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BMP9 attenuates microgravity-related
disuse osteoporosis by modulating TGFβ
and BMP signaling

Check for updates

Haoyang Zhao1,2,3, Mengfan Yang1,3, Yujiao Liu1, Xiaolin Tu1,2 & Gaohai Shao1

Disuse osteoporosis, caused by mechanical unloading, is linked to dysregulated TGFβ and BMP
signaling. This study explores their roles and evaluates BMP9 as a potential therapy. A hindlimb
unloading (HLU) mouse model was used to assess bone changes and signaling alterations. In vitro, a
RotaryCell CultureSystem (RCCS)with 3Dprinting simulatedmicrogravity. BMP9wasoverexpressed
in bonemarrowstromal cells (BMSCs) andosteocytes treatedwith TGFβ1.HLUmice showed reduced
bone density, microstructural integrity, and dysregulated signaling (increased p-Smad2/3, decreased
p-Smad1/5/8). BMP9 overexpression restored osteogenic differentiation in vitro and improved bone
properties in vivo. However, RCCS failed to replicate osteogenic inhibition, likely due to shear stress.
Despite challenges, BMP9 shows promise for treating disuse osteoporosis. Future researchwill refine
vector specificity and reduce immunogenicity for clinical application.

Osteoporosis, as a systemic bone metabolism disorder, currently affects
approximately 200 million people worldwide1. Its hallmark features, such as
decreased bone mineral density and microstructural damage, significantly
increase the risk of fractures2. With the rising global prevalence of osteo-
porosis, thediseaseposes a significantpublichealthburden,withdirect annual
treatment costs for osteoporotic fractures in Canada, Europe, and the United
States alone reaching 5 to 6.5 trillion USD—excluding indirect costs such as
disability and lost productivity3,4. Amid the dual pressures of population aging
andhealthcare systemreforms5,6, there is anurgentneed to explore thediverse
mechanisms underlying the development of osteoporosis, with the goal of
identifying effective molecular targets and intervention strategies.

Numerous studies have shown that the onset of osteoporosis is
closely associated with a variety of factors, including, but not limited to,
changes in hormone levels7–9 and natural aging10–12. Specifically, the cel-
lular and molecular mechanisms involved in osteoporosis are still com-
plex; however, with the growing depth of research into bone biology, the
elucidation of the molecular mechanisms governing the communication
and coordination networks between osteoblasts (bone formation),
osteoclasts (bone resorption), and osteocytes (resident bone cells in the
bone matrix) has led to the identification of multiple targets and ther-
apeutic strategies13,14. Disuse osteoporosis is a distinct form of secondary
osteoporosis, directly resulting from the loss of mechanical loading on
bones, which leads to an imbalance between bone synthesis and
resorption15. It is commonly observed in patients with extended bed rest
secondary to spinal cord injury (SCI) and in astronauts on long-duration

space missions16–20. Notably, disuse osteoporosis, as a subtype caused by
the absence of mechanical stress, shares striking pathological similarities
with age-related osteoporosis21. This similarity underscores the high
scientific and social value of exploring its underlying molecular
mechanisms and developing targeted therapeutic strategies.

The Transforming Growth Factor β (TGFβ) signaling family, which
includes TGFβs, activins, inhibins, as well as various Bone Morphogenetic
Proteins (BMPs) and Growth and Differentiation Factors (GDFs), plays
essential roles in all cells and tissues, including soft connective tissues and
bone. Specific members of the TGFβ family exert different functions in these
tissues, with their activity often balanced with that of other TGFβ family
members. They interact with various signaling pathways to regulate multiple
cellular processes such as growth, differentiation, migration, and apoptosis22.
During the development of osteoporosis, the TGFβ signaling family appears
to play a critical role, particularly in the determination of mesenchymal stem
cell differentiation into fibroblastic, osteoblastic, or adipogenic lineages23.
Moreover, TGFβ signaling directly or indirectly influences osteoclast
development24. Additionally, TGFβ signaling in osteocytes has been reported
to affect the microstructure and mechanical properties of bone tissue25,26. Of
particular interest, BMPs, members of the TGFβ family, are known to be
directly involved in osteoblast differentiation27,28, with BMP9 (GDF2) being
recognized as the BMP factorwith the strongest osteogenic potential29,30. This
effect is not only evident in its ability to promote successful differentiation of
mesenchymal stem cells but also in its insensitivity to endogenous inhibitors
like noggin31. Therefore, compared to other BMP family members, BMP9’s
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unique response to microgravity and its resistance to inhibition make it a
promising therapeutic candidate.

Results
Microstructural damage of femurs in the hindlimb unloading
group of mice associated with overactivation of p-Smad2/3
Micro-CT analysis of the HLU/Tail-suspension model showed that after
two weeks of hindlimb unloading, the average trabecular bone mineral
density (Tb.BMD) in the unloading group was more than 30% lower than
that of the control group (with normal hindlimb loading). A greater than
10%difference in cortical bonemineral density (Ct.BMD)was also observed
between the groups. Additionally, the bone volume percentage (BV/TV) for
the hindlimb unloading (HLU) and normal loading (NL) groups was 31%
and 19%, respectively. Significant differences in trabecular number (Tb.N)
and trabecular thickness (Tb.Th) were also observed (n = 6, p < 0.01, t-test),
indicating degradation of bone tissue microstructure (Fig. 1A,B). Bone
morphology analysis showed disruption of the osteoblast-osteoclast balance
(Fig. 1C). Furthermore, Alcian Blue-Periodic Acid-Schiff (AB-PAS) stain-
ing revealed suppression of chondrogenic differentiation and limited
hypertrophy of chondrocytes (Fig. 1C). Additionally, silver nitrate staining
demonstrated degradation of the lacunar-canalicular system in the cortical
bone of hindlimb unloading (HLU)mice (Fig. 1C, indicated by red arrows),
with the presence of empty lacunae potentially accounting for the observed
decrease in cortical bone density. Immunohistochemical analysis revealed a
marked increase in TGFβ1-positive cells and regions within the bone
marrow cavity and cortical bone of hindlimb unloading (HLU) mice,
accompanied by a substantial population of p-Smad2/3-positive cells. These
findings indicate robust activation of the TGFβ-pSmad2/3 signaling path-
way. Conversely, on the trabecular bone surface, levels of p-Smad1/5/8were
modestly reduced in the HLU group compared to the normal loading (NL)
group, suggesting potential crosstalk or competition between Smad sig-
naling pathways (Fig. 1D).

The combined use of the RCCS and integrated 3D printing
module successfully simulated the molecular phenotype of
microgravity in the MLO-Y4 cell line
The combination of the rotating cell culture system and the integrated 3D
printer successfully simulated the increased expression of Sost in MLO-Y4
cells undermicrogravity conditions.We also observed elevated expression of
osteolytic factors Mmp3, Ctsk, and Trap in MLO-Y4 cells under RCCS-
simulated microgravity, suggesting that microgravity may induce osteoclast-
mediated bone resorption (Supplementary Fig. 1A, B). Unfortunately, our
innovative approach failed to simulate osteogenic inhibition in the osteoblast
cell line MC3T3-E1(Supplementary Fig. 1C), chondrocyte cell line
ATDC5(Supplementary Fig. 1D), and bone marrow stromal cells (Supple-
mentary Fig. 2A). A simple modeling analysis using differential equations
suggested that themain causemay be the high shear stress experienced by the
3D module in liquid (Supplementary Fig. 2C), which does not accurately
mimic true microgravity conditions (Supplementary Discussion). Conse-
quently, future experiments will no longer be based on this system.

The Adv-EGFP/BMP9(GDF2) overexpression vector was con-
structedusing theAdMaxsystemforcell andanimal experiments
The Adv-EGFP or Adv-BMP9(GDF2) overexpression vectors were con-
structed by co-transfecting the pBHGlox(delta)E13Cre plasmid with either
the pDC316-mCMV-EGFP plasmid or the pDC316-mCMV-EGFP-CMV-
BMP9 plasmid into 293 A cells.

In vitro experiments demonstrate that high concentrations of
TGFβ1 inhibit osteogenic differentiation of bonemarrow stromal
cells and may lead to osteocyte-mediated bone resorption
In primary osteocytes, exogenous addition of TGFβ1 increases the levels of
phosphorylated Smad2/3 while decreasing the levels of phosphorylated
Smad1/5/8 (Fig. 2A). The target genes Id1/2/3 of the BMP-pSmad1/5/8 sig-
naling pathway are downregulated (Fig. 2B), and the expression of osteolytic

factors Mmp3, Ctsk, and Trap increases with the concentration of TGFβ1.
Interestingly, after activation of the TGFβ-pSmad2/3 signaling pathway in
osteocytes, a resorptive bone environment seems to be actively created, with
intracellular pHdecreasing, indicating intracellular acidification (Fig. 2C). In
the bone marrow stromal cells, exogenous addition of TGFβ1 disrupts the
osteogenic environment induced by phosphate and vitamin C. As the con-
centration of TGFβ1 increases, alkaline phosphatase staining and assays
showadecrease in alkalinephosphatase enzymeactivity (Fig. 3A,B).Alizarin
red staining and relative quantification indicate that the mineralization
process is impaired (Fig. 3A, C). The expression of osteogenic genes Runx2,
Sp7,Alpl, andBsp is reduced (Fig. 3D). Similarly, we observed a shift in Smad
signaling and a reduction in BMP signaling target genes Id1/2/3 (Fig. 3E, F).

Adv-BMP9 (GDF2) can rescue osteogenic inhibition induced by
high concentrations of TGFβ1 and improve the osteocyte-
mediated bone resorption environment
Alkaline phosphatase staining and enzyme activity assays show that
Adv-BMP9 overexpressing bone marrow stromal cells significantly
increase alkaline phosphatase enzyme activity (Fig. 4A, B). Under the
characteristic concentration of 10 ng/ml TGFβ1, overexpression of
BMP9 (GDF2) in the stromal cell line using Adv-BMP9 led to the
recovery of osteogenic genes that were downregulated by high con-
centrations of TGFβ1, as shown by qPCR (Fig. 4C). Similarly, the
BMP-pSmad1/5/8 signaling pathway was restored (Fig. 4D), and the
expression of its target genes was also recovered (Fig. 4E). In
osteocytes, overexpression of BMP9 (GDF2) restored BMP-pSmad1/
5/8 signaling (Fig. 5A, B). Furthermore, it reduced the expression of
osteolytic factors Mmp3, Ctsk, and Trap (Fig. 5C, D), and improved
the intracellular acid-base balance, thereby reducing the likelihood of
osteocyte-mediated bone resorption to some extent.

Adv-BMP9 (GDF2) inhibits osteoclast differentiation and function
induced by M-CSF and RANKL
Osteoclast differentiation was induced using mouse bone marrow mono-
nuclear macrophages (BMMs). After infecting the BMMswith Adv-EGFP/
Adv-BMP9 (GDF2), M-CSF and RANKL were added to induce osteoclast
differentiation for assessment. TRAP-positive cell counting and osteoclast
(TRAP-positive, with >3 nuclei) counts showed significant differ-
ences between the groups. Adv-BMP9 significantly inhibited osteo-
clast formation (Fig. 6A, B). Osteoclast differentiation and the
expression of marker genes Nfatc1, PU.1, c-fos, Dcstamp, Calcr, Trap,
and Ctsk were significantly reduced (Fig. 6C). Toluidine blue staining
of bovine bone slices showed a significant reduction in osteoclast
resorption area (Fig. 6A).

Adv-BMP9 (GDF2) promotes chondrogenic differentiation and
inhibits adipogenic differentiation in bone marrow stromal cells
After 7 days of culture under chondrogenic induction medium conditions,
Alcian blue staining showed stronger staining in BMP9 (GDF2) over-
expressing bone marrow stromal cells, suggesting greater accumulation of
glycosaminoglycans and collagen deposition (Fig. 6D). qPCR results also
confirmed that overexpressionofBMP9(GDF2) increased the expressionof
glycosaminoglycans and type II collagen (Fig. 6E). After 7 days of culture
under adipogenic induction conditions, Oil Red O staining showed that
Adv-BMP9 effectively inhibited intracellular lipid droplet accumulation in
bone marrow stromal cells (Fig. 6F). qPCR results also indicated that it
indeed inhibited adipogenic differentiation (Fig. 6G).

Adv-BMP9 (GDF2) improves bone loss induced by hindlimb
unloading and restores the mechanical properties of the
mouse femur
Based on the above results, we hypothesize that Adv-BMP9 can effectively
improve disuse osteoporosis. After injecting Adv-BMP9 in the HLU/Tail-
suspension model, Micro-CT analysis showed that BMP9 overexpression
protected mice from trabecular and cortical bone loss induced by tail
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suspension unloading (Fig. 7A). The Tb.BMD and Ct.BMD in HLU+Adv-
BMP9mice were significantly higher than those in the HLU group injected
with the control virus (Fig. 7B). Bone microstructural parameters such as
BV/TV, trabecular thickness (Tb.Th) and trabecular number (Tb.N)
demonstrated that in vivo adenoviral overexpression of BMP9 effectively
improved disuse osteoporosis in the femur induced by HLU/Tail-suspen-
sion (Fig. 7B). Additionally, a biomechanical testing device was used to
examine the effect ofAdv-BMP9onbonemechanical properties.HLUmice
exhibited significant declines in femoral stiffness and elasticmodulus (>30%
decrease; Fig. 7C). Adv-BMP9 treatment restored these biomechanical
parameters to control levels, demonstrating BMP9’s ability to mitigate the
adverse effects of unloading onbonemechanics (Fig. 7C). Serological testing
data demonstrate that adenovirus vector muscle injection can increase the
BMP9 levels in mouse serum (Supplementary Fig. 2B).

Histological Images and immunohistochemistry show that Adv-
BMP9 (GDF2) improves bone microstructural degradation
induced by HLU
H.E. staining results showed that in the control virus group, the trabecular
bone morphology in HLU mice was severely degraded, while injection of
Adv-BMP9 effectively improved the trabecular bonemorphology (Fig. 8A).
TRAP staining results showed that injection of Adv-BMP9 in the HLU
group significantly inhibited the TRAP-positive cells induced by HLU.
Interestingly, we observed a strong effect of BMP9 on the growth plate. In
the group injected with the control virus, as mentioned in previous mod-
eling results, the primary trabecular bone generated by the growth plate in
the HLU group was severely atrophied, whereas in the Adv-BMP9-injected
mice, the development of the growth plate was protected. The observed
reduction in empty lacunae following BMP9 intervention, as evidenced by

Fig. 1 | Establishment of a mouse disuse osteoporosis model using the HLU/Tail-
suspension method. A Micro-CT reconstruction image. B Micro-CT analysis
(n = 6). C Morphology of distal femoral bone tissue, H.E. staining, TRAP staining,
AB-PAS staining and silver nitrate staining. GP Growth Plate. D Cortical bone and

bone marrow TGFβ1 immunohistochemistry, p-Smad2/3 immunohistochemistry,
and p-Smad1/5/8 immunohistochemistry. Scale bar: Black/Red 50 μm. *p < 0.05,
**p < 0.01, ***p < 0.001.

Fig. 2 | In vitro treatment of primary osteocytes with high concentrations of
TGFβ1. A Western blot analysis of phosphorylated Smads in primary osteocytes
stimulated with a high dose of TGFβ1 for 3 days. B Expression of BMP-pSmad1/5/8
downstream target genes in primary osteocytes treated with varying concentrations

of TGFβ1 for 3 days. C Intracellular pH changes in response to different con-
centrations of TGFβ1. D Expression of osteolytic factors in primary osteocytes
induced by different concentrations of TGFβ1. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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Fig. 3 | High concentration of TGFβ1 inhibits osteogenic differentiation of
marrow stromal cells in vitro. A Alkaline phosphatase staining and Alizarin Red S
staining. B Alkaline phosphatase enzyme activity. C Quantification of mineraliza-
tion. D Osteogenic gene expression (n = 3). E Phosphorylation of Smads following

high-dose TGFβ1 treatment in vitro, as detected by western blot. F Alteration of
BMP-pSmad1/5/8 signaling target genes in marrow stromal cells by high-dose
TGFβ1 in vitro (n = 3). CM Control culture medium, OM=Osteogenic induction
medium. ns no significance *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 4 | Adv-BMP9 infection in marrow stromal cells alleviates osteogenic inhi-
bition induced by high concentration of TGFβ1. AAlkaline phosphatase staining.
B Quantification of alkaline phosphatase enzyme activity. C Osteogenic gene
expression following infection with Adv-BMP9 or control virus in the presence of
10 ng/ml TGFβ1 (n = 3). D Phosphorylation of Smads in marrow stromal cells

following infection with Adv-BMP9 or control virus in the presence of 10 ng/ml
TGFβ1, as detected by western blot. E BMP-pSmad1/5/8 signaling target gene
expression in marrow stromal cells following infection with Adv-BMP9 or control
virus in the presence of 10 ng/ml TGFβ1 (n = 3). ns no significance, *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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silver nitrate staining, partially elucidates the mechanism underlying the
preservation of cortical bone density (Fig. 8B). Immunohistochemical
results showed that inAdv-BMP9-injectedmice, thereweremore p-Smad1/
5/8-positive cells in both cortical bone and the marrow cavity, indicating
that muscle injection of Adv-BMP9 can upregulate BMP-pSmad1/5/8 sig-
naling in bone tissue for bone protection.

Discussion
Disuse osteoporosis, as a unique form of secondary osteoporosis, is directly
caused by the loss of mechanical stress, leading to an imbalance in bone
metabolism32. Following the disruption of the balance between bone for-
mation and resorption (i.e., bonemetabolic imbalance), deterioration of the
bone microarchitecture is accompanied by increased skeletal fragility. This
significantly elevates the risk of fractures in specific scenarios, such as during
re-entry into gravitational field by astronauts or rehabilitation exercises in
long-term bedridden patients33,34. Although previous studies have high-
lighted the critical roles of pathways such as Wnt/β-catenin and the
RANKL/OPG axis35–39, and proposed drug intervention strategies like
bisphosphonates and sclerostin antibodies40–43, there is still a lack of sys-
tematic research on the precise regulation of TGFβ/BMP signaling imbal-
ance in the context of disuse osteoporosis. This is particularly true for

strategies aimed at restoring bone metabolic homeostasis under conditions
such as microgravity or prolonged immobilization. In this study, we
employed the tail-suspension method to construct a hindlimb unloading
(HLU) mouse model, in combination with an in vitro simulated micro-
gravity environment.We systematically revealed that TGFβ/BMP signaling
imbalance may play a crucial role in the cellular dynamics and molecular
mechanisms underlying the development of disuse osteoporosis. Addi-
tionally, for thefirst time, we applied an adenoviral overexpression of BMP9
(GDF2) as a therapeutic strategy to restore bone metabolic homeostasis in
the HLU model.

Through the construction of a disuse osteoporosis mouse model and
Micro-CT analysis of femoral samples, this study found that mice
exhibited significant bone loss after 14 days of hindlimb unloading:
trabecular bone density (Tb.BMD) decreased over 30%, cortical bone
density (Ct.BMD) reduced over 10%, bone volume fraction (BV/TV),
trabecular number (Tb.N), and trabecular thickness (Tb.Th) all sig-
nificantly decreased. These phenotypes are similar to the bone loss
observed in patients with disuse osteoporosis, such as astronauts who
lose an average of 1–1.5% of bone mineral density (BMD) per month15,44.
Taking into account the age-conversion relationship between rodents
and humans45, as well as the BMD changes observed in our experiments,

Fig. 5 | Adv-BMP9 infection of primary osteocytes alleviates the osteocytic
transcriptional phenotype and cell acidification induced by high concentrations
of TGFβ1. A Phosphorylation of Smads in primary osteocytes following infection
with Adv-BMP9 or control virus in the presence of 10 ng/ml TGFβ1, as detected by
western blot. B BMP-pSmad1/5/8 signaling target gene expression in primary
osteocytes following infection with Adv-BMP9 or control virus in the presence of

10 ng/ml TGFβ1 (n = 3).C Intracellular pH changes in primary osteocytes following
infection with Adv-BMP9 or control virus in the presence of 10 ng/ml TGFβ1,
normalized to control group. D Expression of osteoclastic genes in primary osteo-
cytes following infection with Adv-BMP9 or control virus in the presence of 10 ng/
ml TGFβ1 (n = 3). ns no significance, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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Fig. 6 | Adv-BMP9 inhibits osteoclastogenesis, suppresses adipogenic differ-
entiation of marrow stromal cells, and promotes chondrogenic differentiation.
A Osteoclastogenesis assay: TRAP staining and bovine bone slice osteoclast
resorption assay, Scale bar: Black/White 50 μm. B TRAP-positive cell count and
osteoclast count (n = 3). C Osteoclastogenesis gene expression analysis (n = 3).
D Alizarin Blue staining for chondrogenic differentiation of marrow stromal cells

after 7 days of induction.EChondrogenic differentiation gene expression inmarrow
stromal cells (n = 3). F Adipogenic differentiation assay: bright field/ Oil Red O
staining of marrow stromal cells after 7 days of induction. G Adipogenic
differentiation-related gene expression in marrow stromal cells (n = 3). *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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we estimate that two weeks of tail suspension in rodents may simulate a
period of extreme skeletal unloading in humans equivalent to over one
year, potentially approaching two years. Further histological analysis
revealed trabecular bone structure degradation (H.E. staining), restricted
growth plate cartilage development (AB-PAS staining), disrupted lacunar
canalicular systems (silver nitrate staining), and significantly enhanced

osteoclast activity as shown by TRAP staining in the HLU group. These
results suggest that disuse osteoporosis is not merely a static manifesta-
tion of bone loss, but rather involves a disruption of the dynamic balance
between bone formation and resorption, orchestrated by multiple cell
types within the bone microstructure. Immunohistochemical results
further showed that the levels of phosphorylated Smad2/3 (downstream

Fig. 7 | Intramuscular injection of Adv-BMP9
improves bone loss induced by HLU/Tail-Sus-
pension and enhances femoral mechanical prop-
erties. AMicro-CT reconstruction images.BMicro-
CT analysis data (n = 6).C Three-point bending test
data (n = 6). ns=no significance, *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

https://doi.org/10.1038/s41526-025-00510-y Article

npj Microgravity | (2025)11:50 9

www.nature.com/npjmgrav


effectors of TGFβ signaling) were significantly elevated in the bone tissue
of the HLU group mice, while phosphorylated Smad1/5/8 (downstream
effectors of BMP signaling) were inhibited. For the first time, we report
this “TGFβ signaling enhancement - BMP signaling suppression”
imbalance pattern in a disuse osteoporosis model and propose that it may

disrupt the osteoblast-osteoclast balance through intracellular and
extracellular competitive mechanisms, such as the occupation of com-
mon transcriptional cofactors like Smad446. The core scientific question
raised by these findings is: Does the imbalance in TGFβ/BMP signaling
drive disuse osteoporosis?

Fig. 8 | Intramuscular injection of Adv-BMP9 improves bone tissuemorphological changes induced byHLU/Tail-Suspension. AH.E. staining, TRAP staining, andAB-
PAS staining. B Silver nitrate staining, p-Smad2/3 immunohistochemistry, and p-Smad1/5/8 immunohistochemistry. Scale bar: Black 200 μm; Red 50 μm.
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The combination of a rotating cell culture system and 3D integrated
printing approach also suggests that osteocytesmay participate in osteolysis
under microgravity conditions. According to the modeling results of a
simple differential equation system, the shear stress exerted on the biomi-
metic module in the RCCS container exceeds 1.6 Pa (approximately 16
dynes/cm²), which surpasses the threshold that can induce osteoblast
differentiation47,48. Due to the limited precision of the printer, the module’s
size could not avoid the effects of shear stress. As a result, it was challenging
to construct a biomimetic module to simulate osteoblast inhibition caused
by microgravity. Based on the calculations, we speculate that to simulate a
low shear stress environment, the cell carrier size must be controlled at the
micron level (Supplementary Discussion). In future experiments, the pre-
paration of microsphere-based cell carriers may be a necessary choice49.
Thus, in our in vitro experiments, we are more inclined to focus on the role
of cellular TGFβ/BMP signaling balance in osteoblasts and osteocytes.

During the osteogenic induction of bone marrow stromal cells, 10
ng/mLofTGFβ1 significantly decreased the expression andenzymeactivity
of alkaline phosphatase, reduced the expression of osteogenic genes (Runx2,
Sp7,Alpl, andBsp), and inhibitedmineralization. As osteocytes are themost
abundant resident cell type in the bonematrix, their dysfunctionmay play a
critical role in disuse osteoporosis. This study found that 10 ng/mL of
TGFβ1 significantly increased the expression of osteolytic factors Mmp3,
Ctsk, and Trap in osteocytes, while also lowering intracellular pH. This
suggests that disuse may lead to an acidified microenvironment in osteo-
cytes, promoting bone matrix degradation, which aligns closely with
osteocytic observed in pathological conditions50. This finding extends the
traditional “osteoclast-centered” view of bone resorption51,52 and empha-
sizes the active role of osteocytes in osteolysis duringdisuse osteoporosis53–55.
Western blot analysis of both BMSCs and osteocytes showed increased
levels of p-Smad2/3 in the TGFβ1-treated group, while p-Smad1/5/8 levels
were decreased, confirming the antagonistic competition between these two
signaling pathways. Interestingly, both TGFβ-pSmad2/3 and BMP-
pSmad1/5/8 have been reported as key signaling pathways for the differ-
entiation of stem cells into osteoblasts28. TGFβ signaling is considered a
critical pathway guiding early migration, differentiation, and lineage com-
mitment of mesenchymal stem cells through a concentration gradient-
dependent mechanism56,57, while BMP signaling is indispensable in the
process of mesenchymal stem cell differentiation into osteoblasts58,59.
Although some reports indicate that high local concentrations of TGFβ1
impair osteogenic differentiation, thereby affecting bone defect repair60, the
role of TGFβ signaling in osteoporosis remains controversial23,61. Our
experimental results appear to uncouple the functional roles of TGFβ and
BMP signaling in the osteogenic lineage, emphasizing their competitive
relationship. While the exact mechanisms underlying this competition
remain to be determined, prior research indicates potential involvement of
competition for receptor phosphorylation sites46,62 or restriction of nuclear
translocation of transcriptional complexes like Smad4-CoSmad63,64. Fur-
thermore,multi-tiered inhibitorymechanisms are plausible, as evidencedby
reports that TGFβ1 suppresses BMP2 expression through Tmeff1, thereby
inhibiting BMP signaling and influencing mesenchymal stem cell osteo-
genic differentiation65. Additionally, we observed increased marrow adip-
osity, characterized by round or oval voids, which aligns with established
findings in disuse osteoporosis66,67. This prompts consideration of whether
endogenous BMP inhibitors derived from marrow fat might disrupt the
equilibrium between TGFβ and BMP signaling68–70.

Although the specific competitive mechanismwas not explored, based
on experimental observations and the previously raised scientific questions,
we considered restoring BMP-pSmad1/5/8 signaling as a potential strategy
to counteract bone loss in the HLU model. Among the many BMP family
members, BMP9(GDF2)has emerged as an ideal osteogenic factordue to its
potent osteogenic activity and resistance to antagonistic properties29,30. Our
experiments using an adenoviral vector to overexpress BMP9 successfully
restored the expression and enzymatic activity of alkaline phosphatase in
bone marrow stromal cells in vitro, as well as rescued the osteogenic gene
expression suppressed by TGFβ1. For osteocytes, Adv-BMP9 was able to

restore intracellular pH and limit the expression of osteolytic factors.
Additionally, BMP9 exhibits pleiotropic regulatory functions, such as
inhibiting adipogenesis and promoting chondrogenesis, while simulta-
neously suppressing osteoclastogenesis. These findings correlate with
in vivo results, where Adv-BMP9 treatment significantly improved bone
density, trabecular parameters, and mechanical properties, and partially
restored the lacunar canalicular system. Furthermore, growth plate cartilage
development was fully supported under Adv-BMP9 treatment. Despite no
decrease in p-Smad2/3 levels, the increased proportion of p-Smad1/5/8
positive cells in bone tissue from theBMP9 treatment group further suggests
a “signal balance”mechanism.

Our animal studies confirm BMP9’s function in mitigating bone loss
during disuse. However, the fixed injection and modeling schedules limit
our ability to exclude the peak bone mass hypothesis as a confounding
factor71. This hypothesis suggests that pre-disuse BMP9administrationmay
enhance femoral bone mass, potentially accounting for the observed dif-
ferences in bone loss between groups. Future studies could address this by
varying the sequence of treatments. Central to our investigation is the
dynamic interplay between TGFβ and BMP signaling pathways in the
molecular pathogenesis of disuse osteoporosis. Guided by the ‘TGFβ/BMP
signaling balance hypothesis’ and informed by the dysregulation of
osteoblast-osteoclast equilibrium and chondrocyte development observed
in ourmodel, we selected BMP9as a therapeutic intervention. Compared to
currently widely used osteoporosis drugs such as alendronate, denosumab,
or calcitriol72–75, BMP9 possesses multiple actions that confer significant
advantages—primarily, its dual functionality in promoting osteogenesis
while inhibiting osteoclastogenesis, a feature unmatched by mono-
therapeutic agents that either stimulate bone formation (e.g., PTH deriva-
tives) or suppress bone resorption. Additionally, BMP9’s stimulatory effect
on chondrogenesis could be pivotal for long bone matrix remodeling,
despite the limited attention given to cartilage developmental restrictions
under disuse conditions. Finally, given the emerging evidence implicating
osteocytes as central players in disuse osteoporosis, our comprehensive data
reveal that BMP9-mediated regulation of osteocyte function is sufficient to
influence bone matrix remodeling.

However, translating BMP9 into clinical application will not be an easy
task, not only because it has been reported to be associated with ectopic
ossification or myositis ossificans76,77, but also due to the limited clinical use
of BMP ligands. To date, only rhBMP2 and rhBMP7have been approved by
theFDA78,79, specifically for spinal fusion andcraniofacial bone repair. This is
largely due to concerns about the safety and cost of using BMP ligands80.
Regarding safety, our data suggest a potential solution: developing a gene
therapy strategy specifically targeting osteocytes. Essentially, our experi-
mental design is based on an adenoviral vector-mediated gene delivery
system. Given the concerns regarding the safety and stability of adenoviral
vectors81,82, strategies that specifically target bone tissue—or even osteocytes
—are worth pursuing. For example, adeno-associated viruses (AAVs)
modified through capsid engineering to incorporate short Asp-Ser-Ser
(DSS) peptide sequencesmay enhance vector affinity for the bonematrix83,84.
In combination with the osteocyte-specific promoter DMP185–87, BMP9
expression could be restricted to osteocytes, thereby limiting its effects to
bone tissue. Whether this approach can effectively minimize potential side
effects from the vector or the therapeutic factor itself remains to be con-
firmed through further experimental investigation. As for cost, current anti-
osteoporotic drugs such asdenosumabare associatedwith a rebound inbone
resorption upon discontinuation88,89. This necessitates either concurrent
administration of bisphosphonates like alendronate or prolonged treatment,
which undermines both temporal and economic efficiency90. If a stable
adeno-associated virus expression vector can be developed, its expression
duration could support a single-dose intervention lasting over a year91–93.
This offers a clear cost advantage compared to denosumab, which requires
administration every six months—or even more frequently94.

This study is the first to focus on the dynamic balance between TGFβ
and BMP signaling in the molecular mechanisms underlying disuse
osteoporosis. By adopting a multi-faceted and multi-modal approach, we
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explored the competitive inhibitory relationship between TGFβ-pSmad2/3
and BMP-pSmad1/5/8, providing new insights into the regulation of bone
metabolism. Although the RCCS system, which simulates a microgravity
environment, has limitations—such as shear stress interference that pre-
vents a full replication of osteoblast suppression—our method successfully
induced increased expression of osteocyte-derived Sost and osteolytic fac-
tors, thereby laying the groundwork for a deeperunderstanding of osteocyte
function. To address the system’s limitations, we proposed targeted
improvements based on computational modeling, specifically by reducing
carrier density and size (Supplementary Discussion). Finally, both in vitro
and in vivo experiments demonstrated the bone-protective role of BMP9
under disuse conditions, offering a potential therapeutic strategy for
osteoporosis, particularly disuse-induced osteoporosis.

Methods
Construction of adenoviral overexpression vectors using the
Admax system
The packaging plasmid pBHGlox(delta)E13Cre and shuttle plasmid
pDC316-mCMV-EGFP-CMV-mGdf2/pDC316-mCMV-EGFP were pur-
chased from Baoxian Laboratory (Baoxian Laboratory, China). The
packaging and shuttle plasmids were co-transfected into the 293 A cell line
using PEI transfection reagent (MCE, New Jersey, USA) to induce recom-
bination via the Cre-loxp system. After 14 days of culture, floating cells and
supernatant were collected, and the primary viruses Adv-GFP and Adv-
BMP9were obtained using a freeze-thaw cyclemethod95. After three rounds
of repeated infection of the 293 A cell line, a high-titer viral suspension was
obtained. The titer was then determined using the Spearman-Karber
method. The adenoviral vector concentration and purification were per-
formed using cesium chloride ultracentrifugation and dialysis to obtain a
viral concentrate with a titer of 1×10^10 pfu/mL, which was then used for
cell or animal experiments96,97.

Extraction and culture of primary bonemarrow stromal cells and
osteocytes
After euthanizing the mice and obtaining the femurs, the bone marrow
cavities were rinsed with sterile phosphate-buffered saline (PBS, Biosharp,
China).After cutting off the epiphyses, the bone marrow was flushed out
using sterile phosphate-buffered saline (PBS, Biosharp, China). After cen-
trifugation at 200xg, the bone marrow was resuspended in complete α-
MEM medium (Gibco, USA) containing 10% FBS (Shanghai Sangon,
China) and 1% penicillin-streptomycin (Solarbio, China). The cells were
then seeded into a 10 cm cell culture dish. After one week, the cells were
passaged and used for subsequent trilineage differentiation experiments.
Primary osteocytes were obtained by alternately treating bone fragments
with 5mMEDTA.2Na (ChongqingChuandongChemical, China) solution
and 0.1% (w/v) type I collagenase(Sigma-Aldrich, USA), followed by cul-
turing the fragments98–101.

Trilineage differentiation of bone marrow stromal cells and
TGFβ1 intervention
For osteogenic differentiation of bone marrow stromal cells, osteogenic
induction medium (OM) was prepared by adding 0.1 μM dexamethasone,
10mM β-glycerophosphate disodium salt, and 50mg/mL vitamin C to the
complete medium102. After infecting the bone marrow stromal cells with
Adv-EGFP/BMP9 at an MOI of 200, the cells were seeded onto 24-well or
6-well cell culture plates, followed by the addition of osteogenic induction
mediumor completemedium,with different concentrations ofTGFβ1 (0, 1,
5, 10 ng/mL) for intervention. After 1-7 days of culture, samples were col-
lected for alkaline phosphatase staining (Beyotime Biotech, China) and
relevant molecular assays, following the manufacturer’s protocol. For
chondrogenic differentiation, after infection with Adv-BMP9 or Adv-
EGFP,TGFβ3 (10 ng/mL,Topscience,China)was added toF12/DMEM1:1
(Gibco,USA) containing 10% fetal bovine serum (Shanghai Sangon, China)
and 1% penicillin-streptomycin (Solarbio, China). Additionally, 0.1 μM
dexamethasone, 50 μg/mL vitamin C, and 1% ITS (Beyotime Biotech,

China) were used for 7 days of induction, followed by Alcian Blue staining
(Beyotime Biotech, China) and molecular assays103. For adipogenic differ-
entiation, following the infection with the adenoviral vector, 1 μM dex-
amethasone was added to DMEM (Gibco, USA) containing 10% fetal
bovine serum (Shanghai Sangon, China) and 1% penicillin-streptomycin
(Solarbio, China). Additionally, 0.5mM IBMX, 100 μM indomethacin, and
10 μg/mLrecombinanthuman insulin (BeyotimeBiotech,China)wereused
for 7 days of induction, followed by Oil Red O staining and relevant
molecular assays104.

BMMs culture, osteoclast induction, and TRAP staining
Bonemarrow cells from the femur and tibiawereflushedwithDMEM, then
cultured in DMEM containing 10% FBS and 100 ng/mL macrophage
colony-stimulating factor (M-CSF; Topscience, China) for 24 h. The float-
ing cells in the supernatant were collected and cultured in DMEM con-
taining 10% FBS (Shanghai Sangon, China), 1% penicillin-streptomycin
mixture, and 30 ng/mL M-CSF for 3 days to generate BMMs. During this
period, the cells were infected with Adv-GFP or Adv-BMP9 at an MOI of
400. To generate mature osteoclasts, the cells were induced for osteoclast
differentiation in α-MEM containing 10% FBS (Shanghai Sangon, China),
50 ng/mL RANKL (RANKL; Topscience, China), and 30 ng/mL M-CSF
(Topscience, China) for 4-7 days71,105,106. According to the manufacturer’s
protocol, the cells were stained for tartrate-resistant acid phosphatase
(TRAP) using a macrophage acid phosphatase kit (Sigma-Aldrich, USA).
TRAP-positive multinucleated cells with more than three nuclei were
considered osteoclasts. Osteoclasts were observed, photographed, and
quantified under a microscope.

Construction of cell/GelMA hydrogel/PCL biomimetic functional
modules and microgravity simulation
GelMA (SunPBiotech, Beijing, China) was completely dissolved in α-MEM
medium to prepare a 20% (w/v) solution, which was then filtered through a
0.22 μm filter. MC3T3-E1, ATDC5, MLO-Y4, or BMSCs were trypsinized
and resuspended in basic culture medium. After mixing with GelMA, the
photoinitiator (LAP) (SunP Biotech, Beijing, China) was added. The final
concentrations of the passaged cell lines, GelMA, and LAP were 10^6 cells/
mL, 10% (v/v), and 0.25% (v/v), respectively. PCL (SunP Biotech, Beijing,
China) was sterilized by UV irradiation for 1 h before use. The rigid bio-
material and cell-integrated 3D system was designed by the Bone Devel-
opment and Regeneration Laboratory at Chongqing Medical University,
based on previous research107–110. The spiral nozzle containing the PCL
material and the bio-ink cartridge containing the passaged cell lines were
computer-controlled andmoved along theX,Y, andZ axes. Before printing,
thePCLwasplaced into amolten spiral extrusionnozzle andmelted at 95 °C
for 10min. Meanwhile, the GelMA solution containing the cell lines was
placed into a syringe, after which the syringe was placed into the pneumatic
extrusion nozzle for subsequent printing. Themelted PCLwas then printed
to form columns with a width of 300 μm.GelMAhydrogel loadedwith cells
was then printed between the PCL strips, with a spacing of 400 μmbetween
cell clusters. Each printed layer was irradiated with 405 nm blue light for 5 s
to stabilize and solidify. After printing, the scaffold was immersed in sterile
PBS for 1min and repeated 3 times to remove excess LAP photoinitiator.
After3days of culture in the corresponding inductionmedium, themodules
was used for RCCS simulated microgravity cell experiments. The rotating
cell culture system (RCCS) formicrogravity was developed in collaboration
betweenNASAandMITat the endof the last century. It uses theprinciple of
equivalence to apply centrifugal force in a non-inertial frame of reference to
balance gravity and create a simulated microgravity environment110. The
Cell/GelMA hydrogel/PCL biomimetic functional module prepared in the
previous stepwas placed into the rotating cell culture system(RCCS, Suzhou
Qianyun Instruments Co., Ltd., China, ESCO). Following the manu-
facturer’s instructions, the culture containers were sterilized before use. The
module was cut to an appropriate size to fit the container, and the system
was placed into a cell culture incubator at 37 °C with 5% CO2 for the
experiment. The RCCS rotational speed was adjusted to 28-35 rpm to
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ensure that the biomimetic modules suspended in the center of the con-
tainer for suspended culture to simulate microgravity. After seven days,
samples were collected for related molecular analysis.

Reverse transcription real-time fluorescent quantitative PCR
detection
Total RNA was extracted using the AG RNAex Pro kit (Accurate Biology,
China), and then reverse transcribed into cDNA using the Evo M-MLV
reverse transcription kit (Accurate Biology, China) for real-time fluorescent
quantitative PCR detection. Real-time quantitative PCR (qPCR) was per-
formed using the SYBR Green Pro Taq HS premixed qPCR kit (Accurate
Biology, China) on the Gentier 96E system (Tianlong Science and Tech-
nology,Xi’an,China).The relativemRNAexpression levelswerenormalized
to the housekeeping gene Gapdh using the 2(-Delta Delta C(T)) method,
and expression changes were quantified111–113. The primer list is Supple-
mentary Table 1.

Establishment of the mouse disuse osteoporosis model and
adenovirus vector in vivo experiment
NASA and the University of California School of Medicine established a
classic model to simulate the occurrence of disuse osteoporosis in long
bones under microgravity conditions, known as the Hindlimbs
Unloading (HLU)/Tail-suspension method113–116. This model simulates
the physiological response of long bones to the absence of axial stress on
Earth. Fourteen-week-old male C57BL/6 J mice, with similar body
weights, were purchased from the Experimental Animal Center of
Chongqing Medical University (Chongqing, China). The mice were
divided into Hindlimbs Unloading (HLU) and Normal Load (NL)
groups for model establishment. In each group, mice were injected with
either Adv-GFP or Adv-BMP9 purified viruses via intramuscular injec-
tion (10^9 pfu per mouse) in the hindlimb thigh muscles. Four experi-
mental groups were created: HLU+Adv-GFP, HLU+Adv-BMP9, NL
+Adv-GFP, and NL+Adv-BMP9. The HLU group mice were housed
individually in tail-suspension cages. The tail was suspended using
medical tape and cotton string, with the tail attached to a metal rack in
the cage. The environmental temperature wasmaintained at 22 °C ± 1 °C,
with a 12-h dark/12-h light cycle. The duration of the HLU experiment
was 14 days, which, according to the rodent-to-human age conversion, is
equivalent to approximately two years of unloading in humans45.
Although the activity of the HLU group mice was restricted, they had
unrestricted access to standard rodent food and water. The mice were
anesthetized with isoflurane (2% inhalation until fully anesthetized),
followed by collection of 500 μL whole blood via tail vein for serological
analysis. The mice were then euthanized using CO2 at a flow rate of 10 L/
min for 10min. The study protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of Chongqing Medical
University.

Adenovirus overexpression of BMP9 in bone marrow stromal
cells and osteocytes in vitro
Due to the abnormal activation of p-Smad2/3 signaling observed in the
HLU model, and the inability of RCCS combined with 3D-integrated
printing to adequately simulate the osteogenesis inhibition caused by
microgravity, the in vitro simulated microgravity model will no longer be
used. We found that the highly activated TGFβ-pSmad2/3 signaling path-
way can inhibit osteogenic differentiation in bone marrow stromal cells.
Bone marrow stromal cells were extracted using the previously mentioned
method105, infected with Adv-BMP9 or control virus, and then treated with
osteogenic inductionmedium(OM)containingTGFβ1 at concentrations of
1, 5, and 10 ng/mL (Topscience, China) to assess its impact on osteogenic
function. For osteocytes, the corresponding concentrations of TGFβ1 were
also added to investigate the molecular-level changes. Intracellular pH
changes in osteocytes were evaluated using the Prynine probe (Topscience,
China)117.

Micro-CT analysis
The left femur of each mouse was isolated, and as much soft tissue as
possible was removed. The femora were then fixed overnight in 4% neutral
paraformaldehyde (Biosharp, China) before undergoing Micro-CT scan-
ning (XuanZun Bio, Chongqing, China). Bone and MAT scans were per-
formed using the Bruker Micro-CT Skyscan 1276 system (Kontich,
Belgium). Scan parameters were as follows: tube current 200 μA, voltage
70 kV, scanning the entire object with a resolution of 6.5μm, exposure time
of 350ms, and a scanning angle of 180degrees. Phantomscans (providedby
the equipment manufacturer for calibration) were performed under the
same conditions. A total of 2300 layers were scanned and reconstructed
using NRecon software (Version 1.7.4.2). The reconstruction was then
analyzed using CTAn (Version 1.20.3.0). Starting from the distal femoral
growth plate, manual segmentation of trabecular and cortical bone was
performed on each scanned slice, and the cortical and trabecular bone
regionswere subsequently analyzed separately.118. The followingparameters
were analyzed: trabecular bone density (Tb.BMD, g/cm³), trabecular
volume percentage (BV/TV, %), trabecular thickness (Tb.Th, mm), trabe-
cular number (Tb.N, 1/mm), and cortical bone density (Ct.BMD, g/
cm³) (n = 6).

Histology and immunohistochemistry
After euthanizing, the femur was obtained, and all non-bone tissues were
removed as thoroughly as possible. The femur was then fixed overnight
in 4% paraformaldehyde (Biosharp, China) and decalcified for 14 days in
sterile 14% ethylenediaminetetraacetic acid disodium salt (EDTA.2Na) at
pH 7.4. After decalcification, the femur was paraffin-embedded and
sectioned at 5 μm thickness. Longitudinal coronal sections of the femur
were prepared. The sections were stained with hematoxylin and eosin
(H.E.) (Servicebio, China). Osteoclasts were histologically stained using
the TRAP staining kit (Servicebio, China)119. Alcian Blue/Periodic Acid-
Schiff (AB-PAS) staining (AB-PAS staining solution, Servicebio, China)
was used to observe the development of growth plate cartilage120. For
immunohistochemistry, the decalcified femur was paraffin-embedded
and sectioned at 5 μm. Standard three-step avidin-biotin complex
immunohistochemical staining was performed121. The primary anti-
bodies used were anti-TGF beta 1 (1:200 dilution, Affinity, China), anti-
p-Smad2/3 (1:200 dilution, Affinity, China) and anti-p-Smad1/5/8 (1:200
dilution, Affinity, China).

Western blot
For western blot, total protein lysates were obtained by mixing RIPA
buffer (Beyotime Biotech, China) with protease/phosphatase inhibitors
(Beyotime Biotech, China). After denaturation, the protein lysates were
subjected to SDS-PAGE and transferred onto a PVDF membrane (Mil-
lipore, Burlington, MA, USA). The membrane was then blocked with 5%
non-fat milk (Beyotime Biotech, China) at room temperature for 1 h and
incubated overnight at 4 °C with primary antibodies against p-Smad2/3
and p-Smad1/5/8 (1:1000 dilution, Affinity, China). The enzyme-
conjugated secondary antibody was incubated at room temperature
for 1 h.

Three-point bending test
After fixation of femur with 4% paraformaldehyde, The femur was fixed at
two points 7mm apart, and the load sensor advanced at a rate of 2mm per
minute until the bone fractured. The three-point bending test was con-
ducted using a mechanical testing machine (CellScale, USA) on the
femurs122,123. During the bending test, the computer data acquisition system
collected load-displacement data at a sampling rate of 100 Hz. Biomecha-
nical data were custom-calculated, including maximum load (N), stiffness
(N/mm), elastic modulus (Pa), and energy absorption (N*mm). The elastic
moduluswas approximated using cortical bone data (Ct.Ar andTt.Ar) from
Micro-CT, calculating the moment of inertia and generating the elastic
modulus from stiffness data124.
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Serum elisa analysis and alkaline phosphatase activity
quantification
Aterminal blood collectionmethodwas used,wheremicewere anesthetized
with isoflurane, followed by collection of 500 μl of blood via the facial vein.
The bloodwas then centrifuged at 3000 rpmat 4 °C for 15min. Serum levels
of PINP, CTX-I, and BMP9 were measured using ELISA (JiangsuMeimian
industrial, MM-43891M2, MM-43816M2 and MM-48164M2 China)
according to the manufacturer’s instructions. For cell samples, protein
lysates were obtained using IP-grade cell lysis buffer (Beyotime Biotech,
China), and the protein concentration was measured using a BCA protein
assay kit (Beyotime Biotech, China). Alkaline phosphatase activity in the
samples was assessed using an alkaline phosphatase assay kit (Beyotime
Biotech, China). Unit enzyme activity was calculated using the data from
both assays to evaluate the osteogenic potential of mesenchymal stem
cells125.

Statistical methods
Experimental data were analyzed statistically using GraphPad Prism 10.1.2.
Comparison between two independent samples was performed using a t-
test, while comparison among multiple samples with a single factor was
done using one-way ANOVA. For comparison among multiple factors,
two-way ANOVA was applied. A p-value of less than 0.05 was considered
statistically significant.

Data availability
All data and codes generated for this study are available from the corre-
sponding authors upon reasonable request.
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