Zhang et al. Journal of Translational Medicine (2025) 23:241 J ourna | Of
https://doi.org/10.1186/512967-025-06309-5 . o
Translational Medicine

.- _ ®
BMP9 enhances osteogenic differentiation =«
in rheumatoid arthritis: a potential therapeutic
approach

Han Zhang'", Zixian Dang'", Xiangyu Wang'", Changyao Wang', Haining Zhang' and Yongtao Zhang'

Abstract

Objective Rheumatoid arthritis (RA) is a chronic inflammatory disorder that causes joint damage, including cartilage
degradation and bone erosion. Bone morphogenetic protein 9 (BMP9), a member of the TGF-3 superfamily, plays

a key role in osteogenesis and tissue repair. However, its role in bone erosion and inflammation in RA remains under-

explored. This study aims to evaluate BMP9's therapeutic potential in RA, focusing on its effects on bone destruction,

osteogenesis, and inflammation.

Materials and methods [n this study, BMP9 expression was analyzed in synovial tissues from RA and osteoarthri-

tis patients and in the ankle joints of collagen-induced arthritis (CIA) mice using immunohistochemistry, gRT-PCR,
and Western blotting. The therapeutic effect of BMP9 on bone destruction was evaluated in a CIA mouse model
through micro-CT imaging, histological analysis, and clinical scoring. Osteogenic differentiation was assessed by alka-
line phosphatase and Alizarin Red S staining, while osteoclast activity was examined through tartrate-resistant acid
phosphatase staining. Fluorescence double-labeling was used to track new bone formation. Data were analyzed
using (Statistical Package for the Social Sciences) SPSS, and appropriate statistical tests were performed to determine
significance.

Results In this study, BMP9 expression was significantly down-regulated in the synovial tissue of RA patients

and in the ankle joints of CIA mice. BMP9 treatment in CIA mice ameliorated joint inflammation, as shown by reduced
limb swelling, lower arthritis index, and improved tissue morphology. Furthermore, BMP9 significantly alleviated bone
loss, as evidenced by increased bone mineral density and trabecular structure. However, BMP9 treatment did not sig-
nificantly impact osteoclastogenesis or bone resorption. BMP9 also enhanced bone mineralization and formation,

as shown by increased mineral apposition rate and bone formation rate. Additionally, BMP9 promoted osteogenic
differentiation of synovial cells, enhancing alkaline phosphatase activity and mineral nodule formation. These results
suggest that BMP9 has a protective effect on joint inflammation and bone loss in RA, potentially through promoting
bone formation without influencing osteoclast activity.

Conclusion Our study concludes that targeting BMP9 alleviates inflammation and promotes osteogenic differentia-
tion in RA, highlighting BMP9 as a promising therapeutic target for addressing bone destruction in RA.
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Introduction

Rheumatoid arthritis (RA) is a common chronic inflam-
matory joint disease that primarily affects the joints,
often leading to cartilage and bone damage, as well as dis-
ability. It is also a systemic syndrome with extra-articular
manifestations, including rheumatoid nodules, pulmo-
nary involvement, vasculitis, and systemic comorbidi-
ties [1, 2]. RA significantly impairs physical function and
quality of life, placing a substantial burden on individuals
and society. The global incidence of RA ranges from 0.5
to 1%, with regional variations [3—5]. Bone erosion and
systemic bone loss in RA arise from an imbalance in the
osteoblast-osteoclast axis, which disrupts bone homeo-
stasis. This imbalance is characterized by excessive bone
resorption mediated by osteoclasts and impaired bone
formation due to osteoblast dysfunction. It plays a cen-
tral role in RA pathogenesis, leading to joint erosion.
If untreated, it can result in extensive bone loss, joint
destruction, and irreversible damage, ultimately caus-
ing pain, deformity, and disability, further decreasing the
quality of life for RA patients [6—8]. Therefore, develop-
ing therapeutic strategies that restore bone homeostasis
and promote osteoblast activity is essential for improving
the prognosis of RA.

Bone morphogenetic proteins (BMPs), also known as
growth differentiation factor 2, are members of the trans-
forming growth factor-beta (TGF-P) superfamily and
play a crucial role in bone formation and stem cell differ-
entiation [9-11]. Bone morphogenetic protein 9(BMP9)
is primarily produced in the liver and circulates in the
bloodstream as a pleiotropic cytokine that regulates the
proliferation and differentiation of various cell types. Its
receptors include ALK1 and ALK2, and it exhibits mul-
tiple pharmacological effects, such as antifibrotic, antitu-
mor, anti-heart failure, and antidiabetic activities [12, 13].
Although the role of BMP9 in promoting osteoblast dif-
ferentiation, enhancing bone formation, and improving
fracture healing in estrogen deficiency-induced osteopo-
rosis is well established [13-15], its potential therapeutic
applications in RA remain underexplored. Recent stud-
ies suggest that BMP9 can stimulate osteogenesis, mak-
ing it a promising candidate for treating RA-associated
bone erosion [14, 16—19]. Given its osteogenic proper-
ties, BMP9 offers a unique therapeutic opportunity to
promote osteogenesis in RA, addressing one of the most
challenging aspects of disease management. In addition
to its effects on bone formation, BMP9 also has anti-
inflammatory properties, showing potential in control-
ling inflammation associated with various tissue diseases,
such as vascular diseases, liver fibrosis, osteoarthritis
(OA), and cancer. Treatment with BMP9 has been shown
to significantly alter the levels of inflammatory factors
(IL-6, IL-8, and TNF-a), chemokines, and inflammatory
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signaling pathways in hepatic stellate cells and endothe-
lial cells, potentially providing additional benefits for RA
patients [20—23]. Recent evidence indicates that the BMP
signaling pathway is activated in the synovium of RA
patients and in collagen-induced arthritis (CIA) mod-
els [24, 25]. Furthermore, both BMP2 and TGF-p1 have
been shown to inhibit the expression of the pro-inflam-
matory cytokine IL-34 in RA synovial fibroblasts [26].
Additionally, studies have found that BMP9 inhibits the
proliferation and migration of RA fibroblast-like synovio-
cytes by modulating the PI3K/AKT signaling pathway
[27]. Despite these promising findings, the molecular
mechanisms by which BMP9 mediates bone remodeling
and its effects on the immune system in the context of
RA remain poorly understood. Investigating how BMP9
interacts with these pathways, particularly in osteoblasts,
is critical for the development of targeted therapies for
RA.

In this study, we aim to explore the potential of BMP9
to promote osteogenesis and reduce arthritis-related
inflammation in RA. Given that RA is characterized by
excessive bone resorption and chronic inflammation,
BMP9’s dual ability to stimulate osteoblast differentiation
and modulate inflammatory responses offers a promis-
ing therapeutic approach. Furthermore, we will assess its
potential as a novel treatment for RA, ultimately provid-
ing new insights into the management of the disease.

Materials and methods

Patient samples and tissue collection

A total of 6 patients were included in the study, compris-
ing 3 RA patients (2 females, 1 male, aged 61-75 years)
and 3 OA patients (3 females, aged 63—79 years). Synovial
tissue samples were obtained during total knee arthro-
plasty from all participants. The collected samples were
used in three independent experiments, as described
below. One portion of each sample was fixed in 4% par-
aformaldehyde, embedded in paraffin, and sectioned
into 4 pm slices for immunohistochemical staining. The
remaining tissue was stored at —80 °C for Western blot
and real-time polymerase chain reaction (RT-PCR) anal-
ysis. This study was approved by the Ethics Committee
of Qingdao University Affiliated Hospital, and all partici-
pants provided written informed consent to participate.

Animal model and BMP9 treatment

Forty healthy 8-week-old male DBA/1] mice were ran-
domly allocated into four groups (n=10/group):.Sham
operation (SHAM)/Control (CONT), CIA, CIA +BMPY,
CIA + Green Fluorescent Protein (GFP). The CIA model
was established following established protocols [28].
Firstly, chicken type II collagen stock solution (2 mg/
mL, Sigma, USA) was emulsified in complete Freund’s
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adjuvant at a 1:1 ratio to prepare the primary emulsion
(1.5 mg/mL). Then, each mouse received 0.1 mL of this
emulsion through multi-site intradermal tail injections.
Finally, on day 21 post-primary immunization, a second-
ary emulsion was prepared by emulsifying type II colla-
gen with incomplete Freund’s adjuvant (Sigma, USA) at
1:1 ratio. Mice received 0.1 mL booster injections using
the same delivery method.

Mice in the SHAM/Control group were subjected to
the same injection procedure as the CIA group, but with
saline solution instead of chicken type II collagen and
Freund’s adjuvant. This group served as a baseline control
to evaluate the effects of the injection procedure and viral
vector administration without inducing arthritis.

For BMP9 treatment, recombinant BMP9 adenovirus
(1x10® (Plaque Forming Unit) PFU) was injected into
the right knee joints of the CIA mice at weeks 0, 2, 4, and
6. Fluorescence imaging was performed at weeks 1, 3, 5,
and 7 to track the local concentration of BMP9 following
the initial BMP9 adenovirus injection.

Mice in the CIA + GFP group underwent the same pro-
cedure as the CIA group to induce arthritis. Following
arthritis induction, these mice were administered a GFP
adenoviral vector, which served as a viral vector control.
The GFP gene within the adenovirus co-expressed as a
tracking marker, enabling the monitoring of infected cells
and the assessment of viral distribution through fluores-
cence microscopy. This allowed for the observation of the
delivery and localization of the GFP adenovirus in joint
tissues, providing a control to evaluate the effects of the
viral vector in the absence of therapeutic BMP9 treat-
ment. The animal experiments were approved by the rel-
evant Ethics Committee.

Hematoxylin and eosin (H&E) staining method

Mouse ankle tissue sections and synovial tissue sec-
tions from RA and OA patients were stained with H&E
and subsequently examined and photographed under
a microscope. H&E staining was performed to assess
the histopathological changes in the tissue samples. The
morphological features were evaluated as histological
score by two pathologists in a blinded manner. Briefly,
after paraffin embedding, tissue sections were cut into
4 um thick slices. These sections were deparaffinized by
immersion in xylene, followed by rehydration through
a graded ethanol series (100, 95, and 70%). The sections
were then stained with Hematoxylin for 5-10 min to
stain the cell nuclei, followed by rinsing in running tap
water to remove excess stain. Next, the sections were
stained with eosin for 2-5 min to stain the cytoplasm
and extracellular matrix. After staining, the sections were
dehydrated in a graded ethanol series (70, 95, and 100%),
cleared in xylene, and mounted with a coverslip using
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neutral balsam. Finally, the stained slides were analyzed
under a light microscope for histological evaluation.

Immunohistochemistry

Immunohistochemical staining of BMP9 was performed
on the mouse ankle tissue sections and the synovial tis-
sue sections of OA or RA patients. After a standard
deparaffinization procedure, the sections were incu-
bated with 0.3% hydrogen peroxidase for 15 min at
room temperature, followed by antigen retrieval using
0.01 M citrate buffer at 80 °C for 20 min. Subsequently,
the sections were blocked with normal goat serum for
30 min at room temperature, incubated with primary
antibodies against BMP9(1:200, Abcam Cat# ab128874,
RRID:AB_11145462), and then incubated with bioti-
nylated secondary antibody (Zhongshan Golabrige
Biotechnology, China) followed by horseradish peroxi-
dase-conjugated streptavidin (Zhongshan Golabrige Bio-
technology, China). The ultimate reaction product was
visualized with diaminobenzidine. The stained signals
were captured and photographed by the Leica Microsys-
tems (Wetzlar, Germany). The experiment was per-
formed in triplicate.

Clinical arthritis scoring of mice
Arthritis Severity Scoring in the mice was assessed using
the following scale:0 Normal paw.

0: Normal paw.

1: One toe inflamed and swollen.

2: More than one toe inflamed and swollen, but not the
entire paw; or mild swelling of the entire paw.

3: Entire paw inflamed and swollen.

4: Very inflamed and swollen paw, or ankylosed paw. If
the paw is ankylosed, the mouse is unable to grip the wire
top of the cage.

The total score was obtained by calculating the sum of
the four paws of a mouse. The scores were recorded every
seven days after the second injection until one day before
sacrifice.

Micro-computed tomography (CT) imaging and bone
histomorphometric analysis

This experiment employed three-dimensional CT recon-
struction to analyze various bone morphometric param-
eters, including bone mineral density (BMD), bone
volume to tissue volume ratio (BV/TV), bone surface
to bone volume ratio (BS/BV), and trabecular number
(Tb.N). Tartrate-resistant acid phosphatase (TRAP)
staining was conducted on mouse ankle tissue sections
using a commercial TRAP kit sourced from Nanjing
Jiancheng Biotechnology Company, China. Microscopic
analysis was performed to assess the degree of bone
resorption, and the following metrics were obtained: the
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number of TRAP-positive multinucleated osteoclasts per
bone surface (N.OC/BS), the ratio of osteoclast surface to
bone surface (OCs/BS), and the ratio of eroded surface
to bone surface (ES/BS). All experiments were conducted
in triplicate. The equipment utilized in this study was the
SCANCO pCT100, which is designed for high-resolution
micro-CT analysis.

Fluorescence calcein and Alizarin red staining (ARS)

The ankle tissues of mice, embedded in undecalcified
methyl methacrylate, were sectioned into 5 pm slices
and examined using a fluorescence microscope (EEVOS
FL, Invitrogen by Thermo Fisher Scientific, Germany).
Calcein/ARS labeling was recorded to evaluate bone
formation by measuring various bone mass parameters,
including the bone formation rate (BFR) per bone surface
(BFR/BS), mineral adherence rate (MAR), and the ratio of
mineralized surface to bone surface (MS/BS). The experi-
ment was conducted in triplicate.

Western blot

Tissue samples were lysed on ice using Radioimmu-
noprecipitation Assay (RIPA) buffer (Solarbio, China)
containing 1% protease inhibitor (Solarbio, China). The
lysates were then centrifuged at 10,000xg for 10 min at
4 °C, and the supernatants were collected for analysis.
Protein concentrations were determined using the BCA
protein assay kit (Solarbio, China). The protein samples
were mixed with loading buffer and heated at 95 °C for
5 min. Equal amounts of protein were then loaded onto
10% SDS-PAGE gels, and electrophoresis was performed
for 120 min at 90 V. Following this, proteins were trans-
ferred onto PVDF membranes at 290 mA for 90 min. The
membranes were blocked for 1.5 h with 5% fat-free milk
in Tris-buffered saline-Tween(TBST), followed by over-
night incubation at 4 °C with primary antibodies (BMP9,
Abcam, UK, 1:1000; GAPDH, Cell Signaling Technology,
USA, 1:2000). After three TBST washes, the membranes
were incubated with HRP-conjugated secondary anti-
bodies (Cell Signaling Technology, USA, 1:5000). Target
bands were detected using ECL PLUS reagent (Sigma,
USA) and imaged with a BioSpectrum Imaging System
(UVP, Thermo Fisher Scientific, USA). Quantification
of results was carried out using Image ] software and
normalized to GAPDH levels. The experiment was per-
formed in triplicate.

RT-PCR

Total RNA was isolated from tissues using TRIzol rea-
gent (TaKaRa, Japan) under RNase-free conditions. RNA
concentration and purity were assessed using an ultra-
violet spectrophotometer (Implant, Munich, Germany).
Next, RNA was reverse transcribed into complementary
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DNA (cDNA) using the Revert Aid First Strand cDNA
Synthesis kit (TaKaRa, Japan). The cDNA was diluted
and used as templates for PCR. mRNA levels of the target
genes were measured using the SYBR Green PCR master
mix (TaKaRa, Japan), with all PCR reactions conducted
in triplicate. RT-PCR was carried out on a LightCycler®
96 system (Roche, Indianapolis, IN, USA) under the fol-
lowing conditions: 95 °C for 10 min; followed by 40 cycles
of 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 15 s. Rela-
tive gene expression was normalized to GAPDH and ana-
lyzed using the 272A°* method. Primer sequences were
designed using Primer 3 Plus and are listed in Table 1.
The experiment was performed in triplicate.

BMP9 adenovirus construction and transfection

To construct the BMP9 recombinant adenovirus, the
AdEasy system was employed [29]. Initially, the coding
region of the human BMP9 gene was amplified using
Hi-Fi PCR and subsequently cloned into the adenoviral
shuttle vector. The recombinant adenoviral vector was
then transfected into packaging cells (e.g., 293pTP cells)
to generate the BMP9-containing recombinant adeno-
virus (Ad-BMP9). Additionally, the vector co-expressed
GFP as a tracking marker, enabling the monitoring of
infected cells via fluorescence microscopy. The trans-
fected 293pTP cells were cultured at 37 °C in 5% CO,.
Once typical adenovirus infection symptoms, such as cell
fusion and lysis, were observed, the culture supernatant
was collected, and viral particles were purified by centrif-
ugation. Through ultracentrifugation, the viral particles
were separated and resuspended in an appropriate buffer
to obtain a high-concentration viral solution. The viral
titer was estimated by evaluating the percentage of GFP-
positive cells using fluorescence microscopy.

To enhance adenovirus infection efficiency, 5 pg/ml of
Polybrene was added during all infection steps. Target
cells, such as mouse bone marrow stromal cells (imBM-
SCs), were seeded in 24-well plates and infected when
they reached 60-80% confluence. During infection, the

Table 1 Primer sequences for RT-PCR

Target gene Primer sequences (5'-3")

BMP9 (Human) F: GGAAGGAAACATGGTCGTTTAC
R: CATCCTGAATGTCCTGGGATAC
F: CTCTGACTTCAACAGCGACAC
R: TACCAGGAAATGAGCTTGACAA
F: CAGAACTGGGAACAAGCATCC
R: GCCGCTGAGGTTAAGGCTG

F: ATGGGTGTGAACCACGAGA

R: CAGGGATGATGTTCTGGGCA

GAPDH (Human)

BMP9 (Mouse)

GAPDH (Mouse)
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Ad-BMP9 viral solution was co-cultured with the cells
for 24 h, after which the medium was replaced with fresh
culture medium. Post-transfection, GFP was used as a
marker to monitor the transfection efficiency under a
fluorescence microscope. After infection, the effects of
BMP9 expression were observed, and the role of BMP9 in
bone formation was further assessed. The present study
evaluated the local concentration changes of BMP9 in the
knee joint through multiple injections of BMP9 adeno-
virus. The present study evaluated the local concentra-
tion changes of BMP9 in the knee joint through multiple
injections of BMP9 adenovirus. The experimental proce-
dure was as follows: BMP9 adenovirus was injected into
knee joints at week 0, 2, 4, and 6, followed by virus imag-
ing one week later. All the experiments were performed
in triplicate.

Cell culture

Synovial cells used in this study were isolated from
patients with RA who underwent knee joint replace-
ment surgery. All patients met the diagnostic criteria for
RA as defined by the American College of Rheumatol-
ogy revised classification criteria [30]. Informed consent
was obtained from each patient, and the study protocol
was approved by the Ethics Committee of the Affiliated
Hospital of Qingdao University. During surgery, synovial
tissue was harvested, minced, and digested with Type I
collagenase (Sigma, USA) in DMEM supplemented with
1% penicillin and streptomycin (Gibco BRL, USA) and
10% fetal bovine serum (Gibco BRL, USA) at 37 °C. Cells
were cultured and passaged, and synovial cells from pas-
sages 3 to 8 were used for subsequent experiments. Cells
from each patient were used independently in different
experiments to ensure the independence of each experi-
mental group.

ARS

After 21 days of osteogenic induction, the cells were
washed with PBS and fixed in 2.5% glutaraldehyde for
15 min. Following another PBS wash, the cells were
stained with alizarin red (Sigma, USA) at room temper-
ature for 20 min. Images were captured using a micro-
scope, and calcium nodules were identified as red spots.
The alizarin red staining was quantitatively analyzed
according to a previous method [31]. Briefly, the aliza-
rin red stain was extracted using 10% acetic acid (Sigma,
USA), neutralized with 10% ammonium hydroxide
(Sigma, USA), and the optical density was measured at
405 nm.

Alkaline phosphatase (ALP) staining
After three and five days of osteogenic induction, the
cells were fixed in 4% paraformaldehyde for 15 min and
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subsequently incubated with ALP (Solarbio, China) at
37 °C in the dark for 20 min. Images were then obtained
using a microscope. This experiment was repeated three
times.

Statistical analysis

Statistical analyses were performed using SPSS 26.0
(SPSS Inc., Chicago, IL, USA). Data are expressed as
the mean +standard deviation (SD). Differences among
groups were analyzed using Kruskal-Wallis test, one-
way analysis of variance test, or Student’s t-test. A value
of p<0.05 was considered statistically significant for all
analyses.

Results

BMP9 expression is down-regulated in RA synovium
compared to OA

The following results demonstrated that BMP9 expres-
sion was down-regulated in the synovial tissue of RA
patients. Immunohistochemical analysis revealed that
BMP9 expression in the synovium of RA patients was
significantly lower than that in OA patients (Fig. 1A). WB
analysis showed a significant decrease in the relative ratio
of BMP9 to GAPDH protein in RA patients (*p<0.05,
*p<0.01, Fig. 1B, C). Additionally, lower levels of BMP9
mRNA were detected in the RA synovium (Fig. 1D).
Taken together, these results suggested that BMP9 was
down-regulated in the synovial tissue of RA patients.

BMP9 expression was down-regulated in the ankle joints
of CIA mice

The immunohistochemistry results showed that BMP9
was expressed in mouse ankle tissues from control group
and CIA group, and the expression in the CIA group was
lower than that in the control group (Fig. 2A). In addi-
tion, the CIA group presented significantly decreased
BMP9 expression at protein level (Fig. 2B, C) and the
mRNA level (Fig. 2D) as compared with the control
group. These results demonstrated that BMP9 was
down-regulated in the ankle tissues of mice with arthritis
induced by collagen.

Establishment of the CIA mouse model

and the down-regulation of BMP9 expression in the knee
joint

The present study evaluated the local concentration
changes of BMP9 in the knee joint through multiple
injections of BMP9 adenovirus. The experimental proce-
dure was as follows: BMP9 adenovirus was injected into
both knee joints at week 0, followed by virus imaging one
week later. The results showed high fluorescence inten-
sity in both knee joints. Subsequently, BMP9 adenovirus
injections were administered only to the right knee joint
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Fig. 1 Down-regulated BMP9 expression in the knee synovial tissue from patients with RA. The levels of BMP9 in the synovial tissue from patients
with either OA or RA were determined by immunohistochemistry, Western blot, and RT-PCR. Data are representative images or expressed

as the mean+ SD of each group from three separate experiments (n=3 per group). A Representative images of immunohistochemistry
(magnification x100) show more inflammatory hyperplasia in RA synovial tissue, with a lower expression of BMP9 compared to OA. B, C Western
blot. D RT-PCR. *p < 0.05 vs. the OA group. **p <0.01 vs. the OA group
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Fig. 2 Down-regulated BMP9 expression in the ankle tissues of CIA mice. The levels of BMP9 in the ankle tissues of collagen-induced arthritis (CIA)
mice were determined by immunohistochemistry, Western blot, and RT-PCR. Data are representative images or expressed as the mean +SD of each
group from three separate experiments (n=3 per group). A Representative immunohistochemistry images (magnification x200). B, C Western blot.
D RT-PCR. *p <0.05 vs. the control group; **p <0.01 vs. the control group
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at weeks 2, 4, and 6, while the left knee joint remained  concentration remained high in the right knee joint after
untreated, and imaging analysis was performed one week  each injection, whereas the concentration in the left knee
after each injection. The results indicated that BMP9 joint gradually decreased. Ultimately, regular BMP9
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adenovirus injections successfully maintained a high
BMP9 concentration in the right knee joint (Fig. 3A).
This experimental protocol will be applied to all subse-
quent experiments.

Immunohistochemical analysis (Fig. 3B) showed
higher BMP9 expression in the SHAM group, a signifi-
cant reduction in BMP9 expression in the CIA group, a
marked increase in BMP9 expression in the CIA + BMP9
group, and BMP9 expression in the CIA+GFP group
that was similar to the CIA group. Western blot analy-
sis (Figs. 3C, D) further quantified the BMP9 protein
expression levels. The SHAM group showed the nor-
mal baseline BMP9 concentration. Compared to the
SHAM group, BMP9 expression was significantly lower
in the CIA group (**p<0.01). In the CIA + BMP9 group,
BMP9 expression was significantly higher than in both
the CIA and CIA+GFP groups. BMP9 expression in
the CIA+GFP group was significantly lower compared
to the CIA+BMP9 group, with statistical significance
(*p<0.01).
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BMP9 ameliorated joint inflammation and injury in CIA
mice

Compared to the control mice, the CIA mice exhib-
ited significantly higher limb swelling. However, in
the CIA+BMP9 group, ankle joint swelling was nota-
bly reduced compared to both the CIA and CIA + GEP
groups (Fig. 4A). H&E staining revealed extensive
inflammatory cell infiltration in the CIA mice, with
synovial tissue invading the joint space, loss of normal
ankle joint morphology, and more pronounced focal
bone erosion. In contrast, BMP9 treatment resulted
in a significant reduction in inflammatory cell num-
bers and a marked improvement in tissue morphology
(Fig. 4B). The arthritis index in the CIA +BMP9 group
was significantly lower than that in both the CIA and
CIA + GFP groups (p<0.05), indicating that BMP9 has
anti-inflammatory effects (Fig. 4C). Histological scor-
ing of arthritis severity showed that the CIA +BMP9
group had significantly lower scores compared to both
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Fig. 3 Establishment of the CIA mouse model and the down-regulation of BMP9 expression in the knee joint. A Fluorescence imaging results
showed that, after BMP9 adenovirus injection, the fluorescence signal in the right knee joint remained consistently high at 1, 3, 5, and 7 weeks,
while the fluorescence signal in the left knee joint, which did not receive subsequent BMP9 injections, gradually diminished. This suggests

that BMP9 can maintain a high local concentration after injection, but the concentration in the untreated area significantly decreased over time.
B Immunohistochemical analysis showed higher BMP9 expression in the SHAM group, a significant reduction in BMP9 expression in the CIA
group, a marked increase in BMP9 expression in the CIA+BMP9 group, and BMP9 expression in the CIA+GFP group that was similar to that in

the CIA group. C, D Western blot analysis further quantified the BMP9 protein expression levels in each group. The SHAM group displayed

the normal baseline BMP9 concentration. Compared to the SHAM group, BMP9 expression was significantly lower in the CIA group (**p <0.01). In
the CIA+BMP9 group, BMP9 expression was significantly higher than in both the CIA and CIA+GFP groups. The BMP9 expression in the CIA + GFP
group was significantly lower compared to the CIA+BMP9 group, with statistical significance (*p<0.01)
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Fig. 4 BMP9 ameliorated joint inflammation and injury in CIA mice. A In the CIA+BMP9 group, ankle joint swelling was significantly reduced
compared to both the CIA and CIA+GFP groups. B H&E staining revealed that, in the CIA+BMP9 group, the number of inflammatory cells

was markedly reduced, and histological morphology showed significant improvement compared to the CIA and CIA+GFP groups. C Arthritis index
scores showed that the CIA+BMP9 group had a significantly lower arthritis index than both the CIA and CIA+GFP groups (p < 0.05), indicating

that BMP9 has a significant anti-inflammatory effect. D Histological scoring of arthritis severity showed that the CIA+BMP9 group had significantly
lower scores compared to both the CIA and CIA+GFP groups (p < 0.05), further confirming the therapeutic efficacy of BMP9 in alleviating arthritis

the CIA and CIA+GFP groups (p<0.05, Fig. 4D),
which was consistent with the clinical arthritis scores.

BMP9 alleviated bone loss in CIA mice

The bone quality and related quantitative metrics of
mice from different treatment groups, as assessed by
Micro-CT. Figure 5A shows significant bone loss and
severe trabecular destruction in the CIA group, while
BMP9 treatment (CIA +BMP9 group) partially restored
bone quality, with relatively intact trabecular structure.
Quantitative analysis revealed that BMP9 significantly
increased BMD,Tb.N, and showed statistical differ-
ences compared to the CIA group (*p<0.05). Addition-
ally, while there were no significant differences (p>0.05),
BMP9 treatment led to an increase in the bone volume-
to-tissue volume ratio (BV/TV) and bone surface-to-
bone volume ratio (BS/BV) compared to the CIA group
(Fig. 5B—E). These results suggest that BMP9 has a sig-
nificant protective and restorative effect on bone loss in
the CIA model.

BMP9 treatment did not significantly impact
osteoclastogenesis or bone resorption

In the CIA model, BMP9 treatment did not significantly
impact osteoclastogenesis or bone resorption. TRAP
staining revealed a significant increase in osteoclast
numbers in the CIA group, but BMP9 treatment did not

notably affect osteoclast quantity. Quantitative analy-
sis showed that the number of osteoclasts (Oc.N), bone
resorption surface (ES/BS), and osteoclast surface area
(OC.S/BS) were not significantly different between the
BMP9 group and the CIA or CIA + GFP groups (p>0.05).
These results suggest that BMP9 did not exert a signifi-
cant effect on osteoclast formation or bone resorption in
this model (Fig. 6).

Effect of BMP9 on bone mineralization and formation

in the CIA model.

Double-labeling fluorescence analysis revealed signifi-
cantly reduced new bone deposition in the CIA group,
with sparse green and red markings, indicating impaired
mineralization dynamics. In contrast, the BMP9 treat-
ment group showed significantly increased new bone
deposition, with dense fluorescence labeling approaching
control group levels. Quantitative analysis further dem-
onstrated that the MAR in the BMP9 group was signifi-
cantly higher than in the CIA group (*»<0.05) and was
similar to that of the control group. The bone forma-
tion rate (BFR/BS) was significantly higher in the BMP9
group compared to both the CIA and CIA + GFP groups
(**»<0.01), nearly reaching normal levels. Addition-
ally, the percentage of MS/BS was significantly increased
in the BMP9 group compared to the CIA+GFP group
(*p<0.05). These results indicate that BMP9 treatment
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Fig. 5 The bone quality and related quantitative metrics of mice from different treatment groups, as assessed by Micro-CT. A shows

significant bone loss and severe trabecular destruction in the CIA group, while BMP9 treatment (CIA+BMP9 group) partially restored bone
quality, with relatively intact trabecular structure. Quantitative analysis revealed that BMP9 significantly increased bone mineral density (BMD),
trabecular number (Tb.N), and showed statistical differences compared to the CIA group (*p <0.05). Additionally, while there were no significant
differences (p>0.05), BMP9 treatment led to an increase in the bone volume-to-tissue volume ratio (BV/TV) and bone surface-to-bone volume
ratio (BS/BV) compared to the CIA group (B-E). These results suggest that BMP9 has a significant protective and restorative effect on bone loss

in the collagen-induced arthritis model

significantly enhances bone mineralization and forma-
tion in the CIA model (Fig. 7).

BMP9 enhances osteogenic differentiation of synovial cells
by promoting ALP activity and mineral nodule formation

In this study, BMP9 transfection was successfully
achieved, as indicated by the bright green fluorescence
observed in the BMP9 group (Fig. 8A). BMP9 treatment
significantly enhanced ALP activity, with ALP expression
levels significantly higher in the BMP9 group compared
to the control and GFP groups at both day 3 and day 5
(Fig. 8B, C, G; *p<0.05). Additionally, BMP9 treatment
promoted mineral nodule formation, with ARS stain-
ing at 7 and 14 days revealing more extensive and darker
mineralization in the BMP9 group (Fig. 8D, E). Quanti-
tative analysis of ARS absorbance demonstrated signifi-
cantly higher mineralization levels in the BMP9 group

at both time points compared to the control and GFP
groups (*p <0.05, Fig. 8F). These results demonstrate that
BMP9 significantly enhances the osteogenic differen-
tiation of synovial cells, as evidenced by increased ALP
activity and enhanced mineralization.

Discussion

This study provides a comprehensive examination of the
role of BMP9 in RA, focusing on its potential to promote
osteogenic differentiation. Our initial findings revealed
a significant downregulation of BMP9 expression in the
synovial tissue of RA patients, which was notably lower
than in OA patients. This was further confirmed through
immunohistochemistry, Western blotting, and RT-PCR
analyses, suggesting that BMP9 plays a crucial regulatory
role in the pathogenesis of RA. Through experiments
using a CIA mouse model, we observed that BMP9
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Fig. 6 BMP9 treatment did not significantly impact osteoclastogenesis or bone resorption. A TRAP staining results are shown for different
experimental groups. TRAP staining is primarily used to label osteoclasts. The results indicated a significant increase in osteoclast number in the CIA
group, while BMP9 treatment did not significantly affect osteoclast numbers. B The number of osteoclasts (Oc.N) in each group is shown. In

the BMP9 group, the osteoclast count was not significantly different from the CIA or CIA+GFP groups (p>0.05), suggesting that BMP9 did

not significantly influence osteoclast formation or quantity. C Measurement of bone resorption surface (ES/BS) is shown. There was no significant
difference in the ES/BS between the BMP9 group and the CIA or CIA+GFP groups (p>0.05), indicating that BMP9 did not significantly improve
bone resorption. D Measurement of osteoclast surface area (OC.s/BS) is shown. The osteoclast surface area in the BMP9 group did not differ
significantly from that in the CIA or CIA+GFP groups (p >0.05), further supporting that BMP9 did not significantly affect osteoclast formation

deficiency exacerbated joint inflammation, while BMP9
supplementation significantly improved the pathologi-
cal condition of RA mice. BMP9 treatment not only sup-
pressed joint inflammation but also promoted osteoblast
differentiation and the formation of mineralized nodules,
enhancing trabecular bone repair and regeneration. Fur-
thermore, we found that BMP9 upregulated osteogenic
markers, such as increased ALP staining expression, and
facilitated mineralized nodule formation, further sup-
porting its potential in bone repair and regeneration.
These results are consistent with previous studies that
have shown BMP9 promotes osteogenic differentiation
and activates the Wnt/B-catenin signaling pathway by
upregulating LGR6, while inhibiting osteoclastogen-
esis through suppression of Aktl phosphorylation [14].
This leads to improved bone mass, microstructure, and
strength, as well as reduced bone resorption [14]. Addi-
tionally, research has demonstrated that BMP9-induced
bone marrow mesenchymal stem cells (BMSCs) exhibit
effective osteogenic differentiation both in vitro and
in vivo, highlighting BMP9 as a promising candidate
for bone defect repair [32]. In comparative studies of
BMPs using adenoviral transfection, BMP9 has shown
superior osteogenic potential compared to the clinically
approved BMP-2 and BMP-7 [33]. Moreover, BMP9 has
been shown to upregulate DLX6-AS1, which promotes

odontogenic/osteogenic differentiation of dental pulp
cells through the miR-128-3p/MAPK14 axis [34]. Other
studies have reported that LGR4 enhances BMP9-
induced osteogenesis, where BMP9 upregulates LGR4
expression via the mTORC1/Stat3 pathway, leading to
enhanced osteoblast differentiation and inhibition of
adipogenesis [35]. In contrast, the study found that Lox
modulates BMP9-induced osteogenesis by inhibiting
HIF-1a expression, thus suppressing the Wnt/B-catenin
signaling pathway and reducing BMP9’s osteogenic
potential [21]. Interestingly, our research also shows that
BMP9 treatment significantly improved bone density in
RA mice. These findings are consistent with existing lit-
erature, which highlights the osteogenic role of BMP9
in various bone disease animal models, suggesting that
BMP9 induction could serve as a potential therapeu-
tic approach for conditions such as osteoporosis, frac-
tures, and bone defects [14, 15]. These results highlight
BMP9 as a key osteogenic factor, suggesting that BMP9
may promote bone repair by stimulating local osteogenic
responses, making it a promising therapeutic target for
bone metabolic diseases such as RA.

Additionally, our study demonstrates that BMP9 treat-
ment not only promotes osteogenesis but also improves
arthritis inflammation in mice. This is consistent with
previous research, which highlights BMP9 as a unique
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Fig. 7 Effect of BMP9 on bone mineralization and formation in the CIA model. (1) Double-labeling fluorescence results (A): Fluorescence
labeling showed that new bone deposition was significantly reduced in the CIA group, with sparse green and red markings, indicating impaired
mineralization dynamics. In contrast, the BMP9-treated group exhibited significantly increased new bone deposition compared to the CIA

and CIA+GFP groups, with dense fluorescence labeling, approaching the levels observed in the control group. (2) Quantitative analysis (B-D):
Mineral apposition rate (MAR) (B): The mineralization apposition rate in the BMP9 group was significantly higher than that in the CIA group

(*p <0.05), and was similar to the normal control group. Bone formation rate (BFR/BS) (C): The BMP9-treated group showed a significantly
higher BFR/BS than both the CIA and CIA +GFP groups (**p < 0.01), almost reaching normal levels.Mineralized surface percentage (MS/BS) (D):
The BMP9-treated group showed a significant increase in the percentage of the mineralized surface, with a significant difference compared

to the CIA+GFP group (*p <0.05)

member of the BMP family that is increasingly rec-
ognized for its role in regulating inflammation and it
emphasize its complex involvement in tissue inflamma-
tion and its potential as a key mediator of inflammatory
responses [36]. Interestingly, another study using the
dystrophin-/-/utrophin-/- double knockout (dKO-Hom)
mouse model found that the downregulation of BMP9
and inflammatory factors such as IL-4 during tibial frac-
ture healing was associated with muscle damage, lead-
ing to impaired osteoclast and osteoblast generation and
significantly delaying fracture healing [37]. In RA, fibro-
blast-like synoviocytes (FLS) actively promote inflam-
mation through the production of pro-inflammatory
cytokines and mediators, such as TNF-a and IL-6 [38].
A recent study further showed that after 24 days, BMP9
expression in a rat arthritis model was reduced, and
BMP9 knockdown and overexpression promoted and
inhibited FLS proliferation and migration, respectively
[27]. BMP9 may regulate FLS in atherosclerosis, and its
downregulation in arthritis synovial tissue, likely due
to different inflammatory environments, is crucial for
inflammation progression, while its overexpression pro-
motes cartilage repair in OA mice [39]. Another study
confirmed that BMP2 and BMP9 can partially block the

inhibition of chondrogenic differentiation in MSCs by
low IL-1P concentrations; however, BMP9 can maintain
high expression of Col2A1 regardless of IL-1p levels [40,
41]. Additionally, one study showed that LPS inhibited
BMP9-induced osteogenic differentiation in vitro, affect-
ing BMP9 through the MAPK pathway [42]. Another
study also suggests that BMP9 may act as a cytokine to
counteract bone lesions caused by chronic inflammation,
presenting a key and promising perspective. TNF-a was
found to attenuate BMP9-induced osteogenic differen-
tiation in human periodontal ligament fibroblasts and rat
dental follicle cells [23, 43]. These findings indicate that
BMP9 may exert a critical role in promoting osteogenesis
through these inflammatory mechanisms.

Despite the promising results observed in our mouse
models, there are several limitations in this study that
should be addressed in future research. One key limita-
tion is the lack of an in-depth exploration of the under-
lying mechanisms through which BMP9 influences RA.
To address this, future studies will focus on uncovering
the molecular pathways through which BMP9 mediates
its effects on joint inflammation and bone loss in RA.
Another limitation concerns the recombinant adenovi-
rus used to express BMP9, which lacks inherent tissue
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oting ALP activity and the formation of mineralized nodules. (1)

Successful BMP9 Transfection (A): BMP9 expression was observed under a fluorescence microscope. Cells in the BMP9 group exhibited bright
green fluorescence, indicating successful and efficient transfection. (2) BMP9 Significantly Promotes ALP Activity (B, C, G): ALP staining at 3

and 5 days showed that the BMP9-treated group had significantly higher ALP expression compared to the control and GFP groups. Quantitative
analysis revealed that ALP activity was significantly increased in the BMP9 group on both day 3 and day 5, with statistical significance (*p < 0.05).
(3) BMP9 Promotes Mineral Nodule Formation: ARS staining at 7 and 14 days showed that the BMP9 group exhibited a more widespread
distribution of mineralized nodules with a darker color, indicating significantly enhanced mineralization (D, E). ARS absorbance measurements
showed that the BMP9 group had significantly higher mineralization levels at both day 7 and day 14 compared to the control and GFP groups,

with statistical significance (*p <0.05, F)

specificity. Although we ensured targeted delivery to the
ankle joint via local injections, the adenovirus can still
infect a broad range of cells [44]. Moving forward, we
plan to explore more tissue-specific delivery methods
to improve the precision of BMP9 targeting and reduce
potential off-target effects. Finally, while this study pri-
marily focused on the therapeutic effects of BMP9 via
overexpression, future research will involve incorporat-
ing synovium-specific BMP9 knockdown or knockout
models. This will help clarify the precise role of BMP9
in RA pathogenesis and enable a more comprehensive
understanding of its therapeutic potential.

Conclusion

Our study underscores BMP9’s innovative therapeutic
potential in RA, showing its ability to promote osteoblast
differentiation and target inflammation—two key patho-
logical features of RA. BMP9 offers a promising approach
to combat RA-related bone loss, a challenge current ther-
apies cannot fully address. While BMP9 shows significant
efficacy in preclinical mouse models, further research is
needed to clarify its mechanisms, optimize delivery, and

validate its safety and effectiveness in clinical trials, offer-
ing a potential new treatment strategy for RA.
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