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Staphylococcal enterotoxin C2 rescued
simulatedmicrogravity-induced bone loss
and the trans-differentiation of BMSCs
into adipocytes
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Micky D. Tortorella 3 , Lu Feng 3 & Gang Li 4

Exposure to microgravity decreases bone volume and increases marrow fat, partly due to impaired
BMSC osteogenesis and enhanced adipogenesis. Staphylococcal enterotoxin C2 (SEC2) can
influence BMSC differentiation, potentially promoting osteogenesis. This study investigated SEC2’s
effects on bone loss and marrow fat in hindlimb suspension (HLS) mice and BMSC differentiation
under simulated microgravity. Results showed SEC2 alleviated bone deterioration and reduced
marrow adiposity, promoting osteogenic over adipogenic differentiation by activating ERK/β-catenin
signaling pathways. SEC2 increased ERK phosphorylation and β-catenin nuclear translocation, with
effects diminished upon β-catenin knockdown. These findings reveal a novel mechanism by which
SEC2 modulates BMSC fate under microgravity, highlighting its potential as a therapeutic agent for
preventing bone loss and marrow adiposity in microgravity conditions.

The human body has evolved under the constant influence of Earth’s
gravity.Numerous studieshavedemonstrated that exposure tomicrogravity
in space has a significant impact on various physiological systems. The
microgravity environment in space leads to bone and muscle loss and
atrophy, whichmay have negative effects on the health and performance of
astronauts. Extensive research has been conducted to understand the
underlying mechanisms through which microgravity or simulated micro-
gravity (SMG) affects human tissue and cells. In terms of the musculoske-
letal system, changes in gravity result in a decrease in trabecular bone
volume and formation rate, as well as an increase in fat content in the bone
marrow1. Additionally, muscle mass, including the soleus-gastrocnemius,
anterior calf, hamstrings, quadriceps, and intrinsic back muscles, is also
reduced undermicrogravity conditions2. Furthermore, microgravity affects
the expression levels of numerous mRNAs and microRNAs involved in
mechanotransduction, cell migration, angiogenesis, and osteogenic differ-
entiation within the musculoskeletal system3.

Bone loss observed during long-term spaceflight is partially attributed
to the detrimental effect of microgravity on osteogenic cells, such as
osteoblasts andmesenchymal stemcells (MSCs).MSCs aremultipotent and
can differentiate into various cell types, including osteoblasts, chondrocytes,
myocytes, and adipocytes, in response to environmental changes or tissue
regeneration needs. Microgravity induces the commitment of MSCs
towards adipocytes instead of osteoblasts, resulting in decreased bone for-
mation and increased adipose regeneration. Microgravity inhibits the
expression of osteogenic genes, such as collagen family members, alkaline
phosphatase (ALP), and runt-related transcription factor 2 (RUNX2),
ultimately affecting bone microarchitectures by altering mineral deposition
and collagen synthesis4. On the other hand, microgravity activates adipose
tissue synthesis and upregulates the expression of key adipogenic genes,
including adipsin (CFD), leptin (LEP), CCAAT/enhancer binding protein
(CEBP), and peroxisome proliferator-activated receptor gamma (PPARγ).
As a result, the route through which bone marrowmesenchymal stem cells
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(BMSCs) differentiate into osteoblasts is disrupted, potentially impairing
bone homeostasis.

Staphylococcal enterotoxins C2 (SEC2) belongs to a group of heat-
resistant toxins known as Staphylococcal enterotoxins (SEs), which have
diverse biological effects. SEC2 has the ability to stimulate T-cell growth and
trigger the production of various cytokines, such as interferon-gamma
(INFγ), interleukin-I (IL-1), and interleukin-II (IL-2). These cytokines can
significantly impact the osteogenic differentiation ofMSCs. In our previous
study, we found that administration of SEC2 effectively activates T cells,
increases nitric oxide production, activates the p38/MAPK pathway, and
enhances Runx2 expression, ultimately leading to an increased trabecular
bone mass in ovariectomized (OVX) mice. Additionally, IFNγ, secreted by
T cells, also plays a crucial role in the regulatory process of SEC2 on bone
homeostasis5. However, the specific mechanism by which SEC2 regulates
bone homeostasis under SMG conditions remains unclear. Therefore, the
objective of this study was to investigate the role of SEC2 inmaintaining the
homeostasis of weight-bearing bones in a microgravity environment. The
model of mice in hindlimb suspension (HLS), along with the tissue culture
system on a random position machine (RPM), were both employed to
mimic the SMG conditions both in vivo and in vitro, respectively. Con-
secutively, we explored the underlying regulation mechanism of SMG on
bone deterioration and MSCs cell fate determination.

Results
SEC2 rescued mice femoral bone loss induced by microgravity
simulated by hind limb suspension
In order to simulate the effects ofmicrogravity onweight-bearing bones, we
utilized the HLS mouse model. To assess the microarchitectures and
characteristics of the trabecular bones in the distal femurs of mice, we
employed micro-computer tomography (micro-CT) analysis, comparing
controlmice to those subjected toHLSwith orwithout SEC2 treatment. The
findings revealed that microgravity resulted in a reduction of trabecular
bonemass in the distal femurs ofmice.However, this effectwas significantly
mitigated when SEC2 was administered, as evidenced by the restoration of
both microstructure and bone mass (Fig. 1A). The HLS group exhibited
decreased bone structural parameters, including bone volume/total volume
(BV/TV), bone mineral density (BMD), and trabecular thickness (Tb.Th),
in comparison to the control group. Notably, the application of SEC2 ele-
vated these parameters (Fig. 1B–D). Notably, SEC2 administration in
control mice without HLS intervention did not significantly affect bone
mass ormicrostructural parameters. This indicates that the restorative effect
of SEC2onbonemass is highlydependent on themicrogravity environment
(Supplementary Fig. 1). Immunohistochemistry (IHC) staining further
demonstrated that the expression levels of osteogenic markers including
osteocalcin (OCN) and osteopontin (OPN) were downregulated in the
femoral trabecular bone following HLS treatment. Nevertheless, these
markers were restored to normal levels after SEC2 administration (Fig.
1E, F).

Bone marrow adiposity increase was reversed by SEC2 treat-
ment in hind limb suspension mice
The impact of microgravity on the adipose content in the bone marrow of
weight-bearing femurs was assessed using immunofluorescence staining.
Femur bone marrow samples from different groups were stained with goat
anti-perilipin antibody, which helps to reveal the content and structure of
lipid droplets in adipocytes. The staining results showed a significant
increase in adipose tissue in the bone marrow following HLS treatment, in
comparison to the control group. However, the administration of SEC2
effectively reduced the adipose accumulation in bone marrow (Fig. 2A).
Additionally, representative images of femur sections stained with hema-
toxylin & eosin supported these findings, demonstrating an increase in
adipocytes underHLS conditions, whichwas suppressed in theHLS+SEC2
group (Fig. 2B). Moreover, the semi-quantitative analysis revealed a sig-
nificant increase in the number of adipocytes as well as the adipose volume/
total volume (AV/TV) ratio in the bone marrow of the HLS group,

compared to the control group. However, both of these parameters were
significantly reduced after SEC2 treatment (Fig. 2C, D).

SEC2 ameliorated the fate shift of BMSCs into adipocytes under
simulated microgravity conditions
In our in vivo study, we observed a deterioration in the bone formation in
the femoral bone and bone marrow adiposity upon stimulation with SMG.
However, these changes were abolished with the treatment of SEC2. Based
on these findings, we hypothesized that SEC2 may regulate the shift in cell
fate of BMSCs from osteoblasts to adipocytes under microgravity condi-
tions. To investigate this, we utilized a RPM to randomly alter the orien-
tation of BMSCs relative to the gravity vector (Fig. 3A). The BMSCs were
grown in an osteoblast/adipocyte (OB/AD) inductionmedium at a 1:1 ratio
and were then stained with Oil red O (ORO) and Alizarin Red S (ARS) to
assess adipogenic and osteogenic differentiation, respectively. The results
showed that SMGsuppressedBMSCs’ ability todifferentiate intoosteoblasts
while enhancing their adipogenesis. Notably, the administration of SEC2
effectively reversed this cell fate shift under SMG conditions (Fig. 3B). The
quantification of lipid accumulation indicated a 67% increase in the adi-
pogenic activity of BMSCs under SMG. However, administration of SEC2
resulted in a 30% reduction of this effect (Fig. 3C). In parallel, quantification
of Alizarin Red S staining showed a 30% decrease in the osteogenic activity
of BMSCs under SMG, while SEC2 recovered it by 20% (Fig. 3D). Addi-
tionally, the mRNA levels of adipogenesis markers including Pparγ, Cebpα
and Leptin were elevated under SMG, while the osteogenesis markers
including Alp, Col1a1 and Runx2 were suppressed. However, the addition
of SEC2 significantly reversed the trend in protein expression, respectively
(Fig. 3E, F).

SEC2 reactivated Erk/β-catenin signaling pathway under
microgravity
Previous research has demonstrated that the Erk/β-catenin signaling
pathway becomes deactivated in the presence of microgravity6. Our study
also found that when exposed to SMG, there was a decrease in the relative
ratio of phosphorylated-Erk1/Erk1 (p-Erk1/Erk1) and phosphorylated-
Erk2/Erk2 (p-Erk2/Erk2). Furthermore, the reduced levels of cytosolic
β-catenin and the lowered nucleus/cytosolic ratio indicated suppressed
β-catenin signaling following SMG treatment. Interestingly, SEC2 was
observed topartially counteract the reduction inErk andβ-catenin signaling
(Fig. 4A–E, and Supplementary Fig. 2). Immunofluorescence staining
images further supported the role of SEC2 in restoring the impaired nucleus
translocation of Erk and β-catenin in the presence of SMG (Fig. 4F).

Knockdown of β-catenin diminished the promoting effect of
SEC2 on the fate specification of BMSCs
To further confirm the role of Erk/β-catenin signaling in the cell fate
determination of BMSCs under SMG conditions with SEC2 treatment, we
performed experiments using BMSCs with β-catenin siRNA knockdown.
These cells were then subjected toOB/AD inductionmedium to assess their
trans-differentiation ability. The results of Oil Red O and Alizarin Red S
staining demonstrated that in the siNC group, SEC2 counteracted the
increased adipogenesis anddecreased osteogenesis activity induced by SMG
in BMSCs. However, when siβ-catenin was applied, the inhibitory effect on
adipogenesis and the promoting effect on osteogenesis of SEC2 were sig-
nificantly ameliorated (Fig. 5A). The semi-quantitative analysis of the ORO
and ARS staining further supported our conclusions (Fig. 5B, C). Addi-
tionally, the results of quantitative real-time PCR analysis indicated that
siβ-catenin knockdown could attenuate the inhibitory effect of SEC2 on the
mRNA expression levels of adipogenesis markers induced by SMG (Fig.
5D), aswell as thepromoting effect of SEC2onSMG-inhibited expressionof
osteogenesis markers (Fig. 5E).

Discussion
Our study revealed the deteriorating impact of a SMG environment on the
microstructure of weight-bearing femoral trabecular bone in HLS mice.
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However, the administration of SEC2 treatment effectively reversed this
deterioration. Additionally, SEC2 was found to be successful in mitigating
the accumulation of bone marrow adipose tissue observed in HLS mice.
Furthermore, we discovered that SMG altered the fate of BMSCs, causing
them to differentiate into adipocytes instead of osteoblasts. Under SMG
conditions, SEC2 was able to redirect the differentiation of BMSCs from
adipogenesis to osteogenesis, thus counteracting the bone loss and bone
marrow adiposity induced by SMG. Our research also demonstrated that

SEC2 achieves this rescuing effect by activating the ERK/β-catenin signaling
pathways, as evidenced by increased Erk phosphorylation and β-catenin
nucleus translocation. Importantly, when β-catenin was silenced using
siRNA, the regulatory effect of SEC2wasdiminished.Thesefindings reveal a
novel mechanism by which SEC2 regulates the fate of BMSCs between
adipogenesis and osteogenesis under microgravity conditions, highlighting
its potential as a therapeutic approach for themanagement of bone loss and
bone marrow adiposity in microgravity environments.

Fig. 1 | Microstructure properties of the trabecular bone of hindlimb suspension
(HLS) mice after SEC2 treatment. A Three-dimensional reconstruction of trabe-
cular bone in the distal metaphysis of HLS mice after SEC2 treatment. Micro-
structure parameters including bone volume/tissue volume (BV/TV) (B), bone

mineral density (BMD) (C) and trabecular thickness (Tb.Th) (D). Data were shown
as mean ± SD (n = 6; *p < 0.05, **p < 0.01, **p < 0.001). Representative images of
femoral metaphysis with IHC staining using osteocalcin (OCN) (E) and osteopontin
(OPN) (F) antibodies. Scale bar: 50 μM.
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Fig. 2 | SEC2 reversed microgravity enhanced bone marrow adiposity. A Femurs
isolated from Control, HLS and HLS+SEC2 were subjected IF staining using anti-
perilipin antibody. Representative images of perilipin-stained femurs isolated from
three groups of mice. Scale bar: 100 μM. B Femur subjected to hematoxylin & eosin

staining. Representative images of hematoxylin & eosin-stained femurs harvested
from Control, HLS and HLS+SEC2 groups. Scale bar: 100 μM. C,DQuantification
of bone marrow adipocyte number and percentage of adipocyte volume based on
hematoxylin & eosin staining (n = 6; *p < 0.05, **p < 0.01, **p < 0.001).
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Microgravity is a crucial factor that affects various physiological sys-
tems of the human body when exposed to the space environment. These
effects becomemore pronounced over time.A specific symptom induced by
long-term spaceflight is bone loss, which is partially attributed to changes in
the behavior of bone cells7. Bone cells play a significant role in bone
remodeling, with osteoblasts responsible for bone formation, osteoclasts for
bone resorption, and osteocytes acting as regulators of bone remodeling and
mineral balance8. The experiencedweightlessness inmicrogravity decreases
the stress on load-bearing bones, leading to adaptive modifications that
promote bone resorption and hinder new bone formation9. Prior research
has emphasized the importance of exposure to different biochemical and
biomechanical factors indetermining the fate ofBMSCs.Prolongedbedrest,
resulting from brain/spinal cord injury or space travel, can lead to a lack of
mechanical signals. This absence redirects the differentiation of BMSCs
from osteogenesis to adipogenesis, ultimately leading to disuse
osteoporosis10. Observations among patients with osteoporosis have shown
that there is a tendency for BMSCs to differentiate into adipocytes rather
than osteoblasts. This results in the accumulation of adipose tissue within
the bone marrow and irregular bone reconstruction11. The in vitro study
result showed that the microgravity condition inhibits the BMSCs osteo-
genesis and instead induces the development of adipocytes12. However,
mechanical loading has the opposite effect by promoting osteogenesis over
adipogenesis, which is achieved by downregulating the expression of
PPARγ13. Furthermore, with the facilities availability, Wang’s group
investigated the effects of real microgravity using a scientific satellite and
discovered that microgravity in space leads to the trans-differentiation of
BMSCs from osteogenesis to adipogenesis. This is achieved by suppressing
the BMP2/SMAD and integrin/FAK/ERK signaling pathways, which in
turn decreases the expression and activity of RUNX2, a transcription factor

involved in osteogenesis. Additionally, microgravity increases the p38/
MAPK signaling pathway and decreases the ERK/AKT signaling pathway,
thus promoting adipogenesis4. In our study, we used a rotating random
position system to simulate the microgravity environment. The constant
rotationof the samplemay result in the time averagingof the g vector tonear
014. However, it is important to note that our system does not entirely
eliminate gravity, representing a limitation of our study. Additionally, the
movement of the cell culturemediumwithin the culture reservoir, driven by
the rotation of our SMG system,may produce fluid shear forces on the cells.
These forces could potentially trigger unintended signaling pathways and
induce cell behaviors that might not occur in true microgravity conditions.
Nevertheless, our SMG study results have shown a decrease in osteogenesis
and an increase in adipogenesis of BMSCs. These findings are consistent
with previous studies and confirm the reliability of our system in inter-
preting the effect of microgravity on in vitro tissue culture.

Staphylococcus aureus is a Gram-positive bacterium that produces a
heat-resistant enterotoxin called SEC2. SEC2 is categorized as a super-
antigen and has the ability to activate T cells by interacting with major
histocompatibility class II (MHC II) molecules, leading to downstream
immune reactivity. The stimulation of immune cells by SEC2 results in the
release of inflammatory cytokines, including IFNγ, IL-1 IL-6, and TNFα,
which exhibit various anti-cancer properties15,16. Additionally, the increased
levels of IFNγ triggered by SEC2 enhance the production of nitric oxide and
activate the p38/MAPK signaling pathway, ultimately promoting the
osteogenesis of BMSCs by upregulating the expression of Runx217. More-
over, SEC2 has been found to directly promote BMSCs osteogenesis and
accelerate bone fracture healing18, as well as promote bone consolidation in
the distraction osteogenesis model19. Fu’s team made the discovery that
SEC2 activates BMP2 and Runx2 signaling pathways to promote

Fig. 3 | SEC2 reversed microgravity induced
BMSCs trans-differentiation from osteogenesis to
adipogenesis. A Three-dimensional random posi-
tioning machine (RPM) for inducing simulated
microgravity on BMSCs. RPM setup was used to
continuously make random changes in the orien-
tation of BMSCs relative to the gravity vector.
B Representative images of Oil red O or Alizarin red
S staining of BMSCs cultured in 1:1 OB/AD induc-
tion medium under mimicked microgravity and
treated with SEC2. C Quantification of lipid accu-
mulation bymeasuring the 518 nm absorbance after
eluting the Oil Red O deposit with isopropanol.
D Quantification of Alizarin Red S stained nodulus
measured under the wavelength of 560 nm. The
mRNA expression level of adipogenesis markers (E)
and osteogenesis markers (F) were measured by
real-time PCR.
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Fig. 4 | SEC2 reversed microgravity induced down-regulation of ERK and
β-catenin signaling. AWestern blot analysis of Erk phosphorylation and β-catenin
nucleus translocation of BMSCs under SMG condition and SEC2 treatment.
Quantitative analysis of relative protein band intensity of p-Erk1/Erk1 (B), pErk2/

Erk2 (C), cytosol β-catenin (D) and nucleic/cytosol β-catenin (E).
F Immunofluorescence (IF) staining analysis of β-catenin and Erk nucleus trans-
location under SMG condition and treated with SEC2. Scale bar: 50 μm.
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osteogenesis. Additionally, SEC2 administration induces the expression of
IFI6, a gene that is induced by IFNγ, which further enhances the commit-
ment of BMSCs to osteogenesis20. Our research primarily focused on elu-
cidating the mechanism of SEC2 in microgravity-induced osteoporosis,
given its potential to markedly influence bone regeneration. In contrast,
osteocytes, which are the most abundant bone cells, serve as central

regulators of bone homeostasis by sensing mechanical stress and mod-
ulating osteoblast and osteoclast activity through molecules like sclerostin
and RANKL. Under microgravity conditions, reduced mechanical loading
leads osteocytes to increase RANKL secretion, promoting osteoclastogen-
esis and bone resorption, which exacerbates bone loss. The cytokine storm
induced by SEC2, particularly IL-6 and TNFα, could further dysregulate

Fig. 5 | SEC2 reversed microgravity induced adi-
pogenesis and impaired osteogenesis of BMSCs
via downregulating β-catenin expression.
A Representative images of Oil red O or Alizarin red
S staining of BMSCs after β-catenin knockdown and
cultured in 1:1 OB/AD induction medium under
mimicked microgravity and treated with SEC2.
Quantitative analysis of Oil Red O (B) and ARS
staining intensities (C). The mRNA expression level
of adipogenesis (D) and osteogenesis markers (E)
measured by real-time PCR (n = 6; *p < 0.05,
**p < 0.01, ***p < 0.001).

https://doi.org/10.1038/s41526-025-00548-y Article

npj Microgravity |            (2026) 12:7 7

www.nature.com/npjmgrav


osteocyte signaling by elevating RANKL expression, thereby amplifying
osteoclast activity and bone degradation in microgravity environments.
Therefore, it is crucial to thoroughly understand the role of SEC2 in bone
homeostasis to develop targeted therapies, and if any exist, to identify
potential adverse effects of such therapies in counteracting microgravity-
induced bone loss.

In our study, we discovered that the SMG condition deactivated Erk
phosphorylation as well as β-catenin expression and nucleus translocation
in BMSCs. The administration of SEC2 partially counteracted the negative
effects of SMG on the Erk/β-catenin signaling. Knockdown of β-catenin
could significantly hinder the enhancing effect of SEC2 on BMSCs’ osteo-
genic differentiation under SMG. Both the ERK and Wnt/β-catenin sig-
naling pathways played crucial roles in managing BMSCs differentiation.
Specifically, the ERK/MAPK pathways contributed to osteoblast differ-
entiation by phosphorylating and activating RUNX2, a major transcription
factor that regulates downstream signaling pathways during osteoblastic
differentiation21. On the contrary, it is evident thatWnt/β-catenin signaling
is crucial in determining the lineage of mesenchymal precursor cells during
their growth phase. β-catenin, a key component of canonicalWnt signaling,
has a significant influence in determining the cell fate of BMSCs. Research
demonstrated that the elimination of β-catenin in pre-osteoblasts led to a
shift in cell fate from osteoblasts to adipocytes, as observed through lineage
tracing. This shift may potentially result in an increase in bone marrow
adiposity and a decrease in bonemass22. A study on irisin, a small molecule,
revealed that it could rescue the impaired osteoblast differentiation under
SMG by increasing β-catenin expression. This finding further confirms the
significant role ofWnt/β-catenin signaling in regulating osteogenesis under
microgravity23. Furthermore, the crosstalk between the Wnt/β-catenin and
ERK signaling pathways in microgravity conditions was also examined.
Cheng et al. discovered that SMG inhibits both Wnt/β-catenin and ERK
signaling. Interestingly, the introduction of the ERK agonist tert-
Butylhydroquinone (tBHQ) was able to activate Wnt/β-catenin to a simi-
lar extent as the Wnt activator LiCl, which suggests the presence of a reg-
ulatory cascade involving ERK-Wnt/β-catenin in response to SMG
stimulation6. In our own study, we confirmed that both ERK and Wnt/
β-catenin signaling in BMSCs were suppressed under SMG conditions but
were enhanced with SEC2 treatment. However, we haven’t fully char-
acterized the potential cell surface receptor for SEC2 on BMSCs. Emerging
evidence suggested that SEC2may interact with Toll-like receptors (TLRs),
particularly TLR2 and TLR4, on the surface of various cell types, including
BMSCs. These receptors can initiate downstream signaling cascades that
activateERKand β-catenin pathways24. Further investigations are needed to
fully understand the engagement of TLRs in regulatorymechanismof SEC2
on the ERK and Wnt/β-catenin signaling pathways during BMSCs osteo-
genesis and adipogenesis under SMG. This suggests that SEC2may exert its
osteogenic effects through binding to TLRs or similar pattern recognition
receptors on BMSCs, triggering ERK and β-catenin signaling pathways that
facilitate osteogenic differentiation and bone regeneration.

During the early phase of space exploration, NASA discovered that
bisphosphonates, commonly used for osteoporosis treatment, effectively
slowed the progression of osteoporosis in astronauts, enabling them to
spend more time in space. However, these medications do come with side
effects25. In 2001, a partnership betweenAmgen andNASA led to the testing
of a sclerostin antibody drug called STS-108 on animals aboard a spacecraft.
The results were promising, showing a reduction in bone loss in micro-
gravity conditions26. More recently, researchers at UCLA reported that a
drug named BP-NELL-PEG successfully inhibited spaceflight-induced
bone loss in mice aboard the International Space Station, notably without
any adverse effects27. At the same time, during the launch of China’s
“Tianzhou-1” spacecraft, Tsinghua University introduced an anti-
osteoporosis drug known as 3-hydroxybutyrate (3HB), which has the
potential to enhance the proliferation, differentiation, andmineralization of
osteoblasts while inhibiting the abnormal activation of osteoclasts28. SEC2 is
a specifically designed fracture healing medication characterized by a low
effective dose and cost-effectiveness, boasting a stable molecular

composition that allows for storage at ambient temperatures. Unlike
protein-based and nucleic acid medications, SEC2 offers significant
advantages in storage and transportation, making it particularly well-suited
for the needs of space exploration.

However, our study still has a limitation.Whilewe discussed the effects
of SEC2 on T cells, it does not sufficiently address how microgravity con-
ditions might influence this interaction or result in indirect effects. Micro-
gravity is known to significantly alter immune cell functions, includingTcell
activation, proliferation, and cytokine production29. Notably, Risso’s
research demonstrated a substantial reduction in the secretion of IL-2 and
IFNγ by human and animal T cells under microgravity conditions30.
Although our previous work indicated that SEC2 stimulates T cells to
produce IFNγ, a cytokine essential for bone formation17, further research is
necessary to explore how SEC2 may indirectly promote bone regeneration
through T cell-mediated mechanisms in a microgravity environment. Such
studies could strength our understanding of the complex immunological
landscape and elucidate the comprehensive effects of SEC2 under micro-
gravity conditions.

Overall, in our study, we successfully demonstrated the potential of
SEC2 administration in rescuing bone loss and bone marrow adiposity
caused by hind limb suspension, a simulation ofmicrogravity. Additionally,
we investigated the mechanism of SEC2 in inhibiting the trans-
differentiation of BMSCs from osteogenesis to adipogenesis under SMG.
Notably, we found that the ERK/β-catenin signaling pathway played a cri-
tical role in the regulatory effect of SEC2 on BMSCs’ cell fate commitment
under SMG conditions. These findings suggest that SEC2 could be a pro-
mising treatment approach and offer a novel therapy for preventing
osteoporosis and other musculoskeletal disorders induced by microgravity.

Methods
Hind limb unloading
The methodology for the hindlimb unloading model was adapted from
Morey-Holton’s original protocol. In general, a total of 18 6-week-old
C57BL/6 male mice were divided into three groups: the control group, HLS
group, and HLS+SEC2 group. The mice in the control group were allowed
to move freely without hindlimb unloading. The mice in the HLS or HLS
+SEC2 groups were housed in cages and suspended to unload their hin-
dlimbs, following the recommendations ofMorey-Holton. This positioning
held their bodies at an approximate angle of 30°31. This setup provided the
micewith unlimited access to food andwater, ensuring their nutritional and
hydration needs were met. The mice’s appearance, eating and drinking
patterns, and tail conditions weremonitored twice daily. In theHLS+SEC2
groups, the SEC2 was injected into the HLS mice intraperitoneally at a
dosage of 10 μg/kg twice a week. After a 2-week suspension period, themice
were euthanized, and their bilateral femurs were collected for further ana-
lysis. All experimental procedures conducted in this studywere approved by
theEthicsCommittee of theChineseUniversity ofHongKong and followed
the guidelines set by the Hong Kong Animal Experimentation Ethics
Committee (AEEC).

Micro-CT analysis
The femurs were placed in a 15-mm imaging cylinder and fully submerged
in 70% ethanol. They were then analyzed usingmicro-CT (ScancoMedical,
Wangen, Switzerland) with the following parameters: voltage at 70 kV,
isotropic resolution at 10.5 μm, and reconstruction threshold at 158mg
hydroxyapatite/cm3. The volume of interest within the distal femurs was
determined, starting from the growthplate and extending for 200 successive
sections (10 μm/section) on the proximal side. Three-dimensional (3D)
reconstructions were generated, and bone parameters such as bone volume
to total volume (BV/TV), bone marrow density (BMD), and trabecular
thickness (Tb.Th.) were calculated using established methods32.

H&E and immunohistochemistry
Hindlimb femurs from different mice groups were collected and equili-
bratedwith 4%paraformaldehyde overnight. Subsequently, the femurswere
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decalcified with 5% ethylenediaminetetraacetic acid (EDTA) at room
temperature for 3 weeks. After dehydration and paraffin embedding, the
femurs were longitudinally sectioned at a thickness of 4 µm. The sections
were then subjected to hematoxylin & eosin (H&E) staining for the semi-
quantitative analysis of proximal metaphyseal adipocyte parameters,
including adipocyte number (mm-2) and adipocyte volume per tissue
volume (AV/TV). The immunohistochemistry (IHC) staining was per-
formed according to an established protocol33. For IHC staining, primary
antibodies including rabbit anti-OCN (1:100, ab93876, Abcam, Cambridge,
UK) and rabbit anti-OPN (1:100, ab8468, Abcam, Cambridge, UK) were
utilized in accordancewith themanufacturer’s instructions. Signal detection
was achieved using the horseradish peroxidase-streptavidin system (Dako,
Carpinteria, USA), with hematoxylin used for counterstaining. Positive
staining images of the trabecular bones at the distal metaphysis were cap-
tured using a light microscope (Leica, Cambridge, UK).

Rotation microgravity simulation
Gravite® desktop random positioning machine (RPM, Space Bio-
Laboratories Co., Ltd, Hiroshima, Japan) was used to simulate micro-
gravity conditions for cell culture following previous reports34. To
investigate the effects of SMG, BMSCs were cultured in a 12-well culture
dish until 90% confluency. The dish was then covered with a 12-well iP-
TEC® Well Plate Cover (Sanplatec, Osaka, Japan) and securely fixed
onto the cell culture container of the RPM using rubber bands. The cell
culture container, along with the RPM’s internal framework, was placed
within a 37 °C incubator. The machine was operated in a randommode,
with speeds ranging from 8 to 12 rpm and directions that encompassed
both the inner and outer frames. This created a simulated environment
of 10−3g, as confirmed by a gravity acceleration sensor. A stationary
gravity control group was set with the BMSCs cultured in the same RPM
positioned incubator without rotation.

BMSCs culture and differentiation
BMSCs were isolated from the bone marrow of 6-week-old C57BL/6 mice
and stored in our lab, following the previously described method35. The
culture medium consisted of Minimum Essential Medium alpha (α-MEM)
supplemented with 10% fetal bovine serum and a mixture of 1% penicillin,
streptomycin and neomycin. The cells were cultured in a humidified
environment at 37 °C with 5% CO2. For our study, a combination of
osteoblastogenesis (OB) and adipogenesis (AD) induction medium was
usedat a 1:1 ratio.TheOBinductionmediumcontained the culturemedium
supplemented with 10 nM dexamethasone, 50 μg/mL ascorbic acid, and
10mM glycerol 2-phosphate. The AD induction medium was prepared by
adding 500 nM dexamethasone, 50 μM indomethacin, 0.5 mM isobutyl
methylxanthine, and 10 μg/mL insulin to the culture medium. The induc-
tion of BMSCs was performed for 7 days using the OB:AD induction
medium. The combined induction medium was replaced every 3 days. In
the SEC2 treatment group, SEC2 was added to the BMSCs’ induction
medium at a concentration of 10 μg/mL, following the previously described
method20.

Immunofluorescence (IF) staining
For immunofluorescence (IF) staining, BMSCs were cultured in a 12-well
plate until 80% confluency. The cells were then treated with SEC2 (10 μg/
mL) and fixed on the RPM SMG system for 12 h. After incubation, the cells
werePBSwashedandfixedwith a4%phosphateparaformaldehyde solution
(Sigma-Aldrich, St. Louis, MO, USA). To block nonspecific binding, the
cells were blocked with 5% BSA. For paraffin sections, the sections were
boiled in 100 °C citrate buffer for antigen retrieval, and then soaked in
hydrogen peroxide for quenching. After that, the sectionswere blockedwith
3% BSA. The fixed cells or sections were incubated overnight at 4 °C with
primary antibodies, including rabbit anti-perilipin (1:200, ab3526, Abcam,
Cambridge,UK),mouse anti-β-catenin (1:100, 610153, BDBiosciences, San
Jose, CA, USA) and rabbit anti-Erk (1:100, Sc-16982, Santa Cruz Bio-
technology, Santa Cruz, CA, USA), in BSA. Subsequently, cells were

incubated with secondary antibodies including goat anti-rabbit IgG-H&L
(AlexaFluor®488) (ab150077,Abcam,Cambridge,UK) andgoat anti-rabbit
IgG-H&L (Alexa Fluor® 647) (ab150083, Abcam, Cambridge, UK)
according to the primary antibody used. The cells or sections were coun-
terstained with DAPI. Photographs of selected areas were taken under a
Leica DMIRB Inverted Leica Modulation Contrast Microscope (Leica,
Wetzlar, Germany).

Oil Red O and Alizarin Red S staining
To perform Oil Red O staining, the cells in the culture plate were washed
with PBS and fixed with 4% paraformaldehyde for 30min. After PBS
washing, 200 μl of a 0.5% Oil Red O solution (ORO, Sigma-Aldrich, St.
Louis, MO, USA) was added to the fixed cells and incubated at room
temperature for 30min. The ORO staining patterns were then fixed with
70% ethanol and washed with PBS. For Alizarin Red S staining, the mouse
cells werewashedwith PBS andfixedwith 70% ethanol for 30min. The cells
were then stained with a 2% Alizarin Red S staining solution (ARS, Merck,
Rahway,NJ,USA) for 10min.The stained lipid droplets or calcifiednodules
were captured using an Epson Perfection V850 scanner (Seiko Epson,
Japan) and the quantitative analysis was performed using ImageJ (NIH,
Bethesda, MD, USA)36.

Real-time PCR
Total RNA of cultured cells was collected using the RNAiso Plus reagent
(TaKaRa, Shiga, Japan) following the manufacturer’s instructions. Follow-
ing RNA extraction, cDNAs were reversely synthesized from the RNA
samples using PrimeScript RT Master Mix (TaKaRa, Shiga, Japan). For
quantifying the expression of target mRNA, real-time PCR was
performed using Power SYBR Green PCR Master Mix (Thermo
Fisher Scientific, Mass, IL, USA) with the ABI 7300 Fast Real-Time
PCR Systems (Applied Biosystems, Foster, CA, USA). The relative
fold changes of the candidate gene expression were subsequently
determined by employing the 2−ΔΔCt method. The primers used in
the study were listed in Supplementary Table 1.

Western blot
Cells were lysed using the radioimmunoprecipitation assay (RIPA)
buffer, which consists of 25 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.1%
SDS, 0.5% sodium deoxycholate, 1% NP40, and cOmplete Mini Pro-
tease Inhibitor Cocktail (Roche, Basel, Swiss) was added. The lysed cells
were then centrifuged at 14,000 rpm for 10 min at 4 °C to obtain the
soluble protein fraction. The soluble proteins were mixed with 5×
sample loading buffer (Roche, Basel, Swiss). The protein samples were
loaded onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel and subjected to electrophoresis at 120 V, and then
transferred onto a polyvinylidene fluoridemembrane at 100 V for 1 h at
4 °C. Membranes were first blocked with 5% nonfat milk. Then, specific
antibodies were applied and incubated: mouse anti-β-catenin (1:3000,
610153, BD Biosciences, San Jose, CA, USA), rabbit anti-Erk (1:1000,
Sc-16982, Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse
anti-phosphorylated Erk (610030, BD Biosciences, San Jose, CA, USA),
and rabbit anti-β-actin (1:3000, Sc-47778, Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The results were captured on an X-ray film using
a Kodak film developer (Fujifilm, Tokyo, Japan). The integrated gray
values for each band were then quantified using ImageJ software (NIH,
Bethesda, MD, USA).

Statistical analysis
All data were presented as mean ± standard deviations. The experiments
were independently repeated at least three times, and representative data are
shown. The statistical significance among multiple groups was assessed
using One-way ANOVA for comparisons, followed by Tukey’s Honestly
Significant Difference test for post-hoc analysis. The statistical significance
between two independent groups was evaluated using Two-tailed student’s
t-test withWelsh’s correction. The analysis was performed with GraphPad
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Prism 8 (GraphPad Software, USA). A p-value of less than 0.05 was con-
sidered statistically significant.

Data availability
Raw data were generated at the Chinese University of Hong Kong. Derived
data supporting the findings of this study are available from the corre-
sponding author GL on request.
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