Bruker, 
Billerica, MA, USA). The region of interest (ROI) of 
subchondral bone was selected after 3D reconstruction. 
Osteophyte score was analyzed by two experimenters 
who were blinded to the treatments as described 
previously.36

Immunofluorescence Staining
Tissue sections were processed as previously described.37 

Mice tissue samples were perfused with PBS and 4% 
paraformaldehyde until they were stiff. Mouse knee sam
ples were decalcified, dehydrated, and waxed before cut
ting them into 5μm-thick sections for the subsequent 
experiments. After dewaxing and hydration, tissue slices 
were blocked in 10% goat serum/PBST for 1 h at room 
temperature and were further incubated with primary anti
bodies overnight at 4 °C. Primary antibodies used in the 
experiments included anti-COL2A1 (1: 200, Abcam, 
ab34712), anti-aggrecan (1:200, Proteintech, 13880- 
1-AP), anti-ADAMTS5 (1:200; Abcam, ab182795) and 
anti-MMP13 (1:200, Proteintech, 18165-1-AP). Samples 
were incubated with Alexa Fluor 488 or 555 donkey anti- 
rabbit secondary antibodies for 1 h at room temperature. 
Images were captured with fluorescence microscope 
(Olympus, Japan) and quantification of protein levels was 
performed using ImageJ software.

Safranin-O and Fast Green Staining
Tissue sections were obtained following the protocol 
described in immunofluorescence staining section. 
Safranin-O and Fast Green staining was performed using 
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Safranin-O and Fast Green FCF Stain Kit (Solarbio) fol
lowing the manufacturer’s instructions.38 Images were 
obtained using a microscope (Olympus, Japan).

Enzyme-Linked Immunosorbent Assay 
(ELISA)
ELISA analysis of mice synovial fluid was conducted to 
explore the expression levels of inflammatory factors 
in vivo, as previously reported.39 Mice joint tissue was 
homogenized in RIPA buffer and centrifuged at 
12,000 rpm for 30 min. The supernatant (SN) was col
lected for use in ELISA analysis. IL-1β, IL-18 and TNF-α 
levels were determined using ELISA kits (Cloud-Clone 
Corp, SEA563Hu, SEA064Hu, SEA133Hu).

The cell culture medium in each group and the con
centrations of cytokines were determined by ELISA to 
explore changes in expression levels of inflammatory fac
tors in the SN. IL-1β, IL-18 and TNF-α levels were deter
mined using ELISA kits (Cloud-Clone Corp, SCA563Mu, 
SEA064Mu, SEA133Hu).

Immunoprecipitation Analysis and 
Immunoblotting
Immunoprecipitation analysis and immunoblotting were 
performed following methods described previously.40 

Cells were lysed in SDS lysis buffer to obtain the whole- 
cell lysates. For co-immunoprecipitation, cells were trea
ted with 500 µL RIPA Lysis Buffer followed by incubation 
at 4 °C for 30 min. Cells were then centrifuged at 
12,000×g and 4 °C for 15min and the supernatants were 
incubated with the appropriate antibodies overnight. 
Protein A/G-Agarose slurry was added to samples for 
capturing the immunocomplexes at 4 °C for 90 min. 
Samples were centrifuged for 3 min at 100 rpm with 
agarose beads. The beads were washed three times with 
800 µL of ice-cold RIPA buffer and resuspended in 50 µL 
SDS loading buffer. Samples were analyzed by immuno
blotting method. Immunoreactivity bands were visualized 
by ECL reagent and Tanon 5200 Chemiluminescence 
image analysis system. For the NLRP3 ubiquitination 
assay, 300 µL RIPA buffer was added to cells. Cells 
were then centrifuged for 10 min. The SN was treated 
with 1% (w/v) SDS, heated to 100 °C for 5 min to 
dissociate NLRP3 from any associated proteins, and then 
diluted 10-fold with RIPA buffer before 
immunoprecipitation.

Proliferation Assay of Chondrocytes
Chondrocytes were seeded into 24-well plates and cultured 
to achieve 70–80% confluence for use in proliferation 
assay. THP-1 cells (1.6 × 104 cells/cm2) were seeded in 
the upper layer of a 24-well transwell chamber (pore size: 
0.4 μm, Corning) whereas PBS buffer was added to the 
lower chamber. Adherence of THP-1 was induced by 
PMA. THP-1 cells were then transfected with siRNA-NC 
or siRNA-VDR. After transfection, cells were treated with 
complete culture medium containing LPS for 4 h and then 
treated with complete culture medium containing LPS & 
Nig for 1 h. Cell proliferation was analyzed using EdU 
kit.41 We transferred the transwell chamber into the chon
drocytes-adhered 24-well plates to establish the co-culture 
system and the medium containing the LPS, Nig and EdU 
(10 μM) was replaced; cells were then incubated for 
24 h. After incubation, BeyoClick™EdU-594 Cell 
Proliferation Detection Kit (Beyotime) was used to deter
mine proliferation rate following the manufacturer’s 
instructions. Cell proliferation of each group was analyzed 
by fluorescence microscope and flow cytometry.

Apoptosis Analysis of Chondrocytes
A co-culture system was established following the proto
col described in the proliferation assay section (Figure 4). 
Cells were incubated for 24 h and analysis was performed 
using the TUNEL Bright Green Apoptosis Detection Kit 
(Vazyme) following the manufacturer’s instructions. 
Apoptosis rate of each group was determined using fluor
escence microscope and images were analyzed under 
a fluorescence microscope. Flow cytometry analysis was 
performed using Annexin V-FITC/PI Apoptosis Detection 
Kit (Vazyme) following the manufacturer’s instructions.

Migration Analysis of Chondrocytes
THP-1 cells were seeded into 24-well culture plates at 
a density of 1.6×104 cells/cm2. THP-1 adhesion was 
induced by treatment with PMA (P1585, sigma-Aldrich). 
After adherence, THP-1 cells were transfected with 
siRNA-NC or siRNA-VDR then treated with complete 
culture medium containing LPS for 4 h and further treated 
with complete culture medium containing LPS & Nig for 
1h. Chondrocytes were inoculated in the upper 24-well 
transwell chamber (pore size: 8 μm, Corning) at 
a density of 2×104 cells per well. The THP-1 adhered 24- 
well plates were then used to establish a co-culture system, 
and the medium containing LPS & Nig was replaced and 
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cells incubated for 24 h. After incubation, cells were fixed 
with 4% paraformaldehyde for 15 min, stained with 0.5% 
crystal violet for 30 min, and washed thrice with PBS. The 
upper surface of the upper chamber was swabbed to 
remove cells that had not moved to the surface of the 
lower chamber. The chondrocytes migration rate of each 
group was observed under a microscope, and four fields 
were randomly picked for analysis.

In the scratch assay, the co-culture system was estab
lished following the protocol described in the proliferation 
assay section. Cells were incubated for 48 h to exclude the 
effect of cell proliferation on the results. Chondrocytes 
were treated with mitomycin (1 μg/mL) for 1 h prior to 
the experiment. After incubation for 24 h, a sterile pipette 
tip (200 μL) was used to make a scratch on the cell layer. 
Cells were washed three times with PBS and images were 
captured at 0 h, 24 h, and 48 h with a microscope.

CCK-8 Assay
Cell survival rates were estimated using the CCK-8 kit 
(keyGEN biotech, Jiangsu, China). Approximately 104 

cells were seeded in 96-well plates with 100μL medium 
each well. After 48 h cultivation, different doses of 
1,25VD was added, respectively. Each well was incubated 
with 10μg CCK-8 solution for 2 h away from light before 
measuring the absorbance at 450 nm by PerkinElmer’s 
EnSpire Multilabel Plate Reader.

Western Blot Analysis
Western blot analysis was conducted following a method 
described previously.42 The co-culture system was estab
lished in 6-well culture plates following the protocol 
described in the proliferation assay section. Protein lysates 
were prepared using RIPA lysis buffer (Beyotime 
Biotechnology, China). Concentration of protein lysates 
was quantified using BCA Protein Assay kit (Beyotime 
Biotechnology, China). Protein samples (30 μg) were sepa
rated by SDS-PAGE electrophoresis and transferred to 
PVDF membranes (Roche, Mannheim, Germany). PVDF 
membranes were blocked with 5% BSA/TBST at room 
temperature and incubated with primary antibodies over
night at 4 °C. Membranes were washed thrice with TBST 
then incubated with secondary antibodies at room tem
perature. Protein bands were visualized using ECL reagent 
and Tanon 5200 Chemiluminescence image analysis sys
tem. The gray value was analyzed by ImageJ. Primary 
antibodies used in this experiment included anti-COL2A1 
(1:2000, Abcam, ab34712), anti-aggrecan (1:2000, 

Proteintech, 13880-1-AP), anti-ADAMTS5 (1:2000, 
Abcam, ab182795), anti-MMP13 (1:2000, Proteintech, 
18165-1-AP), anti-NLRP3 (1:1000, Adipogen, AG-20B- 
0014), anti-IL-1β (1:1000, R&D Systems, AF-401-NA), 
anti-Ubiquitin (1:1000, Santa Cruz, sc-8017), anti-VDR 
(1:1000, Santa Cruz, sc-13133), anti-β-actin (1:1000, 
Santa Cruz, sc-47778), anti-ASC (1:1000, Santa Cruz, 
sc-514414) and anti-Caspase-1 (1:1000, Abcam, 
ab108362).

Statistical Analysis
All experimental data were expressed as mean ± SD. 
GraphPad Prism 8.02 software (GraphPad Software, Inc., 
San Diego, CA) was used for statistical analysis. Statistical 
analyses were performed using one-way ANOVA with 
post hoc Tukey’s test for multiple comparisons. 
Differences were regarded as statistically significant 
when p-value was <0.05.

Results
Vitamin D Alleviates Knee Osteoarthritis 
in DMM-Induced OA Mice Model
A DMM-induced OA mice model was established to 
explore the protective effects of vitamin D on OA. Knee 
sections of mice from each group were stained with 
Safranin-O and Fast Green to explore structural changes 
of articular cartilage, subchondral bone and bone tissue. 
The findings showed that treatment with vitamin 
D ameliorated the rough cartilage surface and the severely 
exposed subchondral bone compared with the vehicle 
group (Figure 1A), indicating the protective effect of vita
min D. In addition, vitamin D treatment significantly 
reduced the Osteoarthritis Research Society International 
(OARSI) score for mice in the vitamin D group compared 
with the vehicle group (Figure 1B). Moreover, micro-CT 
was performed to explore formation of osteophyte in each 
group. Micro-CT results showed that osteophyte volume 
was significantly higher in the vehicle group compared 
with the sham group. However, treatment with vitamin 
D abrogated the increase in osteophyte formation in OA 
model mice (Figure 1A). Osteophyte score analysis 
showed that the osteophyte score of the vitamin D group 
was significantly lower than that of the vehicle group. 
Findings from osteophyte score analysis were consistent 
with the micro-CT analysis (Figure 1C). These 
findings indicate that vitamin D inhibits osteophyte pro
duction in DMM-induced OA mice model.
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Figure 1 Vitamin D alleviates knee osteoarthritis in DMM-induced OA mice model. (A) Severity of DMM-induced OA mice model as determined by Safranin-O and Fast 
Green, and micro-CT analysis. Expression levels of COL2A1, aggrecan, MMP13 and ADAMTS5 as determined by immunofluorescence staining. Scale bar = 400 μm for 
Safranin-O & Fast Green staining; Scale bar = 100 μm for immunofluorescence staining. (B) OARIS scores in each group (n = 10, one-way ANOVA). (C) Osteophyte score 
of each group (n = 10, one-way ANOVA). (D) Quantification of mean fluorescence intensity of COL2A1, aggrecan, MMP13 and ADAMTS5 in each group (n = 10, one-way 
ANOVA). (E) Levels of IL-1β, IL-18 and TNF-α in mouse knee tissue as determined by ELISA (n = 3, one-way ANOVA). Data are presented as mean ± SD. ns, no significance; 
*p <0.05; **p <0.01; ***p <0.001.
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Degradation of ECM protein is an important patholo
gical characteristic of OA.43 Therefore, immunofluores
cence analysis was performed to explore expression 
levels of ECM proteins (COL2A1 and aggrecan) and 
ECM degradation-associated proteases (MMP13 and 
ADAMTS5). Immunofluorescence results showed that 
the expression levels of COL2A1 and aggrecan of the 
vehicle group were significantly lower than those of the 
sham group. Meanwhile, the expressions of MMP13 and 
ADAMTS5 were markedly elevated in the vehicle group, 
which did not display in the sham group. Notably, treat
ment with vitamin D significantly alleviated the decreased 
expression of ECM proteins (COL2A1 and aggrecan), and 
abrogated the elevated expression of ECM degradation- 
associated proteases (MMP13 and ADAMTS5) (Figure 1A 
and D).

OA is characterized by inflammatory response,44 thus 
inflammatory factors may be responsible for the phenom
ena observed. Therefore, ELISA kits were used to further 
explore the levels of major inflammatory factors in each 
group. ELISA results showed that the vitamin D treatment 
group significantly reduced the increased levels of IL-1β 
and IL-18 after DMM surgery compared with the levels of 
the vehicle group. However, although the secretion of 
TNF-α was significantly elevated in OA model group, 
the level was not significantly changed after vitamin 
D treatment (Figure 1E). These findings indicate that vita
min D effectively abrogates development of OA in the 
DMM-induced OA mice model.

Vitamin D Exerts Joint Protective Effects 
Through VDR
VDR knockout mice (VDR−/− mice) were used to explore 
whether vitamin D exerted its protective effects through 
VDR. The findings showed that vitamin D treatment did 
not protect cartilage against degeneration in VDR−/− mice 
that have undergone DMM surgery (Figure 2A). OARSI 
scores showed that vitamin D did not exert protective 
effect on DMM-induced OA VDR −/− mice model 
(Figure 2B). In addition, formation of osteophytes was 
evaluated by micro-CT. The findings indicated that vita
min D did not exhibit the inhibitory effect on osteophyte 
formation in DMM-induced OA VDR−/− mice model 
(Figure 2A). Findings from osteophyte score analysis 
were consistent with the micro-CT analysis (Figure 2C).

Further, the expression levels of COL2A1 and aggre
can were explored to determine the status of ECM 

degradation. Notably, expression levels of COL2A1 and 
aggrecan were not significantly increased after treatment 
with vitamin D in the DMM-induced OA VDR−/− mice 
compared with the levels in the vehicle group (Figure 2A 
and D). ECM degradation-associated proteases (MMP13 
and ADAMTS5) were not significantly downregulated 
after vitamin D treatment in the DMM-induced OA 
VDR−/− mice model compared with the vehicle group 
(Figure 2A and D).

Expression levels of inflammatory cytokines in each 
group were explored using ELISA kits. Expression of IL- 
1β and IL-18 was not significantly downregulated in 
DMM-induced OA VDR−/− mice after treatment with vita
min D compared with the levels in DMM-induced OA 
mice (Figure 2E). The result was different from the results 
observed in DMM-induced OA mice treated with vitamin 
D. These findings indicate that vitamin D exerts antar
thritic effects in a VDR dependent manner.

VDR Directly Interacts with NLRP3 to 
Increase Ubiquitination Level of NLRP3
The findings showed increased IL-1β and IL-18 levels 
after DMM surgery in mice, indicating activation of 
NLRP3 inflammasomes. Inflammasome signaling mole
cule NLRP3 is implicated in progression of OA and is 
a potential novel biomarker for OA.45 Previously reported 
liquid chromatography-mass spectrometry analysis 
showed that VDR interacting with NLRP3 VDR can affect 
NLRP3 in bone marrow-derived macrophage (BMDM).46 

In addition, co-immunoprecipitation was performed to 
further confirm the interaction between NLRP3 and VDR 
in THP-1 cells. The findings showed interaction of VDR 
and NLRP3 in the LPS group and LPS & Nig group 
(Figure 3A). Moreover, consistent findings were obtained 
through immunofluorescence colocalization of samples 
from synovial sections of OA patients and normal subjects 
(Figure 3B).

NLRP3 activates caspase-1 through formation of 
inflammasome complex, subsequently leading to secretion 
of pro-inflammatory cytokines. To explore the effects of 
VDR-NLRP3 interaction on NLRP3 downstream signals, 
VDR was knocked down in THP-1 cells. The findings 
showed that VDR knockdown significantly upregulated 
expression of caspase-1 and IL-1β secretion in SN after 
LPS & Nig induced NLRP3 activation (Figure 3C). When 
both VDR and NLRP3 were knocked down, the levels of 
IL-1β and caspase-1 decreased significantly compared 
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Figure 2 Vitamin D does not exert joint protective effect in DMM-induced OA VDR−/− mice model. (A) Severity of DMM-induced OA VDR−/− mice model as determined by 
Safranin-O and Fast Green, and micro-CT assays. Expression levels of COL2A1, aggrecan, MMP13 and ADAMTS5 as determined by immunofluorescence staining. Scale bar = 
400 μm for Safranin-O and Fast Green staining; Scale bar = 100 μm for immunofluorescence staining. (B) OARIS scores in each group (n = 10, one-way ANOVA). (C) 
Osteophyte score in each group (n = 10, one-way ANOVA). (D) Quantification of mean fluorescence intensity of COL2A1, aggrecan, MMP13 and ADAMTS5 in each group 
(n = 10, one-way ANOVA). (E) ELISA analysis of IL-1β, IL-18 and TNF-α levels in mice knee synovial fluid (n = 3, one-way ANOVA). Data are presented as mean ± SD. ns, no 
significance; **p <0.01.
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with the VDR knock down group, indicating that VDR 
does play its anti-inflammatory role by regulating NLRP3 
(Figure 3C). These findings indicate that VDR is impli
cated in NLRP3 activation.

Previous studies report that ubiquitination of NLRP3 is 
a key step in repressing NLRP3 activation.47 Therefore, 
the role of VDR in regulating NLRP3 ubiquitination and 
inhibiting its activation was explored. The findings indi
cated VDR knockdown significantly reduced ubiquitina
tion level of NLRP3 compared with the LPS & Nig 
induced negative control (NC) group (Figure 3D). This 
finding indicated increased NLRP3 activation, which is 
consistent with the changes in NLRP3 downstream signals 
presented in Figure 3C. In summary, these findings indi
cate that VDR directly interacts with NLRP3 and promotes 

NLRP3 ubiquitination level and activation, subsequently 
reducing caspase-1 activity and IL-1β secretion in 
macrophages.

Macrophage VDR Partly Reverses 
Decrease in Chondrocyte Proliferation 
Rate Caused by NLRP3 Activation
Although the relationship between VDR and NLRP3 has 
been elucidated in the above studies, this interaction of 
macrophages and how it affects chondrocytes should be 
explored. Therefore, a co-culture system of THP-1 and 
human primary chondrocytes was established for the sub
sequent experiments (Figure 4). EdU flow cytometry ana
lysis findings showed no significant changes in 

Figure 3 VDR directly interacts with NLRP3 and inhibits NLRP3 activity by increasing NLRP3 ubiquitination level. (A) Cell lysates were immunoprecipitated (IP) and 
immunoblotted (IB) with the indicated antibodies in each group. (B) Colocalization of VDR and NLPR3 in synovial sections of osteoarthritis patients and normal subjects as 
determined by immunofluorescence. Scale bar = 100 μm. (C) Western blot analysis of IL-1β and cleaved caspase-1 levels in culture SN and pro-IL-1β, pro-caspase-1 and 
VDR levels in cell lysates in each group. (D) NLRP3 ubiquitination was analyzed in THP-1 cells with different treatments.
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proliferation rate of chondrocytes cultured alone with or 
without LPS & Nig stimulation (Figure 5A and C). 
However, when chondrocytes were co-cultured with 
THP-1 without knockdown of VDR (MΦ-NCKD), the pro
liferation rate of chondrocytes in the co-culture system 
treated with LPS & Nig was significantly lower compared 
with that in the co-culture system without LPS & Nig 
(Figure 5A and C). The findings showed that chondrocyte 
proliferation rate was significantly reduced when the chon
drocytes were co-cultured with THP-1 with knockdown 
VDR (MΦ-VDRKD) compared with that of chondrocytes 
co-cultured with MΦ-NCKD after addition of LPS & Nig 
stimulated co-culture system. These findings were consis
tent with EdU fluorescence results (Figure 5B and D). The 
findings indicate that VDR in THP-1 promotes prolifera
tion of chondrocytes.

Macrophage VDR Partly Abrogates 
Increase in Chondrocyte Apoptosis Rate 
Caused by NLRP3 Activation
Apoptosis rate of chondrocytes in each group was deter
mined through the Annexin V-FITC/PI Apoptosis assay. 
The result showed no difference between the apoptosis 
rate of chondrocytes in the group of chondrocytes cul
tured alone treated with LPS & Nig treatment and the 
group without LPS & Nig treatment (Figure 5E and G). 
Apoptosis rate of chondrocytes in the co-culture system 
stimulated by LPS & Nig was significantly increased for 
chondrocytes were co-cultured with MΦ-NCKD or MΦ- 
VDRKD. The findings showed that apoptosis rate of 

chondrocytes co-cultured with MΦ-VDRKD was signifi
cantly higher compared with that of chondrocytes co- 
cultured with MΦ-NCKD after LPS & Nig treatment 
(Figure 5E and G). Consistent findings were observed 
for the apoptotic rate of chondrocyte using the TUNEL 
Bright Green Apoptosis Detection Kit (Figure 5F and 
H). These findings indicate that the interaction between 
VDR and NLRP3 in THP-1 can inhibit apoptosis of 
chondrocytes.

Macrophage VDR Partly Alleviates the 
Decrease in Chondrocyte Migration 
Caused by NLRP3 Activation
In addition, transwell assay and cell scratch area healing 
assay were conducted to detect the migration ability of 
chondrocytes in each group. The results of transwell assay 
showed no significant difference in the number of migrat
ing chondrocytes cultured alone with and without LPS & 
Nig treatment. However, cell migration rate decreased 
significantly when chondrocytes were co-cultured with 
MΦ-NCKD or MΦ-VDRKD after addition of LPS & Nig 
to the co-culture system. Moreover, the migration rate of 
chondrocytes co-cultured with MΦ-VDRKD was signifi
cantly lower compared with that of MΦ-NCKD group 
induced by LPS & Nig (Figure 6A and C). Consistent 
findings were obtained from the cell scratch healing 
assay (Figure 6B and D). These findings indicate that the 
interaction between VDR and NLRP3 in THP-1 promotes 
migration of chondrocytes.

Figure 4 THP-1 and chondrocyte co-culture system establishment model diagram.
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Figure 5 Macrophage VDR partly reverses decrease in chondrocyte proliferation rate and increase in chondrocyte apoptosis rate caused by NLRP3 activation. (A) 
Proliferation rate of chondrocytes was determined by flow cytometry analysis after EdU assay. (B) Proliferation rate of chondrocyte as determined by immunofluorescence. 
Scale bar = 200μm. (C) Flow cytometry analysis of results from EdU assay (n = 3, one-way ANOVA). (D) EdU positive cell rate of each group (n = 3, one-way ANOVA). (E) 
TUNEL assay for apoptosis rate of chondrocytes determined by flow cytometry analysis. (F) Apoptosis rate of chondrocytes as determined by immunofluorescence. Scale 
bar = 200μm. (G) Flow cytometry analysis of TUNEL assay results (n = 3, one-way ANOVA). (H) TUNEL positive cell rate for each group (n = 3, one-way ANOVA). Data 
are presented as mean ± SD. ns, no significance; *p <0.05; **p <0.01.
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Figure 6 Macrophage VDR partly reverses the decrease in chondrogenic migration and inhibits the degradation of ECM proteins and the increase of ECM degradation- 
associated proteases in chondrocytes caused by NLRP3 activation. (A) Migration of chondrocytes was observed using transwell assay. Scale bar = 200 μm. (B) Images of 
scratch assays on chondrocytes were obtained under a light field of microscope. (C) The number of migratory cells was calculated and analyzed in each group (n = 3, one- 
way ANOVA). Scale bar = 200 μm. (D) The healing area of a scratch wound was analyzed in each group (n = 3, one-way ANOVA). (E) Western blot analysis for COL2A1, 
aggrecan, MMP13 and ADAMTS5. (F) Quantification of the density of immunoreactive bands normalized to tubulin in each group (n = 3, one-way ANOVA). Data are 
presented as mean ± SD. ns, no significance; *p <0.05; **p <0.01.
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Macrophage VDR Inhibits Degradation of 
ECM Proteins (COL2A1 and Aggrecan) 
and Increases Levels of ECM 
Degradation-Associated Proteases 
(MMP13 and ADAMTS5) Caused by 
NLRP3 Activation in Chondrocytes
Expression levels of ECM proteins (COL2A1 and aggre
can) and ECM degradation-associated proteases 
(MMP13 and ADAMTS5) were explored by Western 
blot. The findings showed that addition of LPS & Nig 
to chondrocytes cultured alone did not cause significant 
differences in the expression of COL2A1, aggrecan, 
MMP13 and ADAMTS5 proteins (Figure 6E). 
However, expression of ECM proteins (COL2A1 and 
aggrecan) was significantly downregulated whereas 
expression of ECM degradation-associated proteases 
(MMP13 and ADAMTS5) was significantly upregulated 
after treatment of the co-culture system with LPS & 
Nig. Expression of ECM proteins (COL2A1 and aggre
can) in MΦ-VDRKD group with LPS & Nig treatment 
was significantly downregulated compared with the 
levels in chondrocytes co-cultured with MΦ-NCKD, 
whereas expression of ECM degradation-associated pro
teases (MMP13 and ADAMTS5) was significantly upre
gulated (Figure 6E and F). These findings indicate that 
the interaction between VDR and NLRP3 in THP-1 
inhibits degradation of ECM proteins (COL2A1 and 
aggrecan) and abrogates increase of ECM degradation- 
associated increased expression of proteases (MMP13 
and ADAMTS5) induced by NLRP3 activation in 
chondrocytes.

VDR Inhibits Secretion of Inflammatory 
Factors by Macrophages
The effects reported above may be associated with 
inflammatory factors secreted by THP-1. Therefore, 
ELISA kits were used to determine levels of major 
inflammatory factors in each group. The findings 
showed that the levels of IL-1β and IL-18 in MΦ- 
VDRKD group were significantly increased after the 
LPS & Nig treatment compared with the levels in the 
MΦ-NCKD group (Figure S1 A), whereas the level of 
TNF-α was not significantly different (Figure S1 A). 
These findings indicate that VDR inhibits NLRP3 activ
ity thus reducing secretion of IL-1β and IL-18.

1,25VD Enhances Ubiquitination Level of 
NLRP3 by Modulating Interaction 
Between VDR and NLPR3
We used CCK-8 kit to explore the cytotoxicity of 1,25VD, 
and the results showed that when 1,25VD concentration 
was 0–100uM, there was no significant decrease on the 
survival rate of THP-1 cells, and when 1,25VD concentra
tion was above 200uM, the survival rate of THP-1 cells 
decreased significantly (Figure S1 B). Therefore, we con
trolled the concentration range of the 1,25VD dose effect 
experiment between 0–100uM. The findings showed that 
1,25VD inhibited NLRP3 activation and expression of 
downstream caspase-1 and IL-1β after treatment of THP- 
1 with LPS & Nig in a dose-dependent manner (Figure 
S1 C).

In order to further explore the mode of action of 
1,25VD, we used siRNA to specifically knock down the 
VDR in THP-1. It was found that there was no significant 
change in the secretion of caspase-1 and IL-1β with or 
without 1,25VD, and the secretion of caspase-1 and IL-1β 
increased significantly (Figure 7A), indicating that 1,25VD 
plays an anti-inflammatory role through VDR. When we 
knocked down the NLRP3 specificity of THP-1 with 
siRNA, there was no significant change in the secretion 
of caspase-1 and IL-1β with or without 1,25VD 
(Figure 7A), indicating that 1,25VD regulates the activity 
of NLRP3 through VDR, so as to play an anti- 
inflammatory role.

Further analysis was performed to verify that the 
1,25VD modulated interaction between VDR and NLRP3 
ubiquitination. The findings showed that 1,25VD increased 
ubiquitination level of NLRP3 after LPS & Nig treatment. 
However, this effect was abrogated by VDR knockdown 
(Figure 7B). These findings indicate that 1,25VD enhances 
NLRP3 ubiquitination through VDR and inhibits NLRP3 
mediated macrophage inflammation response.

1,25VD Enhances the Inhibitory Effect of 
VDR on Inhibition of Chondrocyte 
Proliferation Caused by NLRP3 
Activation
The THP-1 and chondrocytes co-culture system was estab
lished to explore the effects of 1,25VD on proliferation of 
chondrocytes. Flow cytometry results showed that addition 
of 1,25VD significantly increased the proliferation rate of 
chondrocytes when chondrocytes were co-cultured with 
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Figure 7 1,25VD enhances the inhibitory effect of VDR on the decrease of chondrocyte proliferation rate and the increase of chondrocyte apoptosis rate caused by NLRP3 
activation (A) Western blot analysis of IL-1β and cleaved caspase-1 in SN and pro-IL-1β, pro-caspase-1, and VDR in cell lysates were detected in each group. (B) NLRP3 
ubiquitination was analyzed in THP-1 cells with different treatments. (C and D) EdU assay for proliferation rate of chondrocytes was determined by flow cytometry analysis 
and the statistical results of flow cytometry analysis for EdU assay (n = 3, one-way ANOVA). (E and F) The proliferation rate of chondrocytes was observed by 
immunofluorescence and the EdU positive cell rate was analyzed in each group (n = 3, one-way ANOVA). Scale bar = 200 μm. (G and H) TUNEL assay for apoptosis rate of 
chondrocytes was determined by flow cytometry analysis and the statistical results of flow cytometry analysis for TUNEL assay (n = 3, one-way ANOVA). (I and J) The 
apoptosis rate of chondrocytes was observed by immunofluorescence and the TUNEL positive cell rate was analyzed in each group (n = 3, one-way ANOVA). Scale bar = 
200 μm. Data are presented as mean ± SD. ns, no significance; *p <0.05; **p <0.01.
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MΦ-NCKD (Figure 7C and D). However, addition of 
1,25VD did not increase proliferation rate of chondrocytes 
when chondrocytes were co-cultured with MΦ-VDRKD 

(Figure 7C and D). These findings were consistent with 
EdU fluorescence results (Figure 7E and F). The findings 
indicate that 1,25VD plays an important role in enhancing 
chondrocyte proliferation through VDR.

1,25VD Enhances Inhibitory Effect of 
VDR of Chondrocyte Apoptosis Caused 
by NLRP3 Activation
Annexin V-FITC/PI Apoptosis Detection Kit and the TUNEL 
Bright Green Apoptosis Detection Kit were used to determine 
the apoptosis rate of chondrocytes in each group. Flow cyto
metry results showed that treatment with 1,25VD significantly 
decreased apoptosis rate of chondrocytes when chondrocytes 
were co-cultured with MΦ-NCKD (Figure 7G and H). 
However, addition of 1,25VD did not reduce apoptosis rate 
of chondrocytes when chondrocytes were co-cultured with 
MΦ-VDRKD (Figure 7G and H). TUNEL fluorescence results 
were consistent with flow cytometry results (Figure 7I and J). 
These findings indicate that 1,25VD plays a vital role in 
inhibiting chondrocyte apoptosis through VDR.

1,25VD Enhances the Inhibitory Effect of 
VDR on the Decrease of Chondrocyte 
Migration Caused by NLRP3 Activation
Transwell assay and cell scratch area healing assay were 
performed to determine migration ability of each group of 
chondrocytes. The number of migrating chondrocytes was 
significantly increased after treatment with 1,25VD when 
chondrocytes were co-cultured with MΦ-NCKD 

(Figure 8A and B). The effect of 1,25VD was abrogated 
by VDR knockdown in THP-1 cells (Figure 8A and B). 
This finding indicates that 1,25VD promotes chondrocyte 
migration through VDR, and similar results were obtained 
from the cell scratch area healing assay (Figure 8C and D).

1,25VD Enhances Inhibitory Effect of 
VDR on Decrease of ECM Proteins 
(COL2A1 and Aggrecan) and Increase in 
ECM Degradation-Associated Proteases 
(MMP13 and ADAMTS5) Caused by 
NLRP3 Activation
Western blot analysis was performed to explore the 
expression levels of related proteins in each group. The 

findings showed that the expression levels of ECM pro
teins (COL2A1 and aggrecan) increased significantly and 
that of ECM degradation-associated proteases (MMP13 
and ADAMTS5) decreased significantly in chondrocytes 
co-cultured with MΦ-NCKD and treated with LPS & Nig 
after treatment with 1,25VD (Figure 8E and F). Notably, 
this effect was abrogated by knockdown of VDR in THP-1 
cells (Figure 8E and F). These findings indicated that 
1,25VD upregulated expression of ECM proteins 
(COL2A1 and aggrecan) and downregulated expression 
of ECM degradation-associated proteases (MMP13 and 
ADAMTS5) through VDR.

1,25VD Enhances Ability of VDR to 
Inhibit Secretion of Inflammatory 
Cytokines by Macrophages
The above findings implied that 1,25VD may improve 
ubiquitination level of NLRP3 by modulating interaction 
between VDR and NLRP3, thus inhibiting secretion of 
inflammatory factors by macrophage ultimately playing 
a protective role on chondrocytes. Therefore, ELISA kits 
were used to determine the levels of major inflammatory 
factors in each group of cells. ELISA results showed that 
1,25VD had no regulatory effect on TNF-α level (Figure 
S2 D). However, 1,25VD significantly reduced the levels 
of IL-1β and IL-18 in the MΦ-NCKD group (Figure S2 D). 
However, the effect of 1,25VD on levels of inflammatory 
factors was abrogated knockdown of VDR in THP-1 cells 
(Figure S2 D).

Discussion
Osteoarthritis is the most prevalent chronic articular dis
ease and is characterized by progressive degeneration of 
articular cartilage, as well as bone remodeling.48 

Currently, a number of therapies are available for OA, 
including pharmacological and non-pharmacological 
approaches.49–51 Previous clinical studies reported that 
vitamin D endocrine system, including vitamin D and 
its receptor VDR, are involved in cartilaginous metabo
lisms, which are associated with pathological changes of 
OA.52–54 However, the potential mechanisms have not 
been fully elucidated. Therefore, the current study 
explored the role of vitamin D in alleviation of pathologi
cal changes of OA in DMM-induced OA mice model. The 
findings showed protective effects of vitamin D against 
chondrogenic ECM degradation and osteophytes forma
tion. Furthermore, degradation of ECM protein (COL2A1 
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and aggrecan) and abnormally increased expression of 
ECM degradation-associated proteases (MMP13 and 
ADAMTS5) were reversed by treatment with vitamin 

D. The findings on protective effects of vitamin D on 
inhibition of expression of ECM degradation-associated 
protease results were consistent with findings from 

Figure 8 1,25VD enhances the inhibitory effect of VDR on the decrease of chondrocyte migration and the decrease of ECM proteins and the increase of ECM degradation- 
associated proteases caused by NLRP3 activation. (A and B) Migration of chondrocytes was observed and quantified by transwell assay and crystal violet was used to stain migrating 
chondrocytes (n = 3, one-way ANOVA). Scale bar = 200 μm. (C and D) Images of scratch assays on chondrocytes were obtained under a light microscope and the healing area of 
a scratch wound was analyzed in each group (n = 3, one-way ANOVA). Scale bar = 200 μm. (E and F) Western blot analysis of COL2A1, aggrecan, ADAMTS5 and MMP13 in 
chondrocytes were detected and quantified in each group (n = 3, one-way ANOVA). Data are presented as mean ± SD. ns, no significance; *p <0.05; **p <0.01.
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a previous study.55 In addition, determination of levels of 
inflammatory cytokines in knee tissue of DMM-induced 
OA mice model in each group showed that vitamin 
D therapy significantly reduced IL-1β and IL-18 levels. 
Inflammatory response is a significant factor that initiates 
and aggravates progression of OA.56 Previous studies 
reported that the interplay between inflammatory cytokines 
and chondrogenic ECM degradation plays a crucial role in 
onset and development of OA.57 These findings indicate 
that these symptoms may be caused by dysregulation of 
secretion of inflammatory cytokines. Further analyses 
were performed using VDR−/− mice and the findings 
showed that the protective effects of vitamin D on DMM- 
induced OA mice model were alleviated and the effects of 
vitamin D on the reduction of IL-1β and IL-18 levels were 
abrogated by VDR knockdown. This finding indicates that 
vitamin D exerts its joint protective effect by binding 
to VDR.

Vitamin D can reduce the levels of IL-1β and IL-18, 
which are closely related to NLRP3 activity.58 Notably, 
NLRP3 is a potential novel biomarker for OA and is 
implicated in induction of secretion of IL-1β and IL-18, 
which promote cartilage degeneration and synovial 
inflammation.45 This indicates that vitamin D may regulate 
NLRP3 activity by binding to VDR. It has previously been 
reported that VDR can affect NLRP3 in BMDM.46 The 
interaction between NLRP3 and VDR in THP-1 was 
further investigated by co-immunoprecipitation and immu
nofluorescence colocalization. Previous studies reported 
that ubiquitination is a key step in inhibition of NLPR3 
activation.47 The findings of the current study showed that 
VDR increases ubiquitination level of NLRP3, thus redu
cing levels of IL-1β and IL-18 secreted by macrophages.

Macrophages are implicated in cartilage regeneration 
and present a potential target for protection of cartilage 
degradation.23 Moreover, chondrocytes, as the sole cell 
type present within cartilage, play important roles 
in maintenance of tissue homeostasis.59 Therefore, further 
analysis was performed to explore whether VDR and 
NLRP3 interaction in macrophages affected chondrocytes 
by establishing a co-culture system between THP-1 and 
chondrocytes. In the co-culture system, the proliferation 
and migration ability of chondrocytes co-cultured with MΦ- 
VDRKD were significantly lower and the apoptosis rate was 
significantly higher compared with that of chondrocytes co- 
cultured with MΦ-NCKD after NLRP3 activation. 
Moreover, expression level of ECM degradation- 
associated proteases (MMP13 and ADAMTS5) was 

significantly higher whereas expression level of ECM pro
tein (COL2A1 and aggrecan) was significantly decreased in 
chondrocytes co-cultured with MΦ-VDRKD compared with 
the levels in the chondrocytes co-cultured with MΦ-NCKD. 
The levels of inflammatory cytokines in each group were 
explored and the findings showed that LPS & Nig stimula
tion significantly increased the ability of MΦ-VDRKD to 
secrete IL-1β and IL-18 compared with that of MΦ-NCKD. 
These findings indicate that VDR plays a protective role in 
chondrocytes by increasing NLRP3 ubiquitination level, 
inhibiting NLRP3 activity, and reducing secretion of inflam
matory cytokines such as IL-1β and IL-18.

These results implied that vitamin D exerts its anti
arthritic effect by regulating NLRP3 ubiquitination level 
through VDR in vivo. Therefore, different concentra
tions of 1,25VD were added to THP-1 cells and the 
findings showed that IL-1β and caspase-1 levels in 
THP-1 cells were positively correlated with the concen
tration of 1,25VD. Further analysis showed that 1,25VD 
significantly improved ubiquitination level of NLRP3, 
and this effect was abrogated by VDR knockdown. 
This finding indicatesd that 1,25VD plays a protective 
role by regulating NLRP3 ubiquitination level by bind
ing to VDR. Furthermore, we found 1,25VD inhibited 
decrease of chondrocyte proliferation and migration 
ability and increased apoptosis rate induced by NLRP3 
activation in the co-culture system. Moreover, 1,25VD 
inhibited degradation of ECM proteins (COL2A1 and 
aggrecan) and increased levels of ECM degradation- 
associated proteases (MMP13 and ADAMTS5) induced 
by macrophage activation. ELISA analysis was per
formed to explore inflammatory factors in each group, 
and the findings showed that 1,25VD inhibit secretion of 
IL-1β and IL-18. However, these 1,25VD effects were 
not observed after knockdown of VDR in THP-1 cells. 
These findings indicate that 1,25VD enhances the ability 
of VDR to increase ubiquitination level of NLRP3 and 
inhibits secretion of IL-1β and IL-18, thus protecting 
chondrocytes.

Osteoarthritis involves all joint compartments but 
this study only investigates the interaction of immune 
cells and chondrocytes. In summary, the findings of the 
current study show that 1,25VD ameliorates knee OA 
by modulating interaction between VDR and NLRP3 in 
macrophages, resulting in inhibition of NLRP3 activa
tion and downstream cytokine (IL-1β and IL-18) secre
tion. As a result, it promotes proliferation and 
migration of chondrocytes, inhibits apoptosis of 
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chondrocytes, inhibits degradation of ECM protein 
(COL2A1 and aggrecan) and increases levels of ECM 
degradation-associated proteases (MMP13 and 
ADAMTS5) (Figure 9). These findings imply that 
VDR in macrophages is a promising target for OA 
treatment. In addition, the findings provide information 
on a novel molecular mechanism for effect of 1,25VD 
in OA.
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