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Background: Fracture healing involves complex cellular and molecular interactions. While osteoprotegerin (OPG) facilitates
bone repair by inhibiting osteoclast activity, its role in chondrocyte differentiation and cartilage formation remains unclear. This
study examined the effects of OPG on bone and cartilage during fracture repair.

Methods: A murine femoral fracture model was established and treated with subcutaneous injections of OPG recombinant
protein or OPG-neutralizing antibodies. Bone healing was assessed by micro-computed tomography (Micro-CT) and Safranin
O staining to evaluate callus size and cartilage formation. Immunohistochemistry detected Ace-tubulin, v-tubulin, Ki-67, and
Collagen II expression. qRT-PCR assessed chondrogenic markers, including SRY-box transcription factor 9 (Sox9), Collagen
I1, Aggrecan, and Collagen X. OPG shRNA was transfected into chondrocytes to evaluate cell viability (CCK-8 assay), Ace-
tubulin and ~-tubulin expression (immunofluorescence), and acidic mucopolysaccharides (Alcian blue staining). Western blot
was performed to examine the effect of OPG on the Transforming Growth Factor-5 (TGF-{3) pathway.

Results: OPG expression was significantly elevated during fracture healing (p < 0.05). Administration of recombinant OPG
increased fracture callus size and improved bone parameters, including bone volume/total volume (BV/TV) ratio, trabecular
number (Th.N), and trabecular thickness (Tb.Th), while reducing trabecular separation (Tb.Sp) (» < 0.05). Conversely, OPG
blockade produced opposite effects (p < 0.05). OPG treatment also upregulated Ace-tubulin, y-tubulin, Ki-67, Sox9, Collagen II,
Aggrecan, and Collagen X (p < 0.05), whereas anti-OPG reduced their expression (p < 0.05). In vitro, OPG knockdown reduced
chondrocyte viability, diminished Ace-tubulin and ~-tubulin expression, reduced acidic mucopolysaccharide accumulation, and
downregulated chondrogenic markers (p < 0.05). Furthermore, OPG silencing suppressed TGF-{ signaling by lowering TGF-(1,
TGF-SRI, and Smad2/3 phosphorylation (p < 0.05).

Conclusions: OPG promotes chondrocyte differentiation and bone formation by regulating TGF-3 signaling, highlighting its
potential as a therapeutic target for enhancing fracture healing.
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Introduction Previous studies demonstrate that OPG is essential for

bone health, and its deficiency, as observed in osteoporo-

Fractures are common injuries, and their healing pro- sis, is associated with increased bone resorption and frac-

cess involves a complex interplay of cellular and molecu-  tyre risk [8,9]. While the role of OPG in bone metabolism

lar mechanisms, including bone formation and remodeling  ig well established, emerging evidence suggests that it may

[1-3]. During fracture healing, the balance between osteo- 450 influence early endochondral ossification during frac-

clast activity and new bone formation is critical. Osteopro- ture healing [10,11]. Endochondral ossification involves

tegerin (OPG), a key regulator of bone metabolism, has re- the formation of cartilage, which is later replaced by bone,

ceived considerable attention in recent years [4,5]. OPG is and depends on chondrocyte proliferation and differentia-
a glycoprotein that functions as a decoy receptor for recep-  tion to restore skeletal continuity [12].

tor activator of nuclear factor kappa-B ligand (RANKL),
thereby inhibiting osteoclast differentiation and function, The Transforming Growth Factor-3 (TGF-f) signal-

and reducing bone resorption [6,7]. However, its role in ~ ing pathway is another key regulator of fracture healing.
fracture healing, particularly in chondrocyte differentiation ~ TGF-3 promotes chondrocyte proliferation and differentia-

and cartilage formation, remains insufficiently understood.  tion, facilitating cartilage formation and ultimately bone re-
generation [13,14]. Although the interaction between OPG

and the TGF-S signaling pathway during fracture healing
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has not been extensively characterized, it is hypothesized
that OPG may influence this pathway by regulating osteo-
clast and chondrocyte activity, thereby affecting the effi-
ciency of fracture repair.

This study aims to investigate the role of OPG in frac-
ture healing, with a particular focus on its effects on bone
formation and cartilage development. We hypothesize that
OPG not only regulates osteoclast activity but also con-
tributes to fracture repair by modulating chondrocyte pro-
liferation, stabilizing microtubule structures, and regulating
the TGF- signaling pathway. By employing recombinant
OPG and anti-OPG treatments in a murine fracture model,
we aimed to elucidate the molecular mechanisms underly-
ing the role of OPG in bone and cartilage repair. A deeper
understanding of the multifaceted roles of OPG in this pro-
cess may offer novel therapeutic strategies to enhance frac-
ture healing, particularly in cases of delayed or impaired
bone regeneration.

Materials and Methods

Animal Experiment

A total of 90 male C57BL/6J mice (6—-8 weeks old,
25 £ 2 g) were obtained from SiPeiFu (Beijing, China). A
standardized closed femoral fracture model was established
in all mice. General anesthesia was induced by intraperi-
toneal injection of sodium pentobarbital (57-33-0, Merck,
Darmstadt, Germany) at 50 mg/kg body weight. The depth
of anesthesia was confirmed by the absence of the pedal
withdrawal reflex. Following adequate anesthesia, mice
were placed in the supine position on a sterile surgical plat-
form. The right hind limb was shaved and disinfected with
75% ethanol, followed by povidone-iodine. A small inci-
sion (~5 mm) was made over the knee, and the distal femur
was exposed. A stainless steel pin (0.38 mm diameter) was
inserted retrogradely through the intercondylar notch into
the femoral canal to provide internal stabilization. A stan-
dardized mid-diaphyseal femoral fracture was then induced
using a blunt guillotine-like device (fracture forceps). Ad-
ditional external fixators were applied when necessary. The
skin incision was closed with 5-0 absorbable sutures.

After surgery, mice were placed on a heating pad un-
til recovery from anesthesia. Postoperative care included
daily monitoring for mobility, wound condition, and signs
of pain or distress. Analgesia was provided with buprenor-
phine (0.05 mg/kg, subcutaneous) every 12 hours for 48
hours. Fracture healing was monitored throughout the
study. Mice were randomly assigned into three groups (n =
30 per group): Model group (no treatment; saline) adminis-
tered subcutaneously, OPG recombinant protein group (100
pg/kg/day, 92526ES60, YEASEN, Shanghai, China) ad-
ministered subcutaneously, and OPG antibody group (100
pg/kg/day, ab18051, Abcam, Cambridge, UK) adminis-
tered subcutaneously.
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Each experimental group initially included 30 mice.
At five designated time points (pre-fracture [days 0], and
days 3, 6, 9, and 21 post-fracture), six mice per group
were sacrificed for sample collection and analysis. Treat-
ment continued for 21 days in all groups. On days 3, 6,
9, and 21, mice were euthanized by intraperitoneal injec-
tion of 3% sodium pentobarbital (110 mg/kg), and callus
tissue from the fracture site was harvested for analysis. All
animal experiments were approved by the Beijing Maide
Kangna Laboratory Animal Welfare Ethics Committee (ap-
proval No. MDKN-2024-096).

Micro-CT

Fractured femora were collected, and the surround-
ing soft tissues were carefully removed. The bone samples
were fixed in 10% neutral buffered formalin (60535ES60,
YEASEN, Shanghai, China) for at least 24 hours to pre-
serve tissue integrity. Samples were then scanned using a
micro-computed tomography (Micro-CT) scanner (Quan-
tum GX2, PerkinElmer, Waltham, MA, USA), with the
fracture site centered in the field of view. The scanning
range included approximately 3 mm proximal and distal
to the fracture, ensuring coverage of the healing tissue
and adjacent bone. Micro-CT reconstruction software was
used for three-dimensional image reconstruction, generat-
ing detailed 3D models of the fracture and healing callus.
Subsequently, bone morphometric parameters, including
bone volume/total volume (BV/TV) ratio, trabecular num-
ber (Tb.N), trabecular thickness (Tb.Th), and trabecular
separation (Tb.Sp), were measured and compared among
the treatment groups (Model, OPG recombinant protein,
and anti-OPG).

Safranin O Staining

Callus tissue sections were prepared and stained us-
ing Safranin O (C0621S, Beyotime, Shanghai, China), pre-
pared as a 0.1% aqueous solution. Samples were immersed
in the staining solution for approximately 30 minutes to al-
low for adequate staining, then gently rinsed with distilled
water to remove excess dye. Dehydration was performed
sequentially using graded ethanol solutions (70%, 85%,
95%, 100%) (64-17-5, Merck, Darmstadt, Germany), soak-
ing for 5 minutes in each concentration. Dehydration was
followed by clearing in xylene (1330-20-7, Merck, Darm-
stadt, Germany), with three immersions of approximately
five minutes each. Samples were then mounted with neu-
tral resin to prevent oxidation.

Stained sections were examined under a light micro-
scope (BX53, Olympus, Tokyo, Japan) to evaluate car-
tilage and bone tissue formation. Quantitative analysis
was performed using ImagelJ software (version 1.5f, NIH,
Bethesda, MD, USA).
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Immunohistochemistry (IHC)

Fixed callus tissues were dewaxed, rehydrated, and
subjected to heat-induced antigen retrieval. Sections were
blocked with 5% BSA blocking solution (ST025, Bey-
otime, Shanghai, China) to prevent nonspecific binding,
followed by overnight incubation at 4 °C with the primary
antibodies: Ace-tubulin (ab24610, Abcam, Cambridge,
UK), ~-tubulin (ab179503, Abcam, Cambridge, UK), Ki-
67 (ab15580, Abcam, Cambridge, UK), and Collagen II
(ab307674, Abcam, Cambridge, UK). After washing with
PBS, sections were incubated with HRP-labeled secondary
antibody (ab6728, Abcam, Cambridge, UK) for 1 hour at
room temperature. Color development was achieved using
DAB substrate (P0202, Beyotime, Shanghai, China) for 5
minutes at room temperature. Hematoxylin (ST2067, Be-
yotime, Shanghai, China) was used as a nuclear counter-
stain, and sections were mounted with mounting medium.
Stained sections were visualized under a light microscope
(BXS53, Olympus, Tokyo, Japan), and quantitative analysis
was performed using ImagelJ software (version 1.5f, NIH,
Bethesda, MD, USA).

Cell Culture

Primary murine chondrocytes (MIC-iCell-s003, Cel-
Iverse Co., Ltd., Shanghai, China) were purchased and
cultured in DMEM medium (iCell-0001, Cellverse Co.,
Ltd., Shanghai, China) supplemented with 10% fetal bovine
serum (FBS) (C0226, Beyotime, Shanghai, China). Cells
were cultured at 37 °C in a humidified atmosphere contain-
ing 5% CO,. Under inverted phase-contrast microscopy,
the cultured cells exhibited the characteristic polygonal or
rounded morphology of chondrocytes, with distinct cell
boundaries and abundant cytoplasm. Cells exhibited strong
adherence and proliferative capacity. And mycoplasma
testing was negative, confirming culture purity and suitabil-
ity for downstream experiments.

Cell Transfection

Chondrocytes were seeded at 24 x 10° cells
per well into a 6-well plate and cultured to 70-80%
confluence to ensure optimal conditions for trans-
fection. For gene silencing, either ShRNA negative
control  (5'-TTCTCCGAACGTGTCACGT TTCAA-
GAGA ACGTGACACGTTCGGAGAA  TTTTT-3')
(Sangon, Shanghai, China) or ShRNA-OPG (5'-
GGAUGUACUCAUCUACAAATT TTCAAGAGA
UUUGUAGAUGAGUACAUCC TTTTT-3’) (Sangon,
Shanghai, China) was diluted in serum-free medium and
combined with the transfection reagent Lipofectamine
6000 (C0526FT, Beyotime, Shanghai, China). The mixture
was incubated for 20-30 minutes at room temperature to
allow formation of transfection complexes.

The complexes were then added to the cell culture
medium, and the plates were gently agitated to ensure uni-
form distribution. Cells were incubated in a 37 °C, 5% CO-

incubator (ICO Series, Memmert, Stadtilm, Bavaria, Ger-
many) for 8 hours, after which the medium was replaced
with fresh complete medium. After 48 hours, transfection
efficiency was verified by qPCR analysis of OPG gene ex-
pression levels.

Chondrocyte Differentiation

Primary murine chondrocytes were cultured to 80—
90% confluence to ensure healthy and optimal growth con-
ditions, typically using cells at the 3rd passage. Cells
were seeded at 2-4 x 10° cells per well into a 6-well
plate. Differentiation induction medium was prepared as
follows: DMEM (iCell-0001, Cellverse Co., Ltd., Shang-
hai, China), 1 L; 10% FBS (100 mL); TGF-33 (91705ES,
YEASEN, Shanghai, China), 10 ng/mL; Dexamethasone
(53269ES, YEASEN, Shanghai, China), 100 nM; Ascorbic
acid-2-phosphate (53585ES, YEASEN, Shanghai, China),
50 pug/mL; ITS supplement (Insulin-Transferrin-Selenium)
(60708ES, YEASEN, Shanghai, China), 1x; Proline
(SM9004, Beyotime, Shanghai, China), 40 pg/mL; Sodium
pyruvate (60370ES, YEASEN, Shanghai, China), 1 mM;
and Penicillin-streptomycin solution (60162ES, YEASEN,
Shanghai, China), 1%. All components were mixed and fil-
ter sterilized to ensure uniform distribution.

The existing medium was replaced with the differen-
tiation induction medium, and cultures were maintained at
37 °C in 5% COy for two weeks. Medium was refreshed
every three days.

Alcian Blue Staining

Target cells were cultured to 70-80% confluence
to ensure healthy growth. Cells were fixed with 4%
paraformaldehyde (P0099, Beyotime, Shanghai, China) at
room temperature for 20 minutes, then gently washed three
times with PBS to remove the fixative. Cells were sub-
sequently stained in 1% Alcian Blue dye (C0153M, Be-
yotime, Shanghai, China) for 30 minutes. After stain-
ing, excess dye was removed by rinsing with PBS. Dehy-
dration was performed sequentially using 70%, 95%, and
100% ethanol, followed by clearing with xylene. Samples
were mounted with a neutral mounting medium to avoid
bubble formation. Stained cells were observed under a
light microscope (BX53, Olympus, Tokyo, Japan). Alcian
Blue-positive regions appeared blue, indicating the pres-
ence of acidic mucopolysaccharides. Quantitative analysis
was performed using Imagel software (version 1.5f, NIH,
Bethesda, MD, USA).

CCK-8 Assay

Transfected cells were cultured in appropriate medium
until they reached the logarithmic growth phase, and 5000
cells were seeded into each well of a 96-well plate. The cells
were then cultured for 48 hours. Thirty minutes before the
end of incubation, 10 pL of CCK-8 reagent (C0037, Bey-
otime, Shanghai, China) was added to each well and gently
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Table 1. Primer sequences used for qRT-PCR.

Primer name Primer sequence (5'-3")

mice-OPG-F TTGGCTGAGTGTTCTGGT
mice-OPG-R TTGGGAAAGTGGTATGCT
mice-Sox-9-F ACAACGCAAGCTTCTGCAAG
mice-Sox-9-R GTGGGGCGAACAAACAAGAC
mice-Col2-F TCCTACAATGTCAGGGCCAG
mice-Col2-R TCATCGCAGAGGACATTCCC
mice-Acan-F AGCCCTTGTCTGAATGGAGC
mice-Acan-R GTTGGTTTGGACGCCACTTC
mice-Col10-F CCAGCCGCAAAGAGTCTACAT
mice-Col10-R AGCACCATCGTTACCACGAG
mice-TGF-BI-F CCGCAACAACGCAATCTA
mice-TGF-SI-R TGAGGAGCAGGAAGGGTC
mice-TGF-SRI-F GAACTCCCAACTACAGGACCTT
mice-TGF-8RI-R ATGACAGTGCGGTTATGGCA
mice-GAPDH-F TGTCTCCTGCGACTTCAACA

mice-GAPDH-R GGTGGTCCAGGGTTTCTTACT
OPG, osteoprotegerin; TGF, Transforming Growth Factor;

GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase.

mixed. The 96-well plate was returned to the incubator and
incubated for 2 hours. The absorbance was finally mea-
sured at 450 nm using a microplate reader (SpectraMax i3,
Molecular Devices, Sunnyvale, CA, USA).

Cell Immunofluorescence

Transfected cells were cultured in DMEM medium un-
til they reached the logarithmic growth phase. The cells
were fixed with 4% paraformaldehyde at room tempera-
ture for 10 minutes and washed three times with PBS to re-
move the fixative. They were then treated with 0.1% Triton
X-100 at room temperature for 5 minutes to permeabilize
the membrane and allow antibodies (Ace-tubulin (66200-
1-Ig, Proteintech, Wuhan, China), ~-tubulin (ab11316, Ab-
cam, Cambridge, UK)) to enter the cells, followed by three
washes with PBS. Nonspecific binding was blocked by in-
cubation with 5% BSA for 1 hour. The diluted specific pri-
mary antibody was added and incubated overnight at 4 °C,
followed by three washes with PBS. The Alexa Fluor 594-
conjugated secondary antibody (ab150116, Abcam, Cam-
bridge, UK) was then added and incubated at room temper-
ature for 1 hour, followed by three washes to remove un-
bound antibody. Nuclei were stained with DAPI (C1006,
Beyotime, Shanghai, China) for 5 minutes at room temper-
ature and washed three times with PBS. Finally, the cells
were mounted with mounting medium and observed un-
der a fluorescence microscope (DMi8, Leica, Wetzlar, Ger-
many).

qRT-PCR

Total RNA was extracted from tissue and cell samples
using an RNA extraction kit (R0077S, Beyotime, Shanghai,
China). RNA was reverse transcribed into cDNA using a re-
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verse transcription reagent (D7168S, Beyotime, Shanghai,
China) and incubated at 37 °C for 1 hour. The qRT-PCR
reaction mixture was then prepared, containing the cDNA
template, forward and reverse primers, SYBR Green dye,
PCR buffer, and DNA polymerase. This mixture was added
to a 96-well plate and loaded into a real-time PCR machine
(7500 Real-Time PCR System, Applied Biosystems, Fos-
ter, CA, USA). The thermal cycling protocol consisted of
an initial denaturation at 95 °C for 5 minutes, followed by
40 cycles of 95 °C for 10 seconds and 60 °C for 30 seconds
for annealing and extension. A melting curve analysis was
then performed. Fluorescence signals were monitored in
real-time, and gene expression levels were quantified using
the 2~22C method relative to a reference gene. Statisti-
cal analysis was performed to compare differences between
groups. The primer sequences used in this study are listed
in Table 1.

Western Blot

Cells and tissues were lysed using RIPA lysis buffer
(P0013C, Beyotime, Shanghai, China) supplemented with
protease inhibitors to prevent protein degradation. Lysates
were incubated on ice for 30 minutes and centrifuged to
collect the supernatant. Protein concentration was quanti-
fied using the BCA method (P0009, Beyotime, Shanghai,
China). During SDS-PAGE (P0012A, Beyotime, Shang-
hai, China), the appropriate polyacrylamide gel concen-
tration was selected based on protein size. Samples were
mixed with SDS loading buffer, heated at 95 °C for 5
minutes to denature the proteins, then loaded and sepa-
rated by electrophoresis. Proteins were transferred onto
a PVDF membrane (FFP24, Beyotime, Shanghai, China),
which was blocked with 5% BSA for 1 hour to prevent non-
specific binding. The membrane was incubated overnight
at 4 °C with primary antibodies against Smad2/3 (1:1000,
ab202445, Abcam, Cambridge, UK), p-Smad2/3 (1:1000,
D27F4, Cell Signaling Technology, Denver, MA, USA),
and GAPDH (1:1000, ab9485, Abcam, Cambridge, UK).
After washing, the membrane was incubated with an HRP-
conjugated secondary antibody (1:1000, ab6721, Abcam,
Cambridge, UK) at room temperature for 1 hour, followed
by additional washing. Protein bands were visualized us-
ing an ECL chemiluminescent substrate and detected with
a gel imaging system (Gel Doc™, Bio-Rad, Hercules, CA,
USA). Band intensities were quantified using ImagelJ soft-
ware (version 1.5f, NIH, Bethesda, MD, USA).

Statistical Analysis

Data analysis was performed using GraphPad Prism
(version 9.0, GraphPad Software Inc., San Diego, CA,
USA). Statistical comparisons were made using one-way
ANOVA. Tukey’s post hoc test was applied for multiple
comparisons. Results were expressed as mean + standard
deviation (SD). A p-value < 0.05 was considered statisti-
cally significant.
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Fig. 1. Increased OPG expression after fracture. (a) Femurs from mice were collected before and after fracture, and qRT-PCR was

performed to analyze OPG mRNA expression at the fracture site in the model group. (b,c) Femurs were collected before and after fracture,

and Western blot analysis was performed to assess OPG protein expression at the fracture site in the model group. (d) A mouse fracture

model was established, and following the fracture, either recombinant OPG protein or anti-OPG was administered. Bone samples were

collected on day 9 for qRT-PCR analysis of OPG mRNA expression. (e,f) In the same fracture model, bone samples were collected on

day 9 for Western blot analysis of OPG protein expression. n = 6. ***p < 0.001.

Results

Increased OPG Expression After Fracture

To determine the expression pattern of OPG, we mea-
sured its levels in the callus before and after fracture. As
shown in Fig. la—c, OPG expression was significantly up-
regulated at days 3, 6, and 9 post-fracture compared to the
pre-fracture baseline (p < 0.05). Both mRNA and protein
levels of OPG increased gradually over time, reaching peak
expression on day 9 post-fracture.

To further evaluate the role of OPG in fracture heal-
ing in mice, we administered recombinant OPG protein or
anti-OPG antibodies. As shown in Fig. 1d—f, compared to
the Model group, the OPG group exhibited significantly
higher levels of OPG mRNA and protein, while the anti-
OPG group showed a marked decrease in both OPG mRNA
and protein levels (p < 0.05).

OPG Inhibition Reduces Bone Formation in
Fracture Callus

Micro-CT imaging was performed 21 days post-
fracture, covering approximately 3 mm proximal and 3 mm
distal to the fracture site. The results revealed that, com-
pared to the Model group, the OPG group showed a signif-
icant increase in bone volume, while the anti-OPG group
exhibited a marked reduction in bone volume, characterized
by low bone density and porous woven bone (Fig. 2a). As
shown in Fig. 2b—e, the BV/TV ratio, Tb.N, and Tb.Th were
significantly higher in the OPG group, while Tb.Sp was sig-
nificantly lower compared to the Model group (p < 0.05).
Conversely, the anti-OPG group demonstrated significantly
reduced BV/TV ratio, Tb.N, and Tb.Th, accompanied by a
significant increase in Tb.Sp (p < 0.05).

To assess cartilage formation, Safranin O staining was
performed on day 21 post-fracture. As shown in Fig. 3a—d,
the OPG group exhibited a significantly larger callus area
and greater cartilage volume compared to the Model group,
while the anti-OPG group showed a significant reduction
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Fig. 2. Micro-computed tomography (Micro-CT) assessment shows that OPG inhibition impairs fracture healing. (a) Represen-
tative Micro-CT images of fracture sites obtained 21 days post-fracture. (b) Bone volume/total volume (BV/TV). (c) Trabecular number

(Tb.N). (d) Trabecular thickness (Tb.Th). (e) Trabecular separation (Tb.Sp). n=6. **p < 0.01, ***p < 0.001.

in both callus parameters (p < 0.05). Collectively, these
findings indicate that OPG inhibition impairs fracture callus
and cartilage formation, suggesting that OPG is essential for
endochondral ossification during fracture healing.

OPG Inhibition Reduces Microtubule Structure
Formation and Chondrogenic Differentiation

To investigate whether OPG inhibition affects micro-
tubule formation during cell division, we examined the ex-
pression of Ace-tubulin and ~-tubulin in callus tissue sec-
tions using immunohistochemistry on day 9 post-fracture.
As shown in Fig. 4a—d, expression of Ace-tubulin and -
tubulin was significantly elevated in the OPG group com-
pared to the Model group, while the anti-OPG group exhib-
ited a significant reduction in both proteins (p < 0.05).

To determine whether OPG inhibition affects chon-
drocyte proliferation, Ki-67 expression was measured in
tissue sections on day 9 post-fracture using immunohisto-

chemistry. The results in (Fig. 4¢,f) demonstrated that Ki-
67 expression was significantly higher in the OPG group
compared to the Model group, while it was markedly re-
duced in the anti-OPG group (p < 0.05).

Additionally, we examined the expression levels of
Collagen II on day 9 post-fracture via immunohistochem-
istry. The findings revealed that Collagen II expression was
markedly elevated in the OPG group compared to the Model
group, while the anti-OPG group showed significantly re-
duced expression (p < 0.05) (Fig. 4g,h).

Furthermore, the mRNA expression of chondrogenic
markers Sox9, Collagen II, Aggrecan, and Collagen X was
assessed on day 9 post-fracture. As shown in Fig. 4i-1, re-
combinant OPG significantly upregulated Sox9, Collagen
I, Aggrecan, and Collagen X expression, whereas anti-
OPG treatment significantly downregulated their expres-
sion (p < 0.05).
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Fig. 3. Histological analysis of fracture callus. (a) Safranin O staining was performed on day 21 post-fracture to evaluate cartilage and

proteoglycan content. (b) Callus width. (c) Callus area. (d) Cartilage area. n= 6. ***p < 0.001.

OPG Inhibition Reduces Microtubule Structure
Formation and Chondrocyte Differentiation In Vitro

In vitro analyses demonstrated that OPG inhibition
suppressed microtubule structure formation and impaired
chondrocyte differentiation. To further investigate the role
of OPG in chondrocyte proliferation and cilium formation,
murine chondrocytes were transfected with ShARNA (OPG)
to knockdown OPG expression. As shown in Fig. 5a, OPG
mRNA expression was significantly reduced in Sh-OPG-
transfected chondrocytes (p < 0.05). After 48 hours of cul-
ture, CCK-8 assay results indicated that OPG knockdown
significantly decreased chondrocyte viability (p < 0.05)
(Fig. 5b). Furthermore, Fig. Sc—f illustrates that, compared
to the Sh-NC group, Sh-OPG significantly reduced the ex-
pression of Ace-tubulin and v-tubulin in chondrocytes after
48 hours of growth (p < 0.05). To evaluate the role of OPG
in chondrogenic differentiation in vitro, chondrocytes were
infected with Sh-OPG and induced in chondrogenic differ-
entiation medium for 14 days. Sulfated proteoglycan depo-
sition in chondrocytes was detected by Alcian blue stain-
ing, which showed a significant decrease in deposition and
staining intensity in Sh-OPG-infected chondrocytes (p <
0.05) (Fig. 6a,b).

Additionally, OPG knockdown in chondrocytes led to
a significant decrease in mRNA levels of Sox9, Collagen II,
Aggrecan, and Collagen X (p < 0.05) (Fig. 6¢c—f). Collec-
tively, these findings indicate that OPG inhibition impairs
chondrocyte differentiation and downregulates the chon-
drogenic markers.

OPG Inhibition Impairs Chondrocyte Differentiation
by Reducing TGF-f3 Signaling Activity

We examined the expression of TGF-A1I and TGF-SRI
mRNA in the fracture callus on day 21 post-fracture. Our
findings indicated that recombinant OPG significantly up-
regulated TGF-31 and TGF-RI expression in the callus,
whereas anti-OPG treatment significantly downregulated
their expression (p < 0.05) (Fig. 7a,b). Western blot analy-
sis further showed that p-Smad2/3 expression was markedly
elevated in the OPG group compared to the Model group,
while the anti-OPG group exhibited a significant decrease
in p-Smad2/3 levels (p < 0.05) (Fig. 7c,d).

In vitro experiments revealed that after 14 days of
chondrocyte differentiation, OPG knockdown also signifi-
cantly reduced the mRNA expression of TGF-5I and TGF-
BRI (p < 0.05) (Fig. 7e,f). Furthermore, OPG knockdown
significantly inhibited the phosphorylation of Smad2/3 (p
< 0.05) (Fig. 7g,h).

Discussion

This study demonstrates the critical role of OPG in
fracture healing, particularly in promoting bone formation
and chondrogenesis [15,16]. OPG expression significantly
increases following fracture, reaching a peak on day 9,
which highlights its vital role during the early and mid-
stages of repair. These findings align with previous stud-
ies that identified OPG as a key regulatory factor in bone
metabolism, acting as a decoy receptor for RANKL to in-
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hibit osteoclastogenesis and thereby prevent excessive bone
resorption [4,17]. Our study further expands upon these
observations by showing that OPG not only contributes to
bone healing but also promotes chondrogenesis during en-
dochondral ossification, an aspect that remains relatively
underexplored in the current literature.

The selected dose of 100 pg/kg/day for recombinant
OPG protein and anti-OPG antibody was based on previ-
ous studies that demonstrated effective modulation of bone
metabolism and fracture repair at this concentration without
significant adverse effects. This dosage has been widely ap-
plied in murine models to achieve sufficient systemic levels
of OPG or neutralizing antibodies capable of altering osteo-
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clast activity and bone remodeling. The treatment duration
of 21 days was chosen to coincide with the critical early
phase of fracture healing, during which endochondral os-
sification, callus formation, and remodeling predominantly
occur. This period ensures that the administered agents ef-
fectively influence the essential biological processes under-
lying bone regeneration.

Our results confirm that recombinant OPG treatment
enhances bone volume, with Micro-CT analysis show-
ing significant improvements in bone volume/total volume
(BV/TV) and trabecular microarchitecture. In contrast,
anti-OPG administration reduced bone mass and impaired
fracture healing, evidenced by decreased trabecular number
(Tb.N) and thickness (Tb.Th), together with an increased
trabecular separation (Tb.Sp). These findings are consistent
with previous studies indicating that OPG deficiency results
in heightened osteoclast activity and bone loss [18,19]. Our
findings also complement those of Menger et al. [20], who
reported that OPG application reduces bone resorption and
enhances callus formation. Collectively, these results sug-
gest that targeting OPG may represent an effective strategy
to improve fracture healing, particularly in cases of osteo-
porotic fractures or impaired bone regeneration.

The novel finding of this study is the significant role
of OPG in chondrogenesis during fracture healing. We
observed a marked increase in the expression of chondro-
genic markers, including Sox9, Collagen II, Aggrecan, and
Collagen X, in the OPG treatment group, indicating that
OPG promotes the differentiation and maturation of chon-
drocytes. Further confirmation was provided by Safranin
O staining, which demonstrated increased cartilage callus
formation in the OPG group, while anti-OPG treatment re-
sulted in a significant reduction in chondrogenesis. These
findings suggest that OPG not only influences late-stage
hypertrophic differentiation of chondrocytes but also reg-
ulates the proliferation and maturation of early-stage chon-
drocytes. Its inhibition leads to an overall decrease in dif-
ferentiation, reflected by the reduction of both early and late
markers, rather than merely causing an accumulation of hy-
pertrophic chondrocytes through blockade of hypertrophic
differentiation alone. These findings align with previous
studies suggesting that OPG contributes to maintaining car-
tilage homeostasis [21-23]. For instance, Du ef al. [15]
demonstrated that OPG can suppress chondrocyte hyper-
trophy and matrix degradation. However, our research is
the first to directly associate OPG with enhanced chondro-
genesis in fracture repair, suggesting a dual role for OPG in
supporting both bone and cartilage repair mechanisms.

We also examined the impact of OPG on microtubule
dynamics, which are crucial regulators of cell division and
differentiation, particularly in chondrocytes. Our immuno-
histochemical analysis revealed that OPG markedly ele-
vated the expression of Ace-tubulin and ~-tubulin, which
are markers of microtubule stability and centrosome or-
ganization, respectively. Concurrently, Ki-67 staining re-
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vealed increased cellular proliferation. Microtubule stabil-
ity is essential for normal proliferation and differentiation
of chondrocytes, as it provides structural support and co-
ordinates processes required for intramembranous ossifica-
tion [24,25]. In contrast, OPG inhibition significantly re-
duced Ace-tubulin and «-tubulin expression, impairing cell
proliferation and microtubule organization, which may con-
tribute to defects in chondrogenesis. These findings sug-
gest that OPG regulates cytoskeletal dynamics essential for
chondrocyte function, highlighting the need for further in-
vestigation into its role in skeletal tissue repair.

Beyond its regulatory role in microtubule stability and
chondrocyte behavior, OPG may also influence key signal-
ing pathways involved in fracture repair. To explore the
mechanisms through which OPG contributes to bone and
cartilage regeneration, we evaluated its impact on the TGF-
B signaling pathway during fracture healing.

OPG treatment markedly elevated the expression of
TGF-p1 and TGF-SRI, as well as the phosphorylation of
Smad?2/3, indicating that OPG activates this signaling path-
way. Conversely, anti-OPG treatment significantly down-
regulated TGF-3 signaling. The TGF-3 pathway plays a
pivotal role in promoting chondrocyte proliferation and dif-
ferentiation during endochondral ossification, and our find-
ings suggest that OPG enhances cartilage and bone forma-
tion through activation of this pathway. Previous studies
have established that TGF-g signaling is essential for frac-
ture healing, with Smad2/3 phosphorylation serving as a
key driver of chondrocyte differentiation and extracellu-
lar matrix synthesis [26,27]. Our results align with these
observations and provide new insights into the manner in
which OPG facilitates tissue repair through the enhance-
ment of TGF-f signaling. Notably, limited research has
explored the relationship between OPG and TGF-{ signal-
ing in fracture healing, making our findings significant for
understanding the broader regulatory mechanisms of OPG
in skeletal tissue.

Our findings also align with existing research on the
role of OPG in bone metabolism and cartilage health, while
expanding upon these previous studies. For instance, the
observed increase in bone volume and the improvement of
trabecular structure in the OPG treatment group are con-
sistent with the findings of Kram ef al. [28], who demon-
strated that OPG is a potent inhibitor of osteoclastogene-
sis, thereby reducing bone resorption and enhancing bone
density. However, most studies have primarily focused on
the anti-resorptive effects of OPG on bone. Our research
underscores its additional significance in promoting chon-
drogenesis and regulating microtubule dynamics, providing
a more comprehensive understanding of its role in skele-
tal tissue repair. Additionally, our observations of reduced
TGF-/ signaling and impaired chondrocyte proliferation in
the OPG inhibition group further confirm the multifaceted
regulatory role of OPG during fracture healing, presenting
novel insights for future therapeutic strategies.
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This study has several limitations. First, the use of a
murine fracture model may not fully represent the complex-
ity of human fracture healing, and additional clinical valida-
tion is required. Second, the tissue- and cell-specific effects
of OPG were not comprehensively examined. Third, only a
single dose and fixed treatment duration were applied, with-
out assessing dose dependence or the optimal therapeutic
window. Fourth, although OPG was shown to influence the
TGF-f signaling pathway, mechanistic validation was lim-
ited. Finally, potential systemic side effects and long-term
safety of OPG treatment were not evaluated. Future studies
should aim to validate these findings in larger animal mod-
els and eventually in clinical settings to better evaluate the
translational potential of OPG-based therapies. Further in-
vestigation is also required to delineate the tissue- and cell-
specific roles of OPG during fracture healing, particularly
its interactions with osteoblasts, osteoclasts, and chondro-
cytes. Exploring a broader range of OPG doses and treat-
ment durations will help determine the optimal therapeu-
tic window. In addition, mechanistic studies utilizing path-
way inhibitors or genetic models are warranted to clarify
the precise molecular mechanisms through which OPG reg-
ulates chondrocyte differentiation and the TGF-/3 signaling
pathway. Finally, the long-term safety and systemic conse-
quences of OPG administration should be comprehensively
evaluated to ensure clinical applicability.

The findings of this study suggest that OPG represents
a promising therapeutic target for enhancing fracture heal-
ing, particularly in conditions where bone and cartilage re-
pair are impaired, such as in osteoporosis or delayed frac-
ture healing. The dual role of OPG in promoting bone for-
mation and chondrogenesis, along with its regulation of key
signaling pathways such as TGF-{, positions it as a po-
tential candidate for therapeutic intervention, especially in
combination therapies. Future research should investigate
the long-term effects of OPG modulation in clinical frac-
ture healing models and further explore its interactions with
other essential regulators of bone and cartilage repair.

Conclusions

In summary, this study provides new insights into the
multifaceted role of OPG in fracture healing. OPG pro-
motes bone formation not only by suppressing osteoclas-
togenesis but also by enhancing chondrocyte proliferation,
microtubule stability, and TGF-# signaling, thus support-
ing the repair of both cartilage and bone. Inhibition of OPG
leads to impaired healing of bone and cartilage, highlight-
ing its essential role in skeletal repair. These findings lay
a foundation for therapeutic strategies aimed at improving
fracture healing by targeting OPG and its associated path-
ways.
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