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Abstract 

Initial investigations established osteocalcin (OCN) as a pivotal factor in bone formation. Fully carboxylated 
osteocalcin (cOCN) exhibits a high affinity for hydroxyapatite within the bone matrix, yet under specific 
physiological conditions, it may undergo decarboxylation, thereby acquiring endocrine regulatory capabilities. 
Recent findings suggest a potential protective role for undercarboxylated osteocalcin (ucOCN) beyond bone, 
influencing various systems, including the brain, pancreas, muscle, and gonads, where its effects are well 
established. Although increased intracellular OCN expression is often considered a marker of osteoarthritis 
(OA) and chondrocyte hypertrophy, the specific role of extracellular ucOCN in chondrocytes remains largely 
unexplored and has received little attention, especially regarding its potential to modulate OA-related changes. 
This study used OCN knockout (OCN-/-) mice and found that OCN absence increased collagen type X 
(COL10) and matrix metalloproteinase 13 (MMP13) expression in chondrocytes, despite a lack of severe OA 
phenotype. A declining trend of ucOCN in synovial fluid was observed in arthritis models and OA patients, 
suggesting a role in OA progression. Elevation of ucOCN levels led to the downregulation of COL10a1 and 
MMP13 expression, accompanied by a marked improvement in cartilage integrity in murine models of arthritis. 
Additionally, ucOCN regulated the G protein-coupled receptor class C group 6 member A (GPRC6 A) and 
Hypoxia-inducible factor 1-alpha (HIF-1α) pathways, promoting TIMP3 expression and autophagy in 
chondrocytes, indicating distinct molecular mechanisms behind its protective effects. 

Keywords: OCN, ucOCN, Osteoarthritis, GPRC6A, HIF-1α 

Introduction 
Osteoarthritis (OA) is the most common chronic 

joint disease in individuals over 65, characterized by 
structural, compositional, and functional cartilage 
changes 1-3. Although genetic factors, biomechanical 
stress, and biological influences like trauma and 
infection contribute to OA progression 4, 5, its exact 
etiology remains unclear. Joint homeostasis relies on 
tightly regulated signaling pathways, with 
chondrocyte phenotype maintenance being a key 
indicator of this balance 6-9. Under physiological 
conditions, articular chondrocytes arrested at a 

pre-hypertrophic stage with both low metabolic and 
regenerative ability, and there is a delicate balance 
between chondrocytes and extracellular matrix 10. In 
OA, chondrocytes undergo hypertrophic changes, 
expressing markers such as COL10, MMPs and a 
disintegrin and metalloproteinase with 
thrombospondin motifs (ADAMTSs), which drive 
cartilage degradation 9, 11. 

OA is a whole joint disease, affecting all 
components of the joint 10, 12-14. Extensive research has 
demonstrated the crosstalk within the skeletal muscle 
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system, particularly highlighting the bioactive role of 
the bone-derived hormone OCN and its involvement 
in these regulatory processes 13-16. OCN signaling is 
essential for maintaining muscle mass, enhancing 
exercise adaptability, and promoting tissue repair, 
particularly in tendon sheaths 16-19. Furthermore, OCN 
has been shown to positively regulate various 
age-related physiological functions, including 
memory, male fertility, and muscle adaptability 17. 
These findings raise the question of whether OCN 
exerts similar regulatory effects in the context of 
another age-related musculoskeletal disorder, osteo-
arthritis. OCN is predominantly synthesized by 
osteoblasts 20, 21. Depending on its degree of 
carboxylation, mature OCN is typically classified into 
two subtypes: γ-carboxylated OCN (cOCN) and 
undercarboxylated OCN (ucOCN). Fully 
carboxylated OCN primarily deposits within the bone 
extracellular matrix due to its strong affinity for 
hydroxyapatite, and it can be decarboxylated into 
ucOCN by osteoclasts 22-24, subsequently entering the 
circulatory system. Although both ucOCN and cOCN 
are detectable in the circulation, the majority of 
studies have established that only ucOCN exhibits 
biological endocrine activity 22, 23, thus earning its 
designation as bioactive OCN. Given that OCN is 
secreted during the maturation phase of osteoblasts 
and highly expressed in OA chondrocytes 6, 10, it has 
long been regarded as a marker of hypertrophic 
chondrocytes. However, whether ucOCN exerts 
effects analogous to those of OCN in OA pathogenesis 
remains to be elucidated.  

We therefore initiated an investigation into the 
functional role of ucOCN in chondrocytes. 
Chondrocytes from both neonatal and adult OCN-/- 
mice displayed a more pronounced hypertrophic 
phenotype, which contrasts with previous reports 
identifying OCN as a hypertrophy marker. However, 
in an adult arthritis model, OCN knockout did not 
exacerbate the arthritis phenotype. This observation 
led us to hypothesize that OCN’s role in cartilage 
homeostasis may vary depending on its form, 
particularly the undercarboxylated form-ucOCN. To 
test this, we manipulated ucOCN levels in cell 
supernatants and synovial fluid in a series of in vivo 
and in vitro experiments. Our results showed that 
ucOCN inhibits chondrocyte hypertrophy and 
protects against osteoarthritis, primarily through the 
activation of the HIF-1α pathway via the GPRC6A 
receptor.  

Materials and Methods 
Animal Studies  

All procedures for animal use were in 

accordance with the national guidelines for the use of 
animals in scientific research. Additional approval 
was granted by the Administrative Panel on 
Laboratory Animal Care at the Beijing Institute of 
Basic Medical Sciences. All mice were maintained on a 
pure C57BL/6NCrSlc genetic background. The 
OCN−/− mice were obtained from Beijing 
BIOCYTOGEN Gene Biotechnology Co., Ltd. for 
model organisms. All mice were maintained in a 
specific pathogen-free environment with a 12-hour 
light/12-hour dark cycle and provided ad libitum 
with water and chow.  

Collection of Human Tissue Samples 
All human tissue samples were sourced from 

patients at the First Affiliated Hospital of China 
Medical University, with informed consent obtained 
from the patients. The articular cartilage was obtained 
from patients who underwent total knee arthroplasty 
for OA and their synovial fluid was collected at the 
time of surgery, these patients were excluded from 
systemic metabolic diseases such as diabetes and 
rheumatoid diseases. They were all female patients 
aged between 65-70 years. The synovial fluid in the 
control group was obtained from young surgical 
patients with meniscal injuries aged 30-35 years. 
These patients had meniscal injuries of 1-3 months 
duration, no metabolic diseases, no intraoperative 
destruction of articular cartilage, and no significant 
blood mixing in the joint fluid.  

Primary Chondrocytes Isolation and Culture 
Primary chondrocytes were isolated from 5 days 

old mice according to established protocol 25. Briefly, 
mice were sacrificed with an overdose of anesthetic 
and immersed in 75% ethanol for 5 minutes. In sterile 
flow hood, the femoral head, tibial plateau and 
femoral condyles of mice were separated under 
anatomical microscope, the surrounding soft tissue 
was removed as clean as possible, digested with 
0.02% type I collagenase (BioFroxx) for 20 minutes 
after rinsing twice with sterile PBS, then the soft tissue 
was removed again. The cartilage was rinsed twice 
with sterile PBS again and then digested with 0.02% 
type II collagenase (BioFroxx) for about 5 hours to 
single cell suspension at 37°C in a thermal incubator 
under 5% CO2. The isolated cells were seeded into 
culture dish and cultured with a DMEM: F12=1:1 
medium (Sigma) contained 10% FBS (sigma) and 1% 
penicillin-streptomycin. The cells were passaged 
when fused to 80% and the P1 cells were used for 
subsequent cell experiments. 

Micromass Culture 
Micromass cultures were taken as described 
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previously 9. Briefly, 5×105 primary chondrocytes 
were centrifuged at 300 × g for 10 minutes. After 3 
days culturing in the same medium in the centrifuge 
tubes, the resulting cell pellets were transferred into a 
low-attachment petri dish and incubated in the same 
medium for 21 days. 

Quantitative Real-time PCR (qRT-PCR) 
 Cells in a six-well plate were washed twice with 

2 ml cold PBS, followed by addition of 1 mL of TRIzol. 
Cells were incubated for 5 minutes at room 
temperature and collected in Eppendorf tubes. 
Micromass or tissue samples were frozen in liquid 
nitrogen, crushed by a multibead shocker and 
immediately extracted for RNA. For the real-time 
RT-PCR analyses, 500 ng of total RNA was 
reverse-transcribed into first-strand cDNA by using 
ReverTra Ace (Toyobo). PCR amplification was 
performed in a reaction volume of 20 μL containing 
1 μL cDNA and 4 μL SYBR FAST qPCR Master Mix 
(Tsingke). The primer sequences used for qRT-PCR 
were shown in supplementary Table 1. Data were 
analyzed via comparison Ct (2-ΔΔCt) method and 
expressed as fold change compared with β-actin. Each 
sample was analyzed in triplicate.  

Protein Extraction 
To detect protein expression, the sample was 

washed twice with cold PBS, and 100 μL RIPA lysis 
buffer (Solarbio) premixed with protease inhibitors 
was used to lysis the whole cell after removing PBS, 
cell lysates were collected after lysing for 30 minutes 
on ice while ensuring that lysates were collected as 
much as possible. After centrifuged at 12,000 × g for 
15 minutes at 4°C, the supernatant was collected and 
protein solution was then mixed with loading buffer 
(Sango) and boiled at 95°C for 5 minutes. Samples 
were stored at -80°C. 

Western Blotting 
The pre-prepared samples were separated on 

sodium dodecyl sulfate-polyacrylamide gels 
(SDS-PAGE) and transferred to a PVDF membrane 
(Civita). After blocking in 5% skim milk for 1 hour at 
room temperature, the membrane were cultured with 
following antibody: anti-MMP13 (Abclonal, A16920, 
1:1000), anti-COL10a1 (Abclonal, A11645, 1:1000), 
anti-OCN (Santa Cruz, sc-390877, 1:500), anti- 
COL2a1(Abclonal, A1560 , 1:1000), anti-GPRC6A 
(Solarbio, K005896P, 1:1000), anti-HIF-1α (Affinity, 
AF1009, 1:1000), anti-TIMP3 (Affinity, DF6432, 
1:1000), anti-Phospho-AKT (Cell Signaling Techno-
logy, 4060, 1:1000), anti-Phospho-mTOR (Cell 
Signaling Technology, 5536, 1:1000), anti-Phospho- 
P70S6 Kinase (Cell Signaling Technology, 9205, 

1:1000), anti-Phospho-4EBP1 (Abclonal, AP0030, 
1:1000), anti-P62 (Cell Signaling Technology, 16177, 
1:1000), anti-LC3b (Cell Signaling Technology, 3868, 
1:1000) at 4°C overnight. The membranes were 
washed with TBST then incubated with 
HRP-conjugated secondary antibody (Abclonal) at 
room temperature for 1 hour. The membrane then got 
washed 3 times by TBST, then exposed to ECL 
solutions (Applygen) for 5-10 minutes and developed 
by Hyper film ECL. 

Destabilized Medial Meniscus (DMM) Surgery  
12-weeks-old male mice were injected 1.25% 

Avertin intraperitoneally for anesthesia according to 
the dosage of 0.2 mL/kg. The fur around knee joints 
were shaved gently and disinfected with 2% 
iodophor. A 5 mm size incision was performed along 
the medial edge of the patellar ligament, expose the 
knee joint cavity layer by layer. The anterior horn of 
the medial meniscus was dissociated from tibial 
plateau under the anatomical microscope with 
microsurgical instruments. The muscle and skin 
around knee joint were sutured with 4-0 silk sutures. 
The sham operation group only exposed the knee 
joint cavity and sutured as the DMM group without 
any ligament transection. The mice were sacrificed at 
the designed time points and the knee joints and 
synovial fluid were collected.  

Safranin O and Fast Green Staining 
The knee joint samples were decalcified in EDTA 

decalcification solution (Solarbio) for about 3 weeks 
and the solution was changed every week until no 
obvious resistance to needling. Then the samples were 
dehydrated, embedded and sliced into 5 μm paraffin 
sections. The sections were dewaxed twice in xylene 
for 10 minutes each, and then rehydrated in 100% 
alcohol, 95% alcohol and 70% alcohol for 5 minutes 
successively. Then stained in Weigert’s Iron 
Hematoxylin for 5 minutes and gently wash the 
excess pigment with flowing water and differentiated 
in 1% acid-alcohol for 5 seconds. The sections were 
rinsed gently in flowing water and stained with 0.2% 
Fast Green for 3 minutes, then rinsed quickly with 1% 
acetic acid solution for no more than 30 seconds and 
stained in 0.1% safranin O solution for 10 minutes. 
Subsequently, the sections were dehydrated using a 
graded alcohol series for hydration, cleared with 
xylene twice for 2 minutes each, and subsequently 
mounted with a resinous medium. 

Hematoxylin and Eosin (H&E) Staining  
The paraffin sections were subjected 

deparaffinized, re-hydrated as described above. The 
sections were stained with hematoxylin solution for 5 
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minutes, then washed in flowing water for 10 
minutes. The sections were differentiated by 1% acid 
alcohol for 30 seconds, then washed in flowing water 
for 3 minutes. The sections were stained in 0.2% 
ammonia water for 30 seconds and washed in flowing 
water for 5 minutes. The sections were counterstained 
in eosin-phloxine solution for 1 minute and washed in 
flowing water for 5 minutes. The sections dehydrated, 
cleaned and mounted as described above.  Synovium 
score was  evaluated according to the reported 
method 12. 

Histology and Immunohistochemistry (IHC) 
The paraffin sections were subjected 

deparaffinized, re-hydrated as described above. 
Antigen repair was performed with sodium citrate 
solution at 95°C for 10 minutes and rinsed three times 
with PBS. Soak the slices in 3% H2O2 for 10 minutes to 
remove endogenous peroxidase. The sections were 
washed twice with PBS, then immersed in blocking 
buffer containing 0.2% TritonX-100, 3% bovine serum 
albumin and 5% goat serum for 1 hour, and incubated 
in 4°C overnight with primary antibody solution. The 
sections were washed with PBS for 5 times, each time 
for 5 minutes, and stained with secondary antibody at 
room temperature for 1 hour. After washed with PBS 
for 5 times, each time for 5 minutes, the sections were 
stained in Weigert’s Iron Hematoxylin for 5 minutes 
and gently wash the excess pigment with flowing 
water and differentiated in 1% acid-alcohol for 5 
seconds. Finally, the sections were dehydrated, 
cleaned and mounted as described above. Images 
were obtained by a FluoView FV1000 confocal 
microscope (Olympus). Proportion of positive cells or 
mean gray value was measured for statistical analysis. 
The primary antibodies used were as follows: 
anti-MMP13 Affinity, AF5355, 1:400), anti-COL10a1 
(Affinity, DF13756, 1:400), anti-OCN (Santa Cruz, 
sc-390877, 1:200), anti-COL2a1(Abclonal, A1560 
1:200), anti-GPRC6A (Solarbio, K005896P, 1:400), 
anti-HIF-1α (Affinity, AF1009, 1:400), anti-TIMP3 
(Affinity, DF6432, 1:400), anti-Phospho-mTOR (Cell 
Signaling Technology , 5536, 1:400). 

Immunofluorescent (IF) Staining 
The frozen sections of the lower limbs from 

newborn mice were washed twice with PBS. They 
were then blocked with a blocking buffer containing 
0.2% Triton X-100, 3% bovine serum albumin, and 5% 
goat serum for 1 hour. Following blocking, the 
sections were immunostained with the primary 
antibody solution at 4°C overnight. After incubation, 
the sections were washed five times with PBS, each 
wash lasting 5 minutes. Subsequently, the sections 
were stained with the secondary antibody at room 

temperature for 1 hour. Finally, the sections were 
mounted with a sealing agent containing DAPI 
(Slolabio). The primary antibodies used are as follows: 
anti-MMP13 (Affinity, AF5355, 1:200), anti-COL10a1 
(Affinity, DF13756, 1:200), anti-HIF-1α (Affinity, 
AF1009, 1:200), anti-COL2a1 (Affinity, AF0135, 1:200). 

OA Evaluation 
Cartilage destruction was scored using the 

well-known established OARSI (Osteoarthritis 
Research Society International) scoring system 9, 11, 26 
based on the Safranin O and Fast green stained 
sections. OARSI scoring involved selecting four out of 
eight consecutive sections to represent the 
weight-bearing areas of the femur and tibia. The two 
lowest scores were averaged, and the sum of the 
femoral and tibial scores was designated as the 
OARSI score for each knee. OARSI scoring was 
performed by two independent, double-blinded 
colleagues. 

Collection of Mouse Knee Joint Synovial Fluid  
Mouse patellar ligament was exposed under 

anesthesia, and gently cut the patellar ligament with a 
syringe needle. Articular cavity was washed by 150 
μL sterile PBS, and the assistant absorbs the lavage 
solution along the other side of the incision. Lavage 
fluid was used for ELISA test. 

Enzyme-Linked Immunosorbent Assay 
(ELISA) 

Lavage fluid from the joint cavity was directly 
used for ELISA tests. After initial collection, the 
lavage fluid was centrifuged at 12,000 × g for 5 
minutes at 4°C to eliminate cell debris, and the 
supernatant was collected. The concentrations of total 
OCN and ucOCN were determined using ELISA kits 
according to the manufacturer's instructions: for 
humans-ucOCN (Qingyun Biology, MM-50504H1), 
cOCN (Qingyun Biology, MM-50505H1), and total 
OCN (Qingyun Biology, MM-50709H1); for mice-total 
OCN (Jonlnbio, JL20366) and ucOCN (Jonlnbio, 
JL20562). The content of mouse cOCN was calculated 
by the difference between total OCN and ucOCN. 

Application of Recombinant ucOCN, 
Recombinant cOCN and OCN Antibody in 
vitro and in vivo  

For the in vitro cell experiment, approximately 
3.5×105 cells were seeded per well of the 6-well cell 
culture plate. After two days of inoculation and 
incubation, the levels of uncarboxylated osteocalcin 
(ucOCN) and carboxylated osteocalcin (cOCN) 
detected in the supernatant were used as a reference 
for subsequent experiments. In the subsequent 
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experiments, the inoculated cells remained basically 
the same. 5 ng/mL Recombinant ucOCN (Abcam, 
ab274873) and Recombinant cOCN (AnaSpec 
AS-22830) were added into the supernatant of 
pretreated chondrocytes, and samples were collected 
for qRT-PCR and WB at 24 hours. DMM operations 
were performed on the right knee joints of 
C57BL/6NCrSlc male mice at 12 weeks of age. Mouse 
IgG (CON) and ucOCN was diluted with PBS to 0.5 
ng/μL and OCN antibody (Santa Cruz, sc-390877) 
was diluted with PBS to 1.5:10. 10 μL of the diluted 
reagent was injected into the intra-articular space of 
the knee joints twice a week. After 7 weeks of 
injection, mice were sacrificed, and knee joints were 
collected for histological analysis.  

Co-immunoprecipitation 
Mouse primary chondrocytes treated with 5 

ng/mL recombinant ucOCN for 4 hours were lysed 
with cold IP-lysis buffer (20 mM Tris-HCl (pH 7.4), 
0.15 M NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton 
X-100 with protease inhibitors cocktail (Cell Signaling 
Technology) and 500 mM Dithiothreitol (DTT) for 2 
hours and centrifuged at 15, 000 × g for 30 minutes at 
4°C. Supernatant of whole cell lysates were 
transferred into new tubes. The protein incubated 
with anti-OCN antibody (Santa Cruz, sc-390877) or 
IgG (for control) for overnight at 4°C, then mixed with 
agarose A/G for 2 hours. The precipitant was 
collected and washed 3 times with IP-lysis buffer, 
dissolved in sample loading buffer and heat 
denaturing with 4× laemmli sample buffer (Omiget) 
and subsequently subjected to standard western 
blotting analysis.  

Gelatin Zymography 
The collected supernatant from monolayer 

cultured cells was concentrated by ultrafiltration and 
normalized to the same concentration. Gelatin 
zymography was taken as reported protocol 27. 
Briefly, 20 μL concentrated supernatant were loaded 
into the wells of prepared gels (10% polyacrylamide 
gels containing 0.1% gelatin).  

After electrophoresis, the gel was washed with a 
buffer containing 2.5% Triton X-100, 50 mM Tris-HCl, 
5 mM CaCl₂, and 1 μM ZnCl₂. Subsequently, it was 
incubated in a shaking bath (37°C) for 24 hours with a 
buffer containing 1% Triton X-100, 50 mM Tris-HCl, 5 
mM CaCl₂, and 1 μM ZnCl₂. Finally, the gel was 
stained with Coomassie Brilliant Blue (1% solution in 
10% acetic acid, 10% isopropyl alcohol, diluted with 
ddH₂O). 

RNA-Seq Analysis 
Primary chondrocytes were treated with 5 

ng/mL recombinant ucOCN or mouse IgG (CON) as 
control for 24 hours in an inflammatory environment 
20 ng/mL IL-1β and serum free medium. RNA was 
extracted with a standard procedure. RNA quality 
was tested by a Nanodrop 2000 spectrophotometer 
(Thermo Scientific). RNA samples were sent for 
library preparation and sequencing on the Illumina 
NovaSeq 6000 platform by Shanghai Majorbio 
Bio-Pharm Technology. The data were analyzed on 
the free online platform of Majorbio I-Sanger Cloud 
Platform (www.i-sanger.com) or using R software.  

Measurement of Glycosaminoglycan Release 
and Collagen Degradation in Cartilage 
Explants 

As previously described in the literature, 
glycosaminoglycan (GAG) release was quantified 
using the 1,9-dimethylmethylene blue (DMMB) assay, 
and collagen degradation was assessed by measuring 
the levels of C-terminal telopeptide of type II collagen 
(CTX-II) via ELISA in cartilage explants 28. Femoral 
head cartilage was isolated from four male OCN-/- 
mice (3 weeks old, 2 hips per mouse) for each group. 
The cartilage explants were pooled and distributed 
into serum-free medium, with four replicates 
established per group. Explants were transferred to 
6-well plates and treated with or without 10 ng/mL 
murine TNF-α (PeproTech) and 20 ng/mL murine 
IL-1β (PeproTech), in the presence of either 5 ng/mL 
ucOCN or 5 ng/mL cOCN. After 72 hours, the GAG 
release in the supernatant was quantified using the 
DMMB assay (GENMED, GMS19239.4), with 
chondroitin sulfate (Sigma, C4384) as a standard. 
After collection, femoral heads were weighed and 
fixed for future use. GAG release was expressed as the 
ratio of released GAG amount to femoral head weight 
(µg/mg tissue). 

For collagen degradation assessment, explants 
were stimulated with 10 ng/mL TNF-α and 20 ng/mL 
IL-1β, in the presence of either 5 ng/mL ucOCN or 5 
ng/mL cOCN, with medium replenished every 3 
days, for a total of 10 days. CTX-II levels in the 
supernatant were measured using a CTX-II ELISA kit 
(FineTest, EM0960), following the manufacturer's 
protocol. 

Statistics  
Data were expressed as averages and standard 

deviations. For the comparison between two groups, 
we carried out unpaired two-tailed Student’s t-test. 
For three or more group, one-way ANOVA or 
two-way ANOVA was used with Tukey post hoc test. p 
< 0.05 was considered as statistically significant. 
GraphPad Prism software (Version 7.0) was used for 
statistical analysis. 
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Results 
OCN Deficiency Leads to Increased 
Chondrocyte Hypertrophy 

The impact of OCN on mouse cartilage was 
assessed using OCN-/- mice, with both Bglap and 
Bglap2 genes deleted under the C57BL/6NCrSlc 
genetic background (Figure S1). We first confirmed 
the knockout efficacy, showing a significant reduction 
in OCN expression in chondrocytes (Figure S2A, B). 
Safranin O and fast green staining revealed no notable 
changes in growth plate thickness post-knockout, 
consistent with reports of no limb deformities in 
OCN-/- mice 24. However, OCN-/- mice exhibited more 
pronounced chondrocyte hypertrophy in the growth 
plate compared to WT mice, characterized by 
increased cell volume, enlarged nuclei, and more 
abundant cytoplasm 9 (Figure 1A). H&E staining 
showed no significant morphological differences in 
articular cartilage (Figure S2C), which may be due to 
the more active state of growth plate chondrocytes, as 
OCN's effect is less evident in quiescent chondrocytes. 

IHC results of adult mouse knee joints revealed 
that, compared to WT, OCN-/- mice had decreased 
COL2a1 expression and increased MMP13 and 
COL10a1 expression (Figure 1B), indicating a 
tendency toward chondrocyte hypertrophy following 
OCN deletion. We further assessed mRNA levels of 
COL2a1, MMP13, COL10a1, and ADAMTS5 in WT 
and OCN-/- chondrocytes from newborn mice. 
qRT-PCR showed significant upregulation of MMP13, 
COL10a1, and ADAMTS5, and a marked reduction in 
COL2a1 in both monolayer and 3D micromass 
cultures of OCN-/- chondrocytes (Figure 1C, D). IHC 
staining of micromass samples confirmed elevated 
COL10a1 and MMP13 expression in OCN-/- 
chondrocytes (Figure 1E, S2D). Collectively, these 
results suggest that OCN inhibits chondrocyte 
hypertrophy both in vivo and in vitro. 

Undercarboxylated OCN Decreases in Knee 
Synovial Fluid During the Progression of OA 

To investigate the role of OCN in articular 
cartilage homeostasis, we first examined OCN 
expression in human tissue samples. Lateral femoral 
condyles (LFC) from OA patients with relatively 
intact cartilage served as controls, while medial 
femoral condyles (MFC), showing significant 
degeneration, represented the OA group. Consistent 
with previous studies, IHC revealed a significant 
increase in OCN expression in MFC chondrocytes 
(Figure 2A). We also measured OCN levels in the 
synovial fluid (SF) of OA patients. Compared to 
younger patients with meniscal injuries, older OA 
patients showed no significant differences in cOCN or 

total OCN (tOCN) (Figure S2E), but a marked 
decrease in undercarboxylated OCN (ucOCN) (Figure 
2B). 

Next, we performed DMM surgery on WT and 
OCN-/- mice. In WT DMM mice, OCN expression in 
chondrocytes, as well as tOCN, cOCN, and ucOCN 
levels in SF, mirrored the findings in human samples 
when compared to sham-operated mice (Figure 2C, 
D). These results suggest that OCN contributes to 
maintaining cartilage integrity. The divergent trends 
of intracellular OCN and extracellular ucOCN suggest 
they may have distinct roles in OA development.  

OCN-/- Mice Do Not Develop More Severe OA 
than WT Mice after DMM Surgery 

When analyzing OA phenotypes, the purported 
role of OCN in inhibiting chondrocyte hypertrophy 
appeared diminished. OCN-/- DMM mice showed no 
significant differences in OA characteristics, including 
OARSI scores (Figure 2E, G) and MMP13 expression 
(Figure 2F, H), compared to age-matched WT mice. 
This unexpected result caught our attention, as 
experiments in non-operated and sham-operated 
adult mice demonstrated OCN's role in suppressing 
chondrocyte hypertrophy markers. Interestingly, 
despite showing similar levels of joint destruction, 
these results suggested a more rapid upregulation in 
hypertrophy-related protein expression in WT mice 
compared to OCN-/- mice in the OA model. 

To further investigate OCN’s effect on OA 
chondrocytes, we isolated primary chondrocytes from 
WT and OCN-/- mice and treated them with 20 ng/ml 
IL-1β for 24 hours to simulate an OA environment in 
vitro. Contrary to the in vivo results, IL-1β-treated 
OCN-/- chondrocytes showed significant upregulation 
of OA markers, including MMP13, COL10a1, 
ADAMTS5, IL-6, and ALP (Figure 2I, S2F). Protein 
analysis revealed increased MMP13 and COL10a1, 
along with reduced COL2a1 levels (Figure 2J). These 
findings suggest that OCN may function as a 
protective barrier against osteoarthritis progression. 

Given OCN’s well-documented endocrine role 
and its diverse effects in different carboxylated forms, 
as reported in other biological systems, we 
hypothesize that its influence on chondrocytes arises 
from a combination of intracellular OCN and secreted 
ucOCN. Intracellular OCN appears to be detrimental, 
as previously reported 21, 24, 25, while secreted ucOCN 
seems to offer protection. Our data support this 
hypothesis: in non-operated and sham-operated mice, 
ucOCN in the joint cavity had a protective effect, as 
evidenced by more pronounced hypertrophy 
following OCN knockout. During OA progression, 
OCN expression in chondrocytes increased, whereas 
ucOCN levels in the synovial fluid decreased, 
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accelerating hypertrophy. At the cellular level, 24 
hours after IL-1β stimulation, ucOCN levels in the 
supernatant significantly decreased (Figure 2K), while 

intracellular OCN levels showed no noticeable change 
(Figure 2L), reinforcing the notion of a protective role 
for ucOCN. 

 

 
Figure 1. OCN deficiency leads to increased chondrocyte hypertrophy. (A) Safranin O and fast green staining of representative paraffin sections of femora of the newborn WT 
mice. The white boxes depict regions of higher magnification of the hypertrophic zone of the growth plate as shown on the right. The arrows depict the hypertrophic 
chondrocytes. Statistical analysis of the proportion of relatively hypertrophic chondrocytes is shown on the right. (n = 5 mice per group). (B) Immunohistochemistry (IHC) 
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staining of representative paraffin sections of COL2a1, MMP13 and COL10a1 expression in articular cartilage of WT mice and OCN-/- mice. The black boxes depict regions of 
higher magnification. Statistical analysis is on the right. (n=7 mice per group). (C) Gene expression analysis of hypertrophic markers of primary chondrocytes isolated from WT 
and OCN-/- newborn mice after monolayer culture. (D) Gene expression analysis of hypertrophic markers of primary chondrocytes isolated from WT and OCN-/- newborn mice 
after 3D micromass culture for 21 days. (E) IHC staining of representative paraffin sections of MMP13 and COL10a1 expression in chondrocytes of WT and OCN-/- newborn 
mice after 3D micromass culture for 21 days. The black boxes depict regions of higher magnification. Grade map visualization displayed by the Slide Viewer software is shown 
below, red represents the intensity of staining (n=3 per group). Statistical analysis is on the right. Scale bar, 100 μm. WT, wild type. OCN-/-, OCN knockout. Student’s t-test for 
two groups, one-way ANOVA for three or more. *p < 0.05. ** p < 0.01. *** p < 0.001.  

 
Figure 2. Undercarboxylated OCN expression is reduced in WT mice synovial fluid and OCN-/- mice do not develop more severe OA than WT mice after DMM surgery. (A) 
IHC staining of representative paraffin sections of OCN expression in articular cartilage of human LFC and MFC with OA (n=6 mice per group). (B) ELISA analysis of ucOCN 
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levels in Human SF. (n=12, CON group was obtained from young surgical patients with meniscal injuries aged 30-35 years). (C) IHC staining of representative paraffin sections 
of OCN expression in articular cartilage of WT mice 1 and 2 months after DMM surgery. (n=6 mice per group). (D) ELISA analysis of total OCN and ucOCN during 
DMM-induced OA progression in WT mice. (n=6 mice for Sham and 4 weeks. n = 4 for 8 weeks). (E, G) Safranin O and fast green staining of representative paraffin sections of 
knee joint of OCN-/- and WT mice 2 month after DMM surgery and OARSI score. (n=7 mice per group). (F, H) IHC staining of representative paraffin sections of MMP13 
expression in articular cartilage of OCN-/- and WT mice 2 month after DMM surgery. (n=9 mice per group). (I) Gene expression analysis of hypertrophic markers of primary 
chondrocytes isolated from WT and OCN-/- mice with or without IL-1β (20 ng/mL) for 24 hours. (J) Western blotting analysis of COL2a1, COL10a1 and MMP13 of primary 
chondrocytes isolated WT and OCN-/- mice with or without IL-1β (20 ng/mL) for 24 hours. (K) ELISA analysis of ucOCN content of supernatant of chondrocytes from WT mice 
treated with or without 20 ng/mL IL-1β for 24 hours. (L) Western blotting analysis of the intracellular OCN of WT primary chondrocytes treated with IL-1β (20 ng/mL) for 24 
hours. Scale bar, 100 μm. WT, wild type. OCN-/-, OCN knockout. Student’s t-test for two groups, one-way ANOVA for three or more. *p < 0.05. **p < 0.01. ***p < 0.001. Cells 
were maintained under monolayer culture conditions. 

 
Secreted ucOCN Protects Chondrocyte from 
Hypertrophy in vitro 

To further confirm our hypothesis, we exposed 
chondrocytes from WT mice to a lentivirus that 
successfully induced OCN overexpression (Figure 
S3A). qRT-PCR analysis showed increased expression 
of MMP13 and COL10a1 (Figure S3B). In the 
supernatant of OCN-overexpressing chondrocytes, 
we measured the levels of tOCN, ucOCN, and cOCN, 
finding that chondrocytes could produce ucOCN in 
vitro, with the ucOCN/OCN ratio reaching 67.5% 
(Figure S3C). Notably, OCN overexpression 
significantly increased ucOCN levels in the 
supernatant (Figure 3A). 

Next, we treated chondrocytes with supernatant 
from both control and OCN-overexpressing groups. 
Supernatant from the OCN-overexpressing group led 
to downregulation of MMP13 and COL10a1 (Figure 
3B), suggesting that extracellular ucOCN may 
potentially help preserve cartilage phenotype. To 
determine whether ucOCN is indeed responsible for 
these observed effects, we treated 
OCN-overexpressing chondrocytes with an 
OCN-specific antibody. This treatment significantly 
increased the expression of MMP13 and COL10a1 
(Figure 3C-E). We then investigated the effects of 
secreted ucOCN on wild-type (WT) chondrocytes 
treated with IL-1β. Flow cytometry analysis 
demonstrated that recombinant ucOCN effectively 
suppressed IL-1β-induced chondrocyte apoptosis. In 
contrast, the addition of OCN antibodies significantly 
increased chondrocyte apoptosis (Figure 3F, G). 
Furthermore, qRT-PCR results indicated that OCN 
antibody treatment upregulated MMP13 expression, 
whereas supplementation with recombinant ucOCN 
downregulated it (Figure 3H). These findings were 
further confirmed by immunofluorescence (IF) 
analysis of primary chondrocytes (Figure 3I) and the 
ADTC5 cell line (Figure S3D). Subsequently, we 
examined the temporal effects of ucOCN on cartilage 
by analyzing multiple time points. Our findings 
revealed that the suppressive effects of ucOCN on 
MMP13 and COL10a1 expression were attenuated by 
the fourth day of treatment (Figure 3J). In contrast, 
intracellular OCN levels exhibited a marked increase 
by the fourth day following IL-1β stimulation (Figure 

S3E), consistent with our earlier hypothesis. 
To eliminate the influence of intracellular OCN, 

we focused on OCN-/- chondrocytes. We established 
four groups of OCN-/- chondrocytes: two groups were 
treated with WT chondrocyte supernatant 
(with/without OCN antibody), and the other two 
groups were treated with OCN-/- chondrocyte 
supernatant (with/without recombinant ucOCN). 
The concentration of exogenous ucOCN was set at 5 
ng/mL, matching the level detected in WT 
supernatant. Within this concentration range, a 
negative correlation was observed between ucOCN 
and the expression of MMP13 and COL10a1 
expression (Figure S3F). Both qRT-PCR and western 
blotting confirmed that MMP13 and COL10a1 
expression was significantly lower in OCN-/- 
chondrocytes treated with WT supernatant compared 
to those treated with OCN-/- supernatant. In WT 
supernatant, neutralizing OCN with an antibody 
increased MMP13 and COL10a1 expression, while 
adding recombinant ucOCN to OCN-/- supernatant 
reduced their expression (Figure 3K, L). 

Since both ucOCN and cOCN are present in 
chondrocyte supernatant and the antibody neutralizes 
both forms, we finally investigated whether cOCN 
contributes to maintaining the chondrocyte 
phenotype. IL-1β-stimulated OCN-/- chondrocytes 
were treated with recombinant ucOCN and cOCN, 
and only ucOCN reduced the levels of MMP13 and 
COL10a1 (Figure 3M). To explore the effects of 
ucOCN and cOCN on cartilage degradation in a more 
physiologically relevant model, we established 
explant cultures of OCN-/- mouse femoral heads. 
Treatment with 20 ng/mL IL-1β and 10 ng/mL TNF-α 
significantly increased the release of GAGs and 
CTX-II from cartilage (Figure 3N, O). Notably, the 
addition of ucOCN markedly attenuated this effect, 
while cOCN showed no significant effect on cartilage 
degradation (Figure 3N, O). The results regarding 
cartilage matrix degradation are consistent with the 
trends observed in the expression of 
hypertrophy-related proteins in the cells and provide 
additional evidence supporting the protective role of 
ucOCN in chondrocytes. Collectively, these data 
demonstrate that secreted ucOCN, but not cOCN, 
protects chondrocytes from hypertrophy in vitro. 
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Figure 3. Secreted ucOCN protects chondrocyte from hypertrophy in vitro. (A) ELISA analysis of total OCN, ucOCN, cOCN of supernatant harvested from WT chondrocytes 
treated with control (CON) or OCN-overexpressing lentivirus (LV-OCN). (B) Gene expression analysis of hypertrophic markers of WT chondrocytes treated with supernatant 
harvested from WT chondrocytes treated with control (CONs) or OCN-overexpressing lentivirus (LV-OCNs) for 24 hours. (C-E) Gene expression and western blotting 
analysis of MMP13 and COL10a1 of WT primary chondrocytes treated with LV-control (CON), LV-OCN, LV-OCN + OCN antibody respectively for 24 hours. (F, G) Flow 
cytometric analysis of apoptosis of WT chondrocytes treated with mouse IgG (CON), IL-1β, IL-1β + recombinant ucOCN, IL-1β + OCN antibody respectively for 24 hours. (H, 
I) Gene and IF analysis of MMP13 of WT chondrocytes treated with mouse IgG (CON), IL-1β, IL-1β + recombinant ucOCN, IL-1β + OCN antibody respectively for 24 hours. 
(J) Western blotting analysis of MMP13 and COL10a1 of WT chondrocytes treated with ucOCN at different time point (1-6 day). (K, L) Gene expression and western blotting 
analysis of MMP13 and COL10a1 of OCN-/- primary chondrocytes treated with WT chondrocytes supernatant (WTs), OCN-/- chondrocytes supernatant (OCN-/- s), WTs with 
OCN antibody, OCN-/-s with 5 ng/mL recombinant ucOCN respectively for 24 hours. (M) Western blotting analysis of COL10a1 and MMP13 of WT primary chondrocytes 
treated with mouse IgG, IL-1β, IL-1β + recombinant ucOCN, IL-1β + recombinant cOCN respectively for 24 hours. (N, O) GAG and CTX II release detect from cartilage 
explants treat IgG, IL-1β+TNFα, IL-1β+TNFα+ recombinant ucOCN, IL-1β+TNFα+ recombinant cOCN respectively. Cells were maintained under monolayer culture 
conditions. Student’s t-test for two groups, one-way ANOVA for three or more. *p < 0. 05. **p < 0. 01. ***p < 0. 001. WTs, wild type chondrocytes supernatant. OCN-/-s, OCN-/- 

chondrocytes supernatant. OCN Ab, OCN antibody.  
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Secreted ucOCN Protects Chondrocytes from 
Hypertrophy and Limits OA Development in 
vivo 

Karsenty et al. reported that it is specifically 
ucOCN, not cOCN, that crosses the placenta and 
reaches the fetal bloodstream 29. If ucOCN regulates 
cartilage homeostasis in vivo, growth plate cartilage in 
neonatal mice from different maternal lineages is 
expected to exhibit distinct differences. To investigate 
this, we performed IF staining on OCN-/- newborn 
mice from OCN+/- mothers and OCN-/- newborn mice 
from OCN-/- mothers (same-generation mother, 
identical conditions, and same-day birth). The results 
showed that compared with WT newborn mice, 
OCN-/- mice exhibited reduced expression of COL2a1 
in growth plate and elevated expression of MMP13 
and COL10a1. But compared with those from OCN+/- 

mother, OCN-/- mice from OCN -/- mother showed 
more hypertrophic chondrocytes with lower COL2a1 
and higher MMP13 and COL10a1 expression (Figure 
4A-D).  

To further verify the effect of ucOCN on the 
maintenance of cartilage homeostasis, we 
intra-articularly injected WT mice with IgG, 
recombinant ucOCN and OCN antibody (OCNAb) 
after DMM surgery, respectively (Figure 5A). The IHC 
and HE results showed that compared with the IgG 
group, the ucOCN group showed a relatively mild 
OA phenotype, including decreased OARSI score 
(Figure 5B), down regulation of MMP13 and COL10a1 
(Figure 5C), and milder synovial thickness (Figure 
5D). On the contrary, the Ab group presented a more 
severe OA phenotype with higher OARSI score 
(Figure 5B), up regulation of MMP13 and COL10a1 
(Figure 5C). The synovial score only presented an 
increased trend but no statistical significance (Figure 
5D), which might be attributed to the low level and 
limited protective activity of ucOCN during OA 
progression. Our results indicate that secreted ucOCN 
has a favorable effect on maintaining cartilage 
homeostasis and delaying the progression of OA in 
vivo.  

GPRC6A Mediates the Protective Effect of 
ucOCN in Chondrocytes  

Next, we investigated how ucOCN regulates 
chondrocyte hypertrophy. OCN signaling in 
peripheral systems, such as muscle, adipose tissue, 
and some cancer cells, is mediated by GPRC6A 30-33. 
We performed co-immunoprecipitation (Co-IP) of 
OCN and GPRC6A in chondrocytes, confirming the 
interaction between OCN and GPRC6A (Figure 6A). 
To further examine the function of this interaction, we 
compared GPRC6A expression in chondrocytes from 

WT and OCN-/- mice. Results showed a significant 
reduction in GPRC6A expression corresponding to 
the decline in ucOCN levels, both in OCN-/- mice 
(Figure 6B, C) and WT mice treated with IL-1β (Figure 
6D). GPRC6A expression also exhibited a 
dose-dependent response to different concentrations 
of exogenous recombinant ucOCN in OCN-/- 
chondrocytes (Figure 6E, S4A). 

To determine if GPRC6A mediates the protective 
effect of ucOCN on chondrocyte homeostasis, we 
treated WT chondrocytes with GPRC6A siRNA and 
IL-1β. The protective effect of recombinant ucOCN 
was significantly attenuated by GPRC6A knockdown 
(Figure 6F). In vivo, we examined GPRC6A expression 
in LFC and MFC chondrocytes from OA patients and 
found no significant difference, likely because both 
regions experienced similar ucOCN exposure (Figure 
6G). In animal OA models, GPRC6A expression 
significantly decreased as ucOCN levels declined in 
synovial fluid but increased after treatment with 
recombinant ucOCN (Figure 6H). These data suggest 
that GPRC6A mediates the protective effect of ucOCN 
in chondrocytes. 

Undercarboxylated OCN Activates the HIF-1α 
Pathway via GPRC6A to Upregulate TIMP3 
Expression and Enhance Autophagy 

Then, we explored the intracellular mechanisms 
of the protective effect of ucOCN. RNA-sequencing 
(RNA-Seq) analysis showed that 333 genes were 
significantly changed after application of recombinant 
ucOCN to WT primary articular chondrocytes under 
inflammatory environment. Heat map identified 
differentially expressed genes (DEGs) related to OA 
(Figure S4B). With the presence of recombinant 
ucOCN while primary chondrocytes were under 
inflammatory environment, the level of tissue 
metalloproteinase inhibitor3 (TIMP3), a 
well-recognized suppressor of various MMPs, 
significantly increased (Figure 7A) and the activity of 
PI3K-AKT pathway also remarkably changed (Figure 
7B). KEGG Pathway Database and reports both 
illustrated that TIMP3 gene is mainly influenced by 
HIF-1α pathway 33-35, which was also reported to be 
related to PI3K-AKT pathway and play a protective 
role in OA 35, 36. Therefore, we focused on the HIF-1α 
pathway and verified that both HIF-1α and TIMP3 
genes were in a positive correlation with ucOCN 
(Figure 7C, D). The expression and nuclear 
translocation of HIF-1α of chondrocytes treated by 
IL-1β were increased by application of recombinant 
ucOCN and attenuated by OCN antibody treatment 
(Figure 7E). Consistent results were also observed in 
WB (Figure 7F).  
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Figure 4. Secreted ucOCN protects chondrocyte from hypertrophy in newborn mice. (A) Schematic diagram of each group of newborn mice from different maternal genetic 
background. (B-D) IF analysis of COL2a1, MMP13, COL10a1 of tibia of WT and OCN-/- mice from different maternal genetic background. The black boxes depict regions of 
higher magnification of the hypertrophic zone of the growth plate as shown on the right. Scale bar, 100μm. Student’s t-test. *p < 0. 05. **p < 0. 01. ***p < 0. 001.  

 
Meanwhile, we observed that AKT/mTOR 

signaling was negatively correlated with the presence 
of recombinant ucOCN, as evidenced by the 
downregulation of phosphorylated AKT (p-AKT), 
phosphorylated mTOR (p-mTOR), and 
phosphorylated P70S6k (p-P70S6k), alongside the 
upregulation of phosphorylated 4EBP1 (p-4EBP1) 

(Figure 7F). Additionally, analysis of 
autophagy-associated proteins revealed that 
recombinant ucOCN treatment elevated the levels of 
LC3B and reduced the levels of P62 (Figure 7F), 
indicating that autophagy was accelerated by ucOCN. 
This finding is consistent with previous reports 
demonstrating that cartilage-specific deletion of 
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mTOR upregulates autophagy and protects mice from 
OA 37. Furthermore, electron microscopy analysis 
showed that ucOCN significantly enhanced the 
formation of autophagosomes in 

interleukin-stimulated chondrocytes, while treatment 
with OCN antibodies markedly reduced the number 
of autophagosomes (Figure 7G).  

 

 
Figure 5. Secreted ucOCN limited OA development in DMM mice model. (A) Experimental design schematic for testing ucOCN as a therapeutic regimen with the OA mouse 
model. 12-week-old mice had their right knees subjected to DMM surgeries, intra-articularly injected with mouse IgG, recombinant ucOCN or OCN antibody respectively twice 
a week at the 7th day after surgeries and the animals were sacrificed at 20 weeks old. (B) Articular cartilage morphology shown by Safranin O and fast green staining of 
representative paraffin sections, with statistical analysis of OARSI score on the right. (C) IHC staining of representative paraffin sections for MMP13 and COL10a1 expression of 
articular cartilage, with statistical analysis on the right. (D) Synovitis is shown by H&E staining, with statistical analysis of synovitis score on the right. n = 6 per group. Scale bar, 
100 μm. One-way ANOVA. *p < 0.05. **p < 0.01. ***p < 0.001. 
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Figure 6. GPRC6A mediates the protective effect of ucOCN in chondrocytes. (A) The interaction between ucOCN and GPRC6A determined by Co-immunoprecipitation 
(Co-IP) in chondrocytes from WT mice treated with recombinant ucOCN for 4 hours. (B) Western blotting analysis of GPRC6A of primary chondrocytes from WT mice and 
OCN-/- mice. (C) Gene expression analysis of GPRC6A of primary chondrocytes from WT mice and OCN-/- mice. (D) Gene expression analysis of GPRC6A of primary 
chondrocytes from WT mice treated with 20 ng/mL IL-1β for 24 hours. (E) Gene expression analysis of GPRC6A of primary chondrocytes from OCN-/- mice treated with 
different concentrations of recombinant ucOCN for 24 hours. (F) Western blotting analysis of GPRC6A, COL10a1 and MMP13 accumulation in primary chondrocytes isolated 
from WT mice treated with scrambled control for siGPRC6A (Scr-siGPRC6A), IL-1β, IL-1β + recombinant ucOCN, IL-1β + recombinant ucOCN + 30 μM or 60 μM GPRC6A 
siRNA respectively. (G) IHC staining of representative paraffin sections of GPRC6A expression in articular cartilage of human LFC (CON) and MFC (OA) with OA (n=6 per 
group). (H) IHC staining of representative paraffin sections of GPRC6A expression in articular cartilage of mice subject to sham surgery, DMM surgery and DMM surgery with 
recombinant ucOCN treatment (n=6 mice per group). Cells were maintained under monolayer culture conditions. Scale bar, 100 μm. Student’s t-test for two groups, one-way 
ANOVA for three or more. *p < 0. 05. **p < 0. 01. ***p < 0. 001. 

 
Multiple studies have demonstrated that the 

HIF-1α pathway can increase cellular energy 
metabolism by promoting glycolysis, thereby 
delaying the progression of OA 38-40. In line with these 
findings, we assessed ATP levels in chondrocytes. 
Our results indicated that ucOCN treatment 
significantly increased energy metabolism in 
interleukin-stimulated chondrocytes, coinciding with 
the upregulation of HIF-1α (Figure 7H). In contrast, 

the expression of peroxisome proliferator-activated 
receptor gamma coactivator-1alpha (PGC-1α), which 
is closely associated with aerobic respiration 39, 
displayed an opposite trend to HIF-1α (Figure 7I). 
These findings further support the notion that ucOCN 
promotes HIF-1α activation from another perspective. 

Finally, we examined the level of HIF-1α after 
knockdown GPRC6A, and confirmed that GPRC6A 
mediated the regulation of HIF-1α protein expression 
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by ucOCN (Figure 7J). We then investigated the role 
of HIF-1α in OCN signal by the treatment with Lw6, a 
HIF-1α inhibitor 38. In interleukin-stimulated 
chondrocytes, Lw6 successfully inhibited the 
expression of HIF-1α as well as the effect of ucOCN, 
resulting in accelerated MMP13 expression, the 
plunged level of TIMP3, the up-regulation of p-AKT, 
p-mTOR (Figure 7K), and a decreased number of 
autophagosomes observed under electron microscopy 
(Figure 7G). Meanwhile, we harvested the 
supernatant and performed gelatin zymography, 
which showed that active MMP2 and MMP9 were 
down-regulated by additional application of ucOCN 

and the effect of that was also weakened by HIF-1α 
inhibition (Figure 7L). Finally, we investigated 
whether ucOCN exerts its effects through TIMP3. By 
using siRNA targeting TIMP3, we successfully 
reduced TIMP3 expression (Figure S4C). The 
knockdown of TIMP3 abolished the inhibitory effects 
of ucOCN on MMP13 and COL10a1 expression in 
chondrocytes (Figure 7M). Altogether, our data 
indicate that ucOCN inhibits chondrocyte 
hypertrophy through the GPRC6A/HIF-1α pathway 
by increasing autophagy and upregulating TIMP3 
expression.  

 

 
Figure 7. Undercarboxylated OCN activates the HIF-1α Pathway via GPRC6A to upregulate TIMP3 expression and enhance autophagy in chondrocytes. (A) Statistical analysis 
of RNA-Seq results of primary chondrocytes from WT mice treated with or without recombinant ucOCN under inflammatory environment, shown by volcanic map. (B) KEGG 
enrichment analysis of RNA-Seq results. (C, D) Gene expression analysis of HIF-1α and TIMP3 of WT chondrocytes treated with mouse IgG, IL-1β, IL-1β + recombinant ucOCN, 
IL-1β + OCN antibody respectively for 24 hours. (E) IF analysis of HIF-1α accumulation and nuclear translocation in WT chondrocytes treated with mouse IgG (CON), IL-1β, 
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IL-1β + recombinant ucOCN, IL-1β + OCN antibody respectively for 24 hours. Scale bar, 100 μm. (F) Western blotting analysis of MMP13, HIF-1α, p-AKT, p-mTOR, p-4EBP1, 
p-PS6, P62 and LC3b levels of WT chondrocytes treated with mouse IgG, IL-1β, IL-1β + recombinant ucOCN, IL-1β + OCN antibody respectively for 24 hours. (G) Electron 
microscopy observation of autophagosomes in IL-1β-stimulated WT chondrocytes treated with recombinant ucOCN, OCN antibody and recombinant ucOCN + LW6 for 24 
hours respectively. (H) ATP content of WT chondrocytes treated with mouse IgG, IL-1β, IL-1β + recombinant ucOCN, IL-1β + OCN antibody respectively for 24 hours. (I) 
Western blotting analysis of PGC1α levels of WT chondrocytes treated with mouse IgG (CON), IL-1β, IL-1β + recombinant ucOCN, IL-1β + OCNAb respectively for 24 hours. 
(J) Western blotting analysis of HIF-1α levels of WT chondrocytes treated with scrambled control for siGPRC6A (Scr-siGPRC6A), IL-1β, IL-1β + recombinant ucOCN, IL-1β + 
recombinant ucOCN + 60 μM GPRC6A siRNA respectively. (K) Western blotting analysis of MMP13, p-AKT, p-mTOR, HIF-1α, TIMP3 levels of WT chondrocytes treated with 
mouse IgG, IL-1β, IL-1β + recombinant ucOCN, IL-1β + recombinant ucOCN + LW6 respectively for 24 hours. (L) Gelatin zymography analysis of bioactive MMP2 and MMP9 
accumulation in supernatants of WT chondrocytes treated with mouse IgG, IL-1β, IL-1β + recombinant ucOCN, IL-1β + recombinant ucOCN + LW6 respectively for 24 hours. 
Ultrafiltration tubes were used to concentrate the supernatants to 5× and 10× before tested. (M) Western blotting analysis of TIMP3, COL10a1 and MMP13 accumulation in WT 
chondrocytes treated with scrambled control for siTIMP3 (Scr-siTIMP3), IL-1β, IL-1β + recombinant ucOCN, IL-1β + recombinant ucOCN + 60 μM TIMP3 siRNA respectively. 
Student’s t-test for two groups, one-way ANOVA for three or more. *p < 0.05. **p < 0.01. ***p < 0.001. Cells were maintained under monolayer culture conditions. 

 
ucOCN Positively Regulates HIF-1α in a Mouse 
Model of Osteoarthritis 

To demonstrate the relevance of ucOCN and 
HIF-1α in regulating cartilage integrity under OA 
conditions, we first measured HIF-1α and TIMP3 
levels in human LFC and MFC, as well as in mice with 
or without DMM surgery. Results showed that 
HIF-1α increased and TIMP3 decreased as cartilage 
integrity deteriorated in both human and mouse 
chondrocytes (Figure 8A-D), consistent with our 
cellular findings. At this stage, TIMP3 did not rise 
with HIF-1α elevation, possibly due to the complex 
signaling changes in OA development. We then 
examined HIF-1α, p-mTOR, and TIMP3 in mice with 
OCN manipulations after DMM surgery. 
Recombinant ucOCN significantly upregulated 
HIF-1α and TIMP3, while OCN antibody reduced 
them (Figure 8E-F). Conversely, p-mTOR showed 
opposite trends (Figure 8G), aligning with our in vitro 
results. These findings suggest that ucOCN positively 
regulates HIF-1α and its downstream signaling 
during OA progression in cartilage (Figure 8H). 

Discussion  
OCN is recognized as a contributing factor to OA 

progression 41, 42. However, previous studies focused 
mainly on intracellular OCN, overlooking the role of 
extracellular bioactive OCN. In our study, 
chondrocytes exhibited a more hypertrophic 
phenotype following OCN deletion, yet OCN-/- mice 
were not more susceptible to OA than WT mice. This 
led us to investigate the role of different carboxylated 
forms of OCN in OA. We found that supplementing 
ucOCN maintained cartilage integrity, whereas its 
absence led to more severe OA phenotypes. Although 
we did not specifically differentiate between ucOCN 
and cOCN during antibody application, numerous 
studies have demonstrated that only ucOCN, and not 
cOCN, exhibits endocrine activity 23, 43, 44. Notably, 
recombinant ucOCN alleviated osteoarthritis (OA) to 
some extent, whereas cOCN had no effect on 
chondrocyte hypertrophy in both cell-based and ex 
vivo explant experiments. These findings suggest that 
ucOCN plays a beneficial role in maintaining cartilage 

homeostasis. 
The distinct physiological effects of ucOCN and 

cOCN are likely attributed to their differential 
binding to calcium ions (Ca2+). Although they share 
similar structural features, such as three α-helices 
surrounding a hydrophobic core and a disulfide bond 
between two helices 45,46, there are critical differences. 
Unlike cOCN, ucOCN does not require Ca2+ binding 
to maintain its protein structure, and its helical 
conformation does not depend on high Ca2+ 
concentrations 47. Studies have revealed that at 
physiological Ca2+ concentrations (around 1 mM, as 
found in cell culture media or serum in vivo), only 
ucOCN adopts a stable helical conformation, enabling 
it to bind to its receptor(s) and exert biological activity 
47. Ferron et al. further investigated the physiological 
functions of ucOCN and cOCN 44. By specifically 
knocking out the key enzymes involved in OCN 
carboxylation-γ-glutamyl carboxylase (GGCX) and 
vitamin K epoxide reductase complex subunit 1 
(Vkorc1) in bone, they demonstrated that 
bone-specific knockout of either enzyme significantly 
reduced OCN deposition in the bone matrix and 
protected mice from diet-induced obesity and glucose 
intolerance. This study highlights two key points: (1) 
cOCN is primarily deposited in the bone, and its 
deposition depends on carboxylation; and (2) ucOCN 
plays a critical role in endocrine regulation.  

Through dose-response experiments, functional 
assays, and co-immunoprecipitation (Co-IP) studies, 
we demonstrated that GPRC6A mediates the effects of 
ucOCN in chondrocytes. This finding is not 
coincidental, as numerous studies have reported that 
ucOCN exerts its functions in peripheral systems 
through GPRC6A 30-33, 48, 49. Structural studies using 
X-ray crystallography and nuclear magnetic 
resonance (NMR) spectroscopy have further 
elucidated the interaction between ucOCN and 
GPRC6A 47, 50, 51. Additionally, site-directed 
mutagenesis revealed that Glu17 and Glu21 in helix 1 
of osteocalcin are critical for the adiponectin-inducing 
activity of ucOCN, highlighting the importance of 
these residues in its biological function 47. Notably, 
ucOCN maintains its α-helical structure even under 
acidic conditions (even pH = 2), demonstrating 
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remarkable structural stability 18, 47. This stability is 
essential for GPRC6A binding and biological activity, 
as the α-helical conformation enables receptor 
recognition and activation. The ability of ucOCN to 

retain its structural integrity in acidic environments 
further supports its potential role in physiological 
contexts with pH fluctuations, such as inflammatory 
or pathological conditions, including arthritis 8, 11. 

 

 
Figure 8. HIF-1α is positively regulated by ucOCN in mice OA model. (A-D) IHC staining of representative paraffin sections of HIF-1α and TIMP3 expression in articular 
cartilage of human LFC (CON) and MFC (OA) with OA (n=3 per group) and mice subject to sham and DMM surgery (n=6 mice per group). (E) IF analysis of representative 
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paraffin sections of HIF-1α expression of articular cartilage treated with mouse IgG, recombinant ucOCN or OCN antibody respectively 2 months after DMM surgery, statistical 
analysis on the right. (F, G) IHC staining of representative paraffin sections of TIMP3 and p-mTOR expression of articular cartilage treated with mouse IgG, recombinant ucOCN 
or OCN antibody respectively 2 months after DMM surgery, statistical analysis on the right. (H) Schematic diagram of ucOCN regulation in the maintenance of cartilage integrity. 
ucOCN activates HIF-1α by interacting with GPRC6A. HIF-1α reduces hypertrophic markers by increasing the expression of TIMP3 and increases autophagy by down regulate 
AKT/mTOR pathway, thus inhibits chondrocyte hypertrophy to protect cartilage from degradation. One-way ANOVA *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar, 100 μm. n 
= 6 per group.  

 
Chondrocytes exhibit high glycolytic activity, 

similar to cancer cells, and demonstrate the 'Warburg 
effect' 39. That may be responsible for the high level of 
HIF-1α in chondrocytes treated by IL-1β and mice 
cartilage after DMM surgery. The difference between 
chondrocytes and cancer cells is that the proliferation 
ability of chondrocytes is limited and the metabolic 
maintenance in chondrocyte is beneficial to its normal 
function under OA condition 36, 39. In addition, the 
increment of HIF-1α can inhibit the progression of 
arthritis through multiple downstream mechanisms, 
including modulation of the AKT/mTOR pathway 52 
and enhancement of chondrocyte autophagy 53. 
TIMP3, widely associated with and activated by 
HIF-1α 33-35, is one of the most effective endogenous 
inhibitors of MMPs 54, 55. While some literature reports 
weaker inhibition of MMPs by TIMP3 54, others 
suggest that it effectively inhibits both MMPs and 
ADAMTSs 55, 56. Importantly, the protective role of 
TIMP3 in arthritis is well-documented, as it has been 
shown to suppress disease progression 56-58. Our 
results showed that the expression of TIMP3 was 
positively correlated with ucOCN and knockdown of 
TIMP3 partially reversed the protective effects of 
ucOCN, supporting TIMP3 as a key mediator of 
ucOCN's effect on chondrocyte. The AKT-mTOR axis 
is a central regulator of autophagy and cartilage 
homeostasis, with its inhibition effectively curbing 
arthritis progression in mice 37, which is consistent 
with our findings on ucOCN's role in chondrocytes. 
We provide robust evidence that ucOCN suppresses 
chondrocyte hypertrophy via the GPRC6A/HIF-1α 
pathway, upregulating TIMP3 and inducing 
autophagy through AKT/mTOR inhibition. 
Nevertheless, the GPRC6A/HIF-1α axis regulates 
both TIMP3 and autophagy, their relationship 
remains unclear. Studies in other cell types suggest 
TIMP3 may drive autophagy via FoxO1/STAT1 59, 60, 
but this mechanism in chondrocytes requires further 
exploration. These insights position ucOCN as a 
promising therapeutic target for osteoarthritis, 
modulating multiple pathways critical to cartilage 
homeostasis. 

A previous study suggested that intracellular 
OCN promotes HIF-1α and osteo-calcification in 
ADTC5 cells 42. However, they only focused on 
intracellular OCN. We contend that distinguishing 
between intracellular and extracellular ucOCN can 
better explain these results. While extracellular 

ucOCN upregulates HIF-1α, it cannot fully 
compensate for the harmful effects of intracellular 
OCN. Intracellular OCN and extracellular ucOCN 
affect articular cartilage oppositely with a combined 
overall effect, if not more complex. When we treated 
OCN-/- chondrocytes with 40 ng/mL or a higher dose 
of ucOCN, the expression of MMP13 correspondingly 
exhibited an upward trend, meanwhile, we detected 
the increasing OCN level in OCN-/- cells (Data not 
shown). We speculate that the excess extracellular 
ucOCN may be endocytosed into chondrocytes in 
turn or deposit directly within the extracellular matrix 
under certain circumstance. 

Research on OCN in the muscle system has 
inspired our investigation. Together with our findings 
in cartilage, we propose that OCN plays a complex 
role as a signaling molecule within the bone-muscle 
unit. While some studies have questioned OCN's 
regulatory effects on target organs, citing the absence 
of obvious metabolic phenotypes in several OCN 
knockout models in rats and mice should be 
considered 61-63. In addition to the commonly 
discussed explanations for these discrepancies, such 
as environmental and dietary exposure 64, 65, 
differences in genetic background 66, species and 
model systems 67, dissimilarities in gene targeting 
approaches, and compensation by genetic modifying 
genes affecting complex metabolic traits 68. One more 
crucial factor that cannot be ignored is the recent 
evidence suggesting that OCN is not exclusively 
produced by osteoblasts but is also abundant in other 
cell types, such as brain cells 69 and tendon progenitor 
cells 19. Whether these locally expressed OCN and 
bone-derived OCN have a spatiotemporal 
relationship when exerting effects in certain diseases 
remains to be explored. Global knockout models may 
completely disrupt this spatiotemporal effect, 
potentially masking OCN’s full function. As 
demonstrated in our experiment, in the DMM model, 
OCN knockout mice did not show more severe 
arthritis than wild-type mice, which may suggest the 
importance of this complex interaction. 

As for the source of ucOCN in knee joint 
synovial fluid, although we confirmed chondrocytes 
produce ucOCN in vitro, the in vivo results were 
contradictory. While OCN levels increased in 
chondrocytes during OA, ucOCN in SF decreased. We 
postulate that the ucOCN is still predominantly 
derived from bone tissue. Reduced osteoclast activity 
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and bioactive OCN production during OA may 
contribute to this discrepancy 10, 24. The precise 
mechanisms governing the derivation of ucOCN in 
the synovial fluid and its subsequent entry into the SF 
remain elusive, necessitating further investigation. 
Future studies employing conditional knockout 
mouse models and advanced molecular tracing 
techniques hold promise for unraveling the transport 
mechanisms of ucOCN and delineating its functional 
implications, thereby significantly broaden our 
understanding of its role in OA pathogenesis. 

Feedback loops of bone and organs have also 
been reported continuously 17, 49, 70. For instance, 
circulating ucOCN increases remarkably during 
running or energetic activity, which potentiates 
muscle exercise adaptation, and muscles secrete a 
large amount of IL-6 promoting osteoclast initiation 
and production of more ucOCN 17. Owning to the 
similar physical properties of cartilage and muscle, 
OA shares common pathological pathways with some 
muscle-related diseases like sarcopenia 71, and this 
feedback loop may also exist between cartilage and 
bone. In addition, Dickkopf-related protein 1(Dkk1) is 
possibly be an alternative factor for OCN feedback in 
OA. As Dkk1 is one of the few reported secretory 
factors of cartilage, which participates in bone 
remodeling by activating osteoclasts 72, we have 
designed follow-up research to investigate these 
possible mechanisms. 

Conclusions 
In this study, we identified that ucOCN plays a 

crucial role in inhibiting chondrocyte hypertrophy 
and mitigating osteoarthritis progression. Our 
findings show that ucOCN protects cartilage through 
the GPRC6A/HIF-1α pathway by both upregulating 
TIMP3 expression and promoting autophagy, 
maintaining chondrocyte homeostasis. This highlights 
the distinct roles of intracellular OCN and extra-
cellular ucOCN, with ucOCN playing a protective 
role in contrast to the hypertrophy associated with 
intracellular OCN. Given its involvement in key 
regulatory pathways, ucOCN-based interventions 
could pave the way for more targeted and effective 
treatments in osteoarthritis management. 

Supplementary Material 
Supplementary figures and table.  
https://www.ijbs.com/v21p4353s1.pdf 

Acknowledgements 
Funding 

This work was supported by grants from the 
National Key Research and Development Program of 

China (No. 2016YFE0204400 to YW), the National 
Natural Science Foundation of China (No. 31971285 to 
XXJ), and the Natural Science Foundation of Sichuan 
Province (No. 24NSFSC1606 to ZZD). The funders, 
who are also authors of this paper, had specific roles 
in the research: XXJ was responsible for data analysis 
and interpretation, while YW and ZZD contributed to 
the study design, data collection, manuscript 
preparation, and the decision to publish. 

Ethics Approval  
All experimental animal procedures for this 

study strictly adhered to national guidelines 
pertaining to the use of animals in scientific research. 
The Animal Care and Use Committee of the Beijing 
Institute of Basic Medical Sciences granted approval 
for the animal studies (Approval Number: 2022-862). 

The study involving human samples was 
reviewed and approved by the Institutional Review 
Board (IRB) of China Medical University (Approval 
Number: 2019-285-2). Written informed consent was 
obtained from all participants. All human data were 
anonymized, and no identifiable personal information 
is included in this publication. 

Author Contributions  
Conceptualization: Y.W., X.J., and X.L. 

Supervision: Y.W., X.J., and X.L. Investigation: Z.D., 
K.Z., Q.Q., C.L. J.W., H.Z., S.L., Z. X., and J.Z. Animal 
model experiments: Z.D., K.Z., and C.L. 
Histopathology assessment: Z.Y., and S.F. Manuscript 
preparation: Z.D., K.Z., and Q.Q. Reviewing and 
editing: Y.W., X.J., and Z.Y. Funding acquisition: 
Y.W., X.J. and Z.D. 

Availability of Data and Materials 
The datasets used and/or analyzed during the 

current study are available from the corresponding 
author upon reasonable request. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Sacks JJ, Luo YH, Helmick CG. Prevalence of specific types of arthritis and 

other rheumatic conditions in the ambulatory health care system in the United 
States, 2001-2005. Arthritis Care Res (Hoboken). 2010;62(4):460-464. 
doi:10.1002/acr.20041 

2. Murphy LB, Cisternas MG, Greenlund KJ, Giles W, Hannan C, Helmick CG. 
Defining Arthritis for Public Health Surveillance: Methods and Estimates in 
Four US Population Health Surveys. Arthritis Care Res (Hoboken). 
2017;69(3):356-367. doi:10.1002/acr.22943 

3. Roos EM, Arden NK. Strategies for the prevention of knee osteoarthritis. Nat 
Rev Rheumatol. 2016;12(2):92-101. doi:10.1038/nrrheum.2015.135  

4. Lotz M, Loeser RF. Effects of aging on articular cartilage homeostasis. Bone. 
2012;51(2):241-248. doi:10.1016/j.bone.2012.03.023  

5. Abramoff B, Caldera FE. Osteoarthritis: Pathology, Diagnosis, and Treatment 
Options. Med Clin North Am. 2020;104(2):293-311. 
doi:10.1016/j.mcna.2019.10.007  



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

4372 

6. Rim Y A, Nam Y, Ju J H. The Role of Chondrocyte Hypertrophy and 
Senescence in Osteoarthritis Initiation and Progression. International journal 
of molecular sciences. 2020; 21(7): 2358. 10.3390/ijms21072358 

7. Zheng L, Zhang Z, Sheng P, Mobasheri A. The role of metabolism in 
chondrocyte dysfunction and the progression of osteoarthritis. Ageing Res 
Rev. 2021;66:101249. doi:10.1016/j.arr.2020.101249  

8. Guilak F, Nims RJ, Dicks A, Wu CL, Meulenbelt I. Osteoarthritis as a disease of 
the cartilage pericellular matrix. Matrix Biol. 2018;71-72:40-50. 
doi:10.1016/j.matbio.2018.05.008  

9. Tong W, Zeng Y, Chow DHK, et al. Wnt16 attenuates osteoarthritis 
progression through a PCP/JNK-mTORC1-PTHrP cascade. Ann Rheum Dis. 
2019;78(4):551-561. doi:10.1136/annrheumdis-2018-214200  

10. Goldring SR, Goldring MB. Changes in the osteochondral unit during 
osteoarthritis: structure, function and cartilage-bone crosstalk. Nat Rev 
Rheumatol. 2016;12(11):632-644. doi:10.1038/nrrheum.2016.148 

11. Pritzker KP, Gay S, Jimenez SA, et al. Osteoarthritis cartilage histopathology: 
grading and staging. Osteoarthritis Cartilage. 2006;14(1):13-29. 
doi:10.1016/j.joca.2005.07.014  

12. Scanzello CR, Goldring SR. The role of synovitis in osteoarthritis pathogenesis. 
Bone. 2012;51(2):249-257. doi:10.1016/j.bone.2012.02.012  

13. Cairns DM, Lee PG, Uchimura T, Seufert CR, Kwon H, Zeng L. The role of 
muscle cells in regulating cartilage matrix production. J Orthop Res. 
2010;28(4):529-536. doi:10.1002/jor.21014  

14. Cairns DM, Uchimura T, Kwon H, et al. Muscle cells enhance resistance to 
pro-inflammatory cytokine-induced cartilage destruction. Biochem Biophys 
Res Commun. 2010;392(1):22-28. doi:10.1016/j.bbrc.2009.12.138  

15. Brotto M, Bonewald L. Bone and muscle: Interactions beyond mechanical. 
Bone. 2015;80:109-114. doi:10.1016/j.bone.2015.02.010  

16. Mera P, Laue K, Wei J, Berger JM, Karsenty G. Osteocalcin is necessary and 
sufficient to maintain muscle mass in older mice. Mol Metab. 2017 
Aug;6(8):941. doi: 10.1016/j.molmet.2017.06.006  

17. Mera, P. et al. Osteocalcin Signaling in Myofibers Is Necessary and Sufficient 
for Optimum Adaptation to Exercise. Cell Metab. 2016;23(6):1078-1092. 
doi:10.1016/j.cmet.2016.05.004 

18. Dirckx N, Moorer MC, Clemens TL, Riddle RC. The role of osteoblasts in 
energy homeostasis. Nat Rev Endocrinol. 2019;15(11):651-665. 
doi:10.1038/s41574-019-0246-y  

19. Wang Y, Zhang X, Huang H, et al. Osteocalcin expressing cells from tendon 
sheaths in mice contribute to tendon repair by activating Hedgehog signaling. 
Elife. 2017;6:e30474. doi:10.7554/eLife.30474 

20. Ducy P, Desbois C, Boyce B, et al. Increased bone formation in 
osteocalcin-deficient mice. Nature. 1996;382(6590):448-452. 
doi:10.1038/382448a0  

21. Cancela ML, Laizé V, Conceição N. Matrix Gla protein and osteocalcin: from 
gene duplication to neofunctionalization. Arch Biochem Biophys. 
2014;561:56-63. doi:10.1016/j.abb.2014.07.020  

22. Bonneau J, Ferland G, Karelis AD, et al. Association between osteocalcin 
gamma-carboxylation and insulin resistance in overweight and obese 
postmenopausal women. J Diabetes Complications. 2017;31(6):1027-1034. 
doi:10.1016/j.jdiacomp.2017.01.023  

23. Ferron M, Lacombe J, Germain A, Oury F, Karsenty G. GGCX and VKORC1 
inhibit osteocalcin endocrine functions. J Cell Biol. 2015;208(6):761-776. 
doi:10.1083/jcb.201409111  

24. Chowdhury S, Schulz L, Palmisano B, et al. Muscle-derived interleukin 6 
increases exercise capacity by signaling in osteoblasts. J Clin Invest. 
2020;130(6):2888-2902. doi:10.1172/JCI133572  

25. Gosset M, Berenbaum F, Thirion S, Jacques C. Primary culture and 
phenotyping of murine chondrocytes. Nat Protoc. 2008;3(8):1253-1260. 
doi:10.1038/nprot.2008.95  

26. Przyklenk M, Georgieva VS, Metzen F, et al. LTBP1 promotes fibrillin 
incorporation into the extracellular matrix. Matrix Biol. 2022;110:60-75. 
doi:10.1016/j.matbio.2022.04.004  

27. Cathcart J. Assessment of Matrix Metalloproteinases by Gelatin Zymography. 
Methods Mol Biol. 2016;1406:151-159. doi:10.1007/978-1-4939-3444-7_12  

28. Clement-Lacroix P, Little CB, Smith MM, et al. Pharmacological 
characterization of GLPG1972/S201086, a potent and selective small-molecule 
inhibitor of ADAMTS5. Osteoarthritis Cartilage. 2022;30(2):291-301. 
doi:10.1016/j.joca.2021.08.012 

29. Oury F, Khrimian L, Denny CA, et al. Maternal and offspring pools of 
osteocalcin influence brain development and functions. Cell. 
2013;155(1):228-241. doi:10.1016/j.cell.2013.08.042  

30. Pi M, Chen L, Huang MZ, et al. GPRC6A null mice exhibit osteopenia, 
feminization and metabolic syndrome. PLoS One. 2008;3(12):e3858. 
doi:10.1371/journal.pone.0003858  

31. Clemmensen C, Smajilovic S, Wellendorph P, Bräuner-Osborne H. The GPCR, 
class C, group 6, subtype A (GPRC6A) receptor: from cloning to physiological 
function. Br J Pharmacol. 2014;171(5):1129-1141. doi:10.1111/bph.12365  

32. Mukai S, Mizokami A, Otani T, et al. Adipocyte-specific GPRC6A ablation 
promotes diet-induced obesity by inhibiting lipolysis. J Biol Chem. 
2021;296:100274. doi:10.1016/j.jbc.2021.100274  

33. Neill T, Painter H, Buraschi S, et al. Decorin antagonizes the angiogenic 
network: concurrent inhibition of Met, hypoxia inducible factor 1α, vascular 
endothelial growth factor A, and induction of thrombospondin-1 and TIMP3. J 
Biol Chem. 2012;287(8):5492-5506. doi:10.1074/jbc.M111.283499 

34. Waqas M, Qamar H, Zhang J, et al. Puerarin enhance vascular proliferation 
and halt apoptosis in thiram-induced avian tibial dyschondroplasia by 
regulating HIF-1α, TIMP-3 and BCL-2 expressions. Ecotoxicol Environ Saf. 
2020;190:110126. doi:10.1016/j.ecoenv.2019.110126  

35. Huang H, Yu J, Yu D, Li Y, Lu S. Effects of chemically induced hypoxia on in 
vitro expression of hypoxia inducible factor-lα, vascular endothelial growth 
factor, aggrecanase-1, and tissue inhibitor of metalloproteinase-3 in rat 
mandibular condylar chondrocytes. J Oral Facial Pain Headache. 
2014;28(3):269-276. doi:10.11607/ofph.1178 

36. Stegen S, Laperre K, Eelen G, et al. HIF-1α metabolically controls collagen 
synthesis and modification in chondrocytes. Nature. 2019;565(7740):511-515. 
doi:10.1038/s41586-019-0874-3  

37. Zhang Y, Vasheghani F, Li YH, et al. Cartilage-specific deletion of mTOR 
upregulates autophagy and protects mice from osteoarthritis. Ann Rheum Dis. 
2015;74(7):1432-1440. doi:10.1136/annrheumdis-2013-204599  

38. Mai L, Luo M, Wu JJ, Yang JH, Hong LY. The combination therapy of HIF1α 
inhibitor LW6 and cisplatin plays an effective role on anti-tumor function in 
A549 cells. Neoplasma. 2019;66(5):776-784. Published 2019 Jun 3. 
doi:10.4149/neo_2018_180921N708  

39. Mobasheri A, Rayman MP, Gualillo O, Sellam J, van der Kraan P, Fearon U. 
The role of metabolism in the pathogenesis of osteoarthritis. Nat Rev 
Rheumatol. 2017;13(5):302-311. doi:10.1038/nrrheum.2017.50  

40. Corciulo C, Lendhey M, Wilder T, et al. Endogenous adenosine maintains 
cartilage homeostasis and exogenous adenosine inhibits osteoarthritis 
progression. Nat Commun. 2017;8:15019. Published 2017 May 11. 
doi:10.1038/ncomms15019  

41. Wang Y, Zhang T, Xu Y, et al. Suppressing phosphoinositide-specific 
phospholipases Cγ1 promotes mineralization of osteoarthritic subchondral 
bone osteoblasts via increasing autophagy, thereby ameliorating articular 
cartilage degeneration. Bone. 2022;154:116262. doi:10.1016/j.bone.2021.116262 

42. Idelevich A, Rais Y, Monsonego-Ornan E. Bone Gla protein increases 
HIF-1alpha-dependent glucose metabolism and induces cartilage and vascular 
calcification. Arterioscler Thromb Vasc Biol. 2011;31(9):e55-e71. 
doi:10.1161/ATVBAHA.111.230904  

43. Karsenty G, Oury F. Regulation of male fertility by the bone-derived hormone 
osteocalcin. Mol Cell Endocrinol. 2014;382(1):521-526. 
doi:10.1016/j.mce.2013.10.008  

44. Al Rifai O, Chow J, Lacombe J, et al. Proprotein convertase furin regulates 
osteocalcin and bone endocrine function. J Clin Invest. 2017;127(11):4104-4117. 
doi:10.1172/JCI93437  

45. Hoang QQ, Sicheri F, Howard AJ, Yang DS. Bone recognition mechanism of 
porcine osteocalcin from crystal structure. Nature. 2003;425(6961):977-980. 
doi:10.1038/nature02079  

46. Malashkevich VN, Almo SC, Dowd TL. X-ray crystal structure of bovine 3 
Glu-osteocalcin. Biochemistry. 2013;52(47):8387-8392. doi:10.1021/bi4010254  

47. Mizuguchi M, Yokoyama T, Otani T, et al. Structural and mutational analyses of 
decarboxylated osteocalcin provide insight into its adiponectin-inducing 
activity. FEBS Lett. 2023;597(11):1479-1488. doi:10.1002/1873-3468.14618  

48. Pi M, Nishimoto SK, Quarles LD. GPRC6A: Jack of all metabolism (or master 
of none). Mol Metab. 2016;6(2):185-193. doi:10.1016/j.molmet.2016.12.006 

49. Oury F, Ferron M, Huizhen W, et al. Osteocalcin regulates murine and human 
fertility through a pancreas-bone-testis axis. J Clin Invest. 2015;125(5):2180. 
doi:10.1172/JCI81812 .  

50. Diaz-Franco MC, Franco-Diaz de Leon R, Villafan-Bernal JR. 
Osteocalcin‑GPRC6A: An update of its clinical and biological multi‑organic 
interactions (Review). Mol Med Rep. 2019;19(1):15-22. 
doi:10.3892/mmr.2018.9627  

51. Kapoor K, Pi M, Nishimoto SK, Quarles LD, Baudry J, Smith JC. The 
carboxylation status of osteocalcin has important consequences for its 
structure and dynamics. Biochim Biophys Acta Gen Subj. 2021;1865(3):129809. 
doi:10.1016/j.bbagen.2020.129809  

52. Xu WN, Zheng HL, Yang RZ, Jiang LS, Jiang SD. HIF-1α Regulates 
Glucocorticoid-Induced Osteoporosis Through PDK1/AKT/mTOR Signaling 
Pathway. Front Endocrinol (Lausanne). 2020;10:922. Published 2020 Jan 28. 
doi:10.3389/fendo.2019.00922 

53. Hu S, Zhang C, Ni L, et al. Stabilization of HIF-1α alleviates osteoarthritis via 
enhancing mitophagy. Cell Death Dis. 2020;11(6):481. Published 2020 Jun 25. 
doi:10.1038/s41419-020-2680-0  

54. Gendron C, Kashiwagi M, Hughes C, Caterson B, Nagase H. TIMP-3 inhibits 
aggrecanase-mediated glycosaminoglycan release from cartilage explants 
stimulated by catabolic factors. FEBS Lett. 2003;555(3):431-436. 
doi:10.1016/s0014-5793(03)01295-x  

55. Wang Z, Famulski K, Lee J, et al. TIMP2 and TIMP3 have divergent roles in 
early renal tubulointerstitial injury. Kidney Int. 2014;85(1):82-93. 
doi:10.1038/ki.2013.225  

56. Bhattacharjee A, Singh N, Kumar P, Katti DS. Sulfated carboxymethylcellulose 
mediated enhancement of Timp3 efficacy synergistically attenuates 
osteoarthritis through inhibition of NFκB and JNK. Carbohydr Polym. 
2023;316:121061. doi:10.1016/j.carbpol.2023.121061  

57. Moon J, Cho KH, Jhun J, et al. Small heterodimer partner-interacting leucine 
zipper protein suppresses pain and cartilage destruction in an osteoarthritis 
model by modulating the AMPK/STAT3 signaling pathway. Arthritis Res 
Ther. 2024;26(1):199. doi:10.1186/s13075-024-03417-3  



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

4373 

58. Bhattacharjee A, Katti DS. Sulfated carboxymethylcellulose-based scaffold 
mediated delivery of Timp3 alleviates osteoarthritis. Int J Biol Macromol. 
2022;212:54-66. doi:10.1016/j.ijbiomac.2022.05.093  

59. Lu J, Li F, Ye M. PANoptosis and Autophagy-Related Molecular Signature and 
Immune Landscape in Ulcerative Colitis: Integrated Analysis and 
Experimental Validation. J Inflamm Res. 2024;17:3225-3245. 
doi:10.2147/JIR.S455862.  

60. Fiorentino L, Cavalera M, Menini S, et al. Loss of TIMP3 underlies diabetic 
nephropathy via FoxO1/STAT1 interplay. EMBO Mol Med. 2013;5(3):441-455. 
doi:10.1002/emmm.201201475  

61. Lambert LJ, Challa AK, Niu A, et al. Increased trabecular bone and improved 
biomechanics in an osteocalcin-null rat model created by CRISPR/Cas9 
technology. Dis Model Mech. 2016;9(10):1169-1179. doi:10.1242/dmm.025247  

62. Moriishi T, Ozasa R, Ishimoto T, et al. Osteocalcin is necessary for the 
alignment of apatite crystallites, but not glucose metabolism, testosterone 
synthesis, or muscle mass. PLoS Genet. 2020;16(5): e1008586. Published 2020 
May 28. doi:10.1371/journal.pgen.1008586 

63. Diegel CR, Hann S, Ayturk UM, et al. An osteocalcin-deficient mouse strain 
without endocrine abnormalities. PLoS Genet. 2020;16(5): e1008361. Published 
2020 May 28. doi:10.1371/journal.pgen.1008361 

64. Pi M, Nishimoto SK, Darryl Quarles L. Explaining Divergent Observations 
Regarding Osteocalcin/GPRC6A Endocrine Signaling. Endocrinology. 
2021;162(4): bqab011. doi:10.1210/endocr/bqab011  

65. Barroso I, McCarthy MI. The Genetic Basis of Metabolic Disease. Cell. 
2019;177(1): 146-161. doi:10.1016/j.cell.2019.02.024  

66. Simon MM, Greenaway S, White JK, et al. A comparative phenotypic and 
genomic analysis of C57BL/6J and C57BL/6N mouse strains. Genome Biol. 
2013;14(7): R82. Published 2013 Jul 31. doi:10.1186/gb-2013-14-7-r82  

67. Clemmensen C, Smajilovic S, Madsen AN, Klein AB, Holst B, 
Bräuner-Osborne H. Increased susceptibility to diet-induced obesity in 
GPRC6A receptor knockout mice. J Endocrinol. 2013;217(2):151-160. Published 
2013 Apr 15. doi:10.1530/JOE-12-0550  

68. Ho HY, Lin YT, Lin G, Wu PR, Cheng ML. Nicotinamide nucleotide 
transhydrogenase (NNT) deficiency dysregulates mitochondrial retrograde 
signaling and impedes proliferation. Redox Biol. 2017; 12:916-928. 
doi:10.1016/j.redox.2017.04.035  

69. Sun D, Milibari L, Pan JX, et al. Critical Roles of Embryonic Born Dorsal 
Dentate Granule Neurons for Activity-Dependent Increases in BDNF, Adult 
Hippocampal Neurogenesis, and Antianxiety-like Behaviors. Biol Psychiatry. 
2021;89(6):600-614. doi:10.1016/j.biopsych.2020.08.026  

70. Karsenty G. Osteocalcin: A Multifaceted Bone-Derived Hormone. Annu Rev 
Nutr. 2023;43:55-71. doi:10.1146/annurev-nutr-061121-091348 

71. De Ceuninck F, Fradin A, Pastoureau P. Bearing arms against osteoarthritis 
and sarcopenia: when cartilage and skeletal muscle find common interest in 
talking together. Drug Discov Today. 2014;19(3):305-311. 
doi:10.1016/j.drudis.2013.08.004  

72. Funck-Brentano T, Bouaziz W, Marty C, Geoffroy V, Hay E, Cohen-Solal M. 
Dkk-1-mediated inhibition of Wnt signaling in bone ameliorates osteoarthritis 
in mice. Arthritis Rheumatol. 2014;66(11):3028-3039. doi:10.1002/art.38799  

 


