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Abstract
Background: Skeletal unloading usually induces severe disuse osteoporosis (DOP), which often occurs in
patients subjected to prolonged immobility or in space�ight astronauts. Increasing evidence suggests
that exosomes are important mediators in maintaining the balance between bone formation and bone
resorption. We hypothesized that exosomes play a pivotal role in the maintenance of bone homeostasis
through intercellular communication between bone marrow mesenchymal stem cells (BMSCs) and
osteoclasts under mechanical loading.

Methods: Cells were divided into cyclic mechanical stretch (CMS)-treated BMSCs and normal static-
cultured BMSCs, and exosomes were extracted by ultracentrifugation. After incubation with CMS-treated
BMSC-derived exosomes (CMS_Exos) or static-cultured BMSC-derived exosomes (static_Exos), the
apoptosis rates of bone marrow macrophages (BMMs) were determined by �ow cytometry, and cell
viability was detected with a CCK-8 assay. Osteoclast differentiation was determined with an in vitro
osteoclastogenesis assay. Signaling pathway activation was evaluated by Western blotting and
immuno�uorescence staining. Hindlimb unloading (HU)-induced DOP mouse models were prepared to
evaluate the function of exosomes in DOP.

Results: Both CMS_Exos and static_Exos could be internalized by BMMs, and CMS_Exos did not affect
BMM viability or increase apoptosis. CMS_Exos effectively suppressed receptor activator of nuclear
factor-κB ligand (RANKL)-mediated osteoclast differentiation and F-actin ring formation. Further
molecular investigation demonstrated that CMS_Exos impaired osteoclast differentiation via inhibition of
the RANKL-induced NF-κB signaling pathway. Both CMS_Exos and static_Exos partly rescued the
osteoporosis caused by mechanical unloading; however, the CMS_Exo group showed more obvious
rescue. CMS_Exo treatment signi�cantly decreased the number of tartrate-resistant acid phosphatase
(TRAP)-positive osteoclasts.

Conclusions: Exosomes derived from CMS-treated BMSCs strongly inhibited osteoclast differentiation by
attenuating the NF-κB signaling pathway in vitro and rescued osteoporosis caused by mechanical
unloading in an HU mouse model in vivo.

Background
Bone is a rigid but dynamic tissue that undergoes modeling and remodeling throughout life. Mechanical
loading has been previously reported to play a crucial role in modulating bone remodeling and
homeostasis [1–3]. Under normal weight-bearing conditions, bone remodeling is coordinately regulated
by osteoclastic bone resorption and osteoblastic bone formation. Reduced mechanical stimulation of
bone disrupts this delicate equilibrium and leads to signi�cant bone loss, as evidenced by disuse
osteoporosis (DOP), which is a critical issue for long-term bed rest patients and astronauts [4–6].

Osteoblasts and osteoclasts, including their precursor cells, are sensitive to mechanical stimuli and can
transform mechanical signals into biological responses [1, 2, 4–9]. Proper mechanical stimulation
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promotes the osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) through
epigenetic regulation via HDAC1 and Dnmt3b [6, 9]. Our previous study demonstrated that mechanical
loading positively regulates bone formation in vivo and that cyclic mechanical stretch (CMS) regulates
osteoblast differentiation in vitro via mechanosensitive miRNA-103a directly targeting Runx2 [1].
However, RANKL-induced osteoclast differentiation is directly suppressed during the period of mechanical
loading but enhanced in the absence of mechanical stress [5, 7, 8]. Previous studies have focused on the
mechanical responses during the differentiation of osteoblasts and osteoclasts, but the intercellular
communication between these cells under mechanical loading has not been fully elucidated.

Intercellular communication between osteoblasts and osteoclasts is important for the establishment and
maintenance of bone remodeling [10–12]. In addition, BMSCs not only act as progenitors of osteoblasts
but also support osteoclast differentiation and participate in communication related to bone remodeling
[13]. Recently, exosomes, extracellular membrane vesicles with a diameter of ~ 30–160 nm, have been
demonstrated to tra�c RNA, DNA, and proteins between cells and serve as mediators of intercellular
communication [14, 15]. Studies have revealed the involvement of a number of bone-derived exosomes in
the regulation of bone homeostasis [13, 14, 16–19]. For example, exosomes derived from UAMS-32P, an
osteoblastic cell line, facilitate osteoclast formation [20]. In contrast, osteoclast-derived miR-214-3p-
containing exosomes can be transferred to osteoblasts to inhibit osteoblast activity and bone formation
[10, 21]. To date, a large number of studies have con�rmed that osteoclast-derived factors and exosome-
packaged microRNAs can either inhibit or enhance osteoblast differentiation through juxtacrine or
paracrine mechanisms independent of their resorptive activity [17]. However, research focusing on BMSC-
derived exosomes in�uencing osteoclast differentiation is rare [18].

We hypothesized that exosomes play a pivotal role in the maintenance of bone homeostasis through
mediating intercellular communication between BMSCs and osteoclasts under mechanical loading. In
this study, we demonstrated, for the �rst time, that exosomes derived from CMS-treated BMSCs
(CMS_Exos) strongly inhibited osteoclast differentiation by attenuating the NF-κB signaling pathway.
Furthermore, these exosomes effectively rescued osteoporosis caused by mechanical unloading in a
hindlimb unloading (HU) mouse model in vivo. These results not only demonstrate the role of exosomes
in communication between BMSCs and osteoclasts under mechanical loading but also reveal a potential
therapeutic approach for DOP.

Materials And Methods

Cell culture
BMSCs were obtained from C57BL/6J mice and cultured as previously described [6]. Brie�y, BMSCs were
�ushed out of the femurs and tibias with α-minimum essential medium (α-MEM) and cultured in growth
medium (α-MEM supplemented with 10% fetal bovine serum [FBS], 100 U/mL penicillin G, and 100 µg/mL
streptomycin [all from HyClone, Logan, UT, USA]) at 37 °C in the presence of 5% CO2 after lysis of red
blood cells. Nonadherent cells were removed by replacing the growth medium after 3 days. The attached
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BMSCs were not used beyond passage 5. Bone marrow macrophages (BMMs) were prepared as
previously described [22]. Brie�y, cells extracted from the femurs and tibias of mice were allowed to
proliferate in growth medium containing 30 ng/mL M-CSF (R&D Systems, Minneapolis, MN, USA). The
cells were washed during a medium change to deplete residual stromal cells. At 80%-90% con�uence, the
cells were washed with phosphate-buffered saline (PBS) three times and then trypsinized to harvest
BMMs.

CMS application
BMSCs were seeded on six-well �exible silicone rubber BioFlex plates coated with collagen type I (Flexcell
International Corporation, Hillsborough, NC, USA). The cells were cultured for 24 to 36 h to reach 60%
con�uency, at which time the growth medium was replaced. CMS at a 0.5-Hz sinusoidal curve at 8%
elongation was applied using an FX-5000T Flexercell Tension Plus unit (Flexcell International
Corporation) as described in our previous study [1]. The cells were incubated in a humidi�ed atmosphere
at 37 °C and 5% CO2 during stretching. The conditioned medium for exosome collection was
supplemented with FBS previously depleted of exosomes by ultracentrifugation at 120,000 g for 90 min.
The culture supernatants were harvested immediately after CMS stimulation for 48 h. Control cells were
cultured on the same plates in the same incubator but were not subjected to stretching.

Exosome extraction and identi�cation
Exosome extraction was performed as previously described [10, 21]. First, culture supernatant containing
exosomes was harvested by centrifugation at 300 g for 10 min at 4 °C to remove �oating cells, followed
by additional rounds of centrifugation at 2,000 g for 20 min and 10,000 g for 5 min at 4 °C and passage
through a 0.22-µm membrane �lter to remove particles larger than 220 nm. At each step, the supernatant
was transferred to new tubes, and the pellets were immediately rinsed with PBS. Exosomes were pelleted
via ultracentrifugation at 120,000 g for 70 min at 4 °C, washed in PBS and ultracentrifuged again, and the
pellets were resuspended in PBS. The isolated exosomes were used immediately or stored at -80 °C. The
protein concentration in exosomes was determined with a BCA protein assay kit (Thermo Scienti�c,
Product #23225). Exosome morphology was detected by transmission electron microscopy (TEM). The
size distribution and intensity of exosomes were examined using NanoSight (NanoSight NS300, Malvern,
UK). Speci�c exosomal biomarkers, including CD63 and TSG101, were detected by Western blot analysis.

Exosome labeling and uptake
The �uorescent dye 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) (Beyotime, Shanghai, China) was
used to label exosomes and the cell membrane. CMS_Exos and exosomes derived from control BMSCs
(static_Exos) were incubated with the �uorescent dye DiO (5 mM) for 15 min at 37 °C, followed by two
rounds of ultracentrifugation at 120,000 g for 90 min to remove any free dye. The labeled exosomes were
incubated with BMMs for 4 h. After that, the cells were �xed and incubated with DAPI (Beyotime,
Shanghai, China) to stain cell nuclei. The uptake of labeled exosomes by BMMs was observed with an
LSM5 confocal microscope (Zeiss, Germany).

Measurement of cell viability and apoptosis
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According to the manufacturer’s instructions for a Cell Counting Kit-8 (CCK-8) kit, the antiproliferative
effect of exosomes on BMMs was assessed. Brie�y, BMMs were seeded and then cultured for 48 h with
different doses of exosomes. Cell viability was examined using CCK-8 (Dojindo, Japan). Optical density
was measured at 450 nm (630 nm as reference) with an ELX800 absorbance microplate reader (Bio-Tek,
Winooski, VT, United States). Detection of cell apoptosis rates was performed by �ow cytometry using the
FITC Annexin V Apoptosis Detection Kit I (BD Biosciences, USA). BMMs were exposed to exosomes for
48 h in the presence or absence of RANKL. The results were analyzed with a FACStar (BD Biosciences).
Nuclei were stained with DAPI in PBS at 37 °C for 10 min in the dark. The cell nuclei were observed and
imaged with confocal microscopy.

In vitro osteoclastogenesis assay
BMMs were differentiated into osteoclasts over 5 days by incubation in complete culture medium
containing RANKL (50 ng/mL) and M-CSF (30 ng/mL), as previously described [22]. To determine the
in�uence of exosomes on osteoclast differentiation, exosomes were included in the culture medium at a
range of concentrations (0, 5 10 or 25 µg/mL). Every other day during the incubation, the culture medium
was replenished with fresh medium containing RANKL, M-CSF, and the indicated concentration of
exosomes. To investigate all stages of exosome addition-dependent effects on osteoclastogenesis,
BMMs were cultured with exosomes (25 µg/mL) added at different stages of the 5-day culture period:
days 0–2 (early stage) and days 3–5 (late stage). After 5 days, cells were �xed in paraformaldehyde and
stained for tartrate-resistant acid phosphatase (TRAP) activity. The number of mature osteoclasts (TRAP+

cells containing more than three nuclei) was calculated.

F-actin ring immuno�uorescence
For F-actin ring immuno�uorescence staining, exosome-pretreated osteoclasts were �xed in 4%
paraformaldehyde for 15 min, permeabilized in 0.1% Triton X-100 in PBS for 5 min, and then incubated
with rhodamine-conjugated phalloidin for 30 min at room temperature. The cells were then incubated
with DAPI for visualization of nuclei. The actin ring distribution was visualized using a confocal
microscope.

Confocal microscopy for NF-κB localization
RAW264.7 cells were seeded in 6-well plates containing sterile cover slips. After incubation with culture
medium at 37 °C for 24 h, the cells were pretreated with exosomes for 4 h, followed by stimulation with
RANKL (50 ng/mL) for 20 min. After the incubation, the cells were washed twice with PBS, �xed in 4%
paraformaldehyde for 20 min and then permeabilized with 0.1% Triton X-100 for 30 min at room
temperature. After blocking with 5% BSA for 1 h at room temperature, the cells were incubated with an
anti-p65 subunit antibody (Cell Signaling Technology, Danvers, USA) diluted 1:100 in PBS at 4 °C
overnight. Nuclei were stained with DAPI. The nuclear translocation of p65 was imaged using confocal
microscopy.

Western blot analysis
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Western blot analysis was performed as previously described [22]. RAW264.7 cells were seeded in 6-well
plates at a density of 6 × 105 cells per well. After growing to con�uence, the cells were pretreated with or
without exosomes for 4 h. The cells were then stimulated with 50 ng/mL RANKL for 10 min. The cells
were lysed with radioimmunoprecipitation assay lysis buffer (Thermo Fisher Scienti�c, Waltham, MA,
USA), and the protein concentration was determined with a BCA protein assay. Lysate proteins (30 µg)
were separated by 10% SDS-PAGE and transferred to polyvinylidene di�uoride membranes. The
membranes were blocked with 5% skim milk in TBST for 1 h and incubated with primary antibodies
overnight at 4 °C. An HRP-conjugated secondary antibody was used at a 1:5,000 dilution. Immunoblots
were visualized with an enhanced chemiluminescence detection system (Millipore, Billerica, MA, USA).
Immunoreactive bands were quanti�ed on scanned �lms in triplicate by normalizing the band intensities
to the intensity of the GAPDH band with the help of Alpha Image software. All primary antibodies and
secondary antibodies used in this study were purchased from Cell Signaling Technology.

Hindlimb-unloading mice
Animal studies were performed as previously described [1]. Six-month-old male C57BL/6J mice were
purchased from Shanghai SLAC Laboratory Animal Co., Ltd. and were individually caged under standard
conditions (12-h light/12-h dark cycle, 21 °C controlled temperature). Animals were suspended from the
hindlimbs for a period of 28 days. The suspension height was adjusted to prevent the hindlimbs from
touching any supporting surface while maintaining a suspension angle of approximately 30 degrees.
This allowed the forelimbs to have contact with the grid �oor and allowed the animals to move around
the cage for free access to food and water. Mice in the intervention groups received tail vein injections of
Static_Exos or CMS_Exos (5 mg/kg body weight, 0.1 ml per injection) twice a week for 4 weeks. In the
weight-bearing (WB) group or HU group, the mice received an equal volume of PBS at the same time
points. Four weeks later, the bilateral femurs and tibias were dissected and processed for micro-computed
tomography (µCT) examination and bone histomorphometric analysis.

µCT analysis of femurs
Right femurs were �xed in 4% paraformaldehyde for 24 h and stored in 70% ethanol at 4 °C. The samples
were scanned by high-resolution µCT (SCANCO µCT 100, Brüttisellen, Switzerland). Each femur was
imaged with the following instrument settings: 70 kV, 200 µA, 0.5-mm Al �lter, 300-ms exposure, and 10-
µm pixel size. After scanning, the data were reconstructed with SCANCO µ100 Evaluation V6.5-3 with a
constant threshold value. The region of interest (ROI) of trabecular bone was 0.8 mm in height and
0.3 mm below the growth plate, and the ROI of cortical bone was 1 mm in height and 2 mm below the
growth plate. The ROI of bone within this volume was manually de�ned, and the following bone
parameters were included: Tb.Th, BMD, bone volume percentage (BV/TV), Tb.N, Tb.Sp and Ct.Th.

Histological and histomorphometric analysis
Left femurs were �xed in 4% paraformaldehyde for 24 h, and then 12.5% EDTA was used for
decalci�cation for approximately 3 weeks. The tissues were embedded in para�n, and histological
sections (5-µm thick) were made. Subsequently, the sections underwent hematoxylin and eosin (H&E) and
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TRAP staining with methyl green counterstaining. A high-quality microscope was used to examine and
image the specimens. The number of TRAP+ multinucleated osteoclasts (N.Oc/BS, 1/mm) and the
percentage of osteoclast surface per bone surface (OcS/BS, %) were assessed for each sample.

Statistical analysis
SPSS 22.0 software (SPSS Inc., United States) was included for statistical analysis. All values are
presented as the mean ± standard deviation (SD) of three independent replicates. Student’s t-test was
performed to compare differences. ∗p < 0.05 and ∗∗p < 0.01 indicate signi�cant differences.

Results

Characterization of exosomes and incorporation of
exosomes into BMMs
Exosomes were successfully isolated from BMSC culture medium and identi�ed (Fig. 1). The exosomes
were observed using TEM, revealing a typical diameter of ~ 100–150 nm with a rounded morphology
(Fig. 1a). Particle size and concentration were measured by NanoSight (Fig. 1b). The diameters of
Static_Exos were distributed at 60–200 nm with a size peak of 98 nm, and the diameters of CMS_Exos
were distributed at 40–260 nm with a size peak of 105 nm. Western blot analysis results con�rmed
presence of expected proteins, such as CD63 and TSG101, in the exosomes and the absence of the
nuclear proteins LaminA/C and the endoplasmic reticulum protein Calnexin (Fig. 1c).

To assess whether exosomes derived from BMSCs can be internalized by BMMs, exosomes were labeled
with DiO (green). The labeled exosomes were incubated with BMMs for 4 h at 37 °C. The cells were then
observed by confocal microscopy, which revealed the incorporation of exosomes into BMMs (Fig. 1d).

CMS_Exos inhibit RANKL-induced osteoclastogenesis and
actin ring formation
To examine the effects of exosomes derived from BMSCs on RANKL-induced osteoclastogenesis in vitro,
a cell viability test was performed �rst. Concentrations of up to 50 µg/mL Static_Exos or CMS_Exos had
no cytotoxic effects on BMMs, which were treated with Static_Exos or CMS_Exos for 48 h (Fig. 3e). BMMs
were treated with M-CSF and RANKL in the absence or presence of different concentrations of exosomes
for 5 days. Numerous TRAP + multinucleated osteoclasts were formed under stimulation with M-CSF and
RANKL, whereas osteoclast formation was inhibited by CMS_Exo treatment in a dose-dependent manner
(Fig. 3a, b). However, Static_Exo treatment showed no signi�cant inhibitory effect on osteoclast
formation (Fig. 3a, b). To examine the stage at which CMS_Exos inhibit osteoclastogenesis, 25 µg/mL
exosomes was added to the culture medium at 0 or 3 days during osteoclast differentiation. CMS_Exo
treatment during the early stage (days 0–2) signi�cantly suppressed osteoclastogenesis (Fig. 3c, d).
Furthermore, exposure of osteoclastic precursor cells to CMS_Exos during the later stage (days 3–5) also
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affected osteoclast formation, but the effect was weaker than that of treatment during the early stage
(Fig. 3c, d). Thus, CMS_Exos inhibited osteoclast differentiation during both the early and late stages.

F-actin rings are an important constituent of osteoclasts and a prerequisite for e�cient bone resorption.
Thus, we further assessed the effect of CMS_Exos on F-actin ring formation. Clear actin ring structures
were observed in the vehicle treatment group and Static_Exo group (Fig. 3e). However, the actin ring
structure was almost completely disrupted when BMMs were incubated with 25 µg/mL CMS_Exos
(Fig. 3e, f).

To exclude the possibility that exosomes induced BMM apoptosis during differentiation, BMMs were
treated with Static_Exos or CMS_Exos in the absence or presence of RANKL for 48 h. The number of
Annexin-V + cells was evaluated by �ow cytometry. BMMs treated with CMS_Exos as a concentration of
25 µg/mL showed suppressed osteoclast formation, but the number of Annexin-V + BMMs was not
affected by CMS_Exo treatment at 48 h compared with control treatment (Fig. 2a-c). Furthermore, BMMs
stained with DAPI exhibited normal intact nuclei after CMS_Exo treatment (Fig. 2d, e), thereby con�rming
that the inhibitory effects of CMS_Exos on osteoclastogenesis were not caused by the induction of BMM
apoptosis.

CMS_Exos inhibit RANKL-induced activation of the NF-κB
signaling pathway
Activation of the NF-κB signaling pathway plays a crucial role in osteoclastogenesis. To further explore
the underlying mechanisms through which CMS_Exos regulate osteoclast formation, RANKL-induced
signaling pathways were investigated. To observe the impact of exosomes on NF-κB signaling directly,
immuno�uorescence staining was performed to analyze the nuclear translocation of NF-κB/p65 (Fig. 4a).
Negative control cells were not exposed to RANKL or exosomes. These results clearly showed that
compared with the negative control cells, RANKL-stimulated Raw264.7 cells showed obvious
translocation of p65 (red) from the cytoplasm to the nucleus (blue) and that this translocation could be
prevented by CMS_Exos. However, Static_Exos did not affect p65 translocation. Furthermore, Western
blotting revealed changes in NF-κB pathway protein levels (Fig. 4b, c). NF-κB pathway-related proteins,
including inhibitor of NF-κB (IκB)α, IκB kinase (IKK), and p65, were phosphorylated or activated under
RANKL stimulation. IκBα degradation allows activated NF-κB/p65 to translocate into the nucleus and
regulate the expression of certain genes. However, this process was inhibited effectively by CMS_Exos but
not by Static_Exos (Fig. 4c). Additionally, the phosphorylation of IKKα/β was suppressed by CMS_Exos
but not by Static_Exos in the context of RANKL stimulation (Fig. 4c). Therefore, the inhibitory effects of
CMS_Exos on NF-κB signaling may play a pivotal role in the inhibition of RANKL-stimulated
osteoclastogenesis.

CMS_Exos prevented HU-induced bone loss
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To evaluate the role of exosomes in DOP, we established an HU-induced bone loss mouse model. There
were no fatalities during HU treatment or exosome administration. µCT con�rmed that there was
signi�cant loss of femur trabecular and cortical bone in HU mice, which was indicated by decreased BMD,
BV/TV, Tb.Th, Tb.N and Ct.Th values as well as an increased Tb.Sp value for HU mice compared to WB
mice (Fig. 5a, b). However, the extent of trabecular bone loss was signi�cantly suppressed by treatment
with CMS_Exos. The relative bone loss in mice treated with CMS_Exos compared with that in HU mice
treated with the vehicle was markedly less than that in mice treated with Static_Exos (Fig. 5a, b). Cortical
bone loss was ameliorated by treatment with CMS_Exos but not Static_Exos, indicating that CMS_Exos
have a more comprehensive antiosteoporosis function. In agreement with the µCT analysis results,
histological H&E-stained sections revealed that the trabeculae in regions proximal and distal to the
growth plate were thin in the HU mouse group (Fig. 5c). In contrast, HU mice treated with CMS_Exos
exhibited a dramatic increase in bone density and marked increases in trabecular density and thickness
compared with HU mice treated with the vehicle (Fig. 5c).

To further explore whether osteoclasts are involved in the inhibitory effects of exosomes on HU-induced
bone loss, we performed TRAP staining on femur bone sections. Accordingly, TRAP staining revealed a
signi�cant decrease in the numbers of TRAP + multinucleated cells at the growth plates and trabecular
surface of CMS_Exo-treated mice compared with vehicle-treated HU mice (Fig. 5c). Moreover,
histomorphometric analysis of Oc.S/BS and the number of osteoclasts con�rmed that CMS_Exo
treatment attenuated HU-induced bone loss and reduced osteoclast numbers (Fig. 5d). Although
Static_Exo treatment rescued trabecular bone loss in mice to a certain extent, it did not show signi�cant
inhibition of osteoclasts in vivo, manifesting as no signi�cant reductions in the number or area of
osteoclasts on the bone surface (Fig. 5c, d). Collectively, these results indicated that CMS_Exos
effectively prevented HU-induced bone loss in vivo.

Discussion
BMSCs have been proposed to be promising candidates for the treatment of various diseases, such as
muscle, bone and cartilage diseases; blood-related diseases; immune system diseases; nervous system
diseases; and injuries [23]. Recently, it was identi�ed that BMSCs exert their therapeutic activity through a
paracrine effect mediated by the release of small extracellular vesicles (EVs) [16]. Exogenous BMSC-EVs
can be taken up and promote the osteogenic differentiation of endogenous BMSCs [24]. Moreover, BMSC-
EVs can be endocytosed by osteoblasts and release their cargo into target cells to positively regulate
osteogenic genes and osteoblastic differentiation [25]. However, studies focusing on BMSC-derived
exosomes in�uencing osteoclast differentiation are rare [18]. In this study, we investigated the effects of
exosomes derived from static or mechanically stimulated BMSCs on osteoclast differentiation. The
results indicated that CMS_Exos effectively inhibited RANKL-induced osteoclastogenesis by attenuating
the NF-κB signaling pathway in vitro. Moreover, CMS_Exos rescued osteoporosis in a mechanical
unloading mouse model in vivo.
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Mechanical stimulation has been reported to be an important regulator in diverse biological and
pathological processes, including affecting the secretion of EVs and their cargoes [1, 4, 26, 27]. Recently,
studies have shown that both cyclic stretching and continuous stretching regulate the expression of
speci�c microRNAs (miRNAs) in EVs in lung epithelial cells and regulate lung development [26].
Exosomes from cyclic stretch-treated periodontal ligament cells contribute to the maintenance of
periodontal immune/in�ammatory homeostasis by inhibiting IL-1β production and pyroptosis in
macrophages [27]. In the present study, we characterized exosomes secreted by static culture- or
mechanical stretch-treated BMSCs (Fig. 1a-c). The uptake of these exosomes by BMMs was observed by
confocal microscopy, con�rming a direct interaction between BMSC-derived exosomes and BMMs
(Fig. 1d). Neither indicated concentration CMS_Exo treatment nor indicated concentration Static_Exo
treatment affected the apoptosis of BMMs in the presence or absence of RANKL (Fig. 2). Interestingly,
CMS_Exo treatment produced sustained osteoclast differentiation inhibition, while Static_Exo treatment
did not (Fig. 3), indicating that mechanical stimulation altered the cargo pro�le of BMSC-derived
exosomes. To our knowledge, this is the �rst report about the effects of BMSC-derived exosomes on
osteoclast differentiation.

During osteoclast differentiation, RANKL binding to RANK induces the activation of several vital signaling
pathways. As an essential signaling pathway in most cells, the strong activation of NF-κB by RANKL
plays a crucial role in osteoclast differentiation, resorption function and survival [28]. Thus, the RANKL-
induced changes in the levels of proteins involved in NF-κB signaling were investigated in this study.
When BMMs are stimulated with RANKL, IκB is phosphorylated by the IκB kinase complex (IKKα, IKKβ,
and NEMO), ubiquitinated, and degraded by the ubiquitin-proteasome system. Then, free NF-κB proteins
(such as p65) translocate into the nucleus and recognize DNA target sites to trigger the expression of
osteoclastogenesis-related genes [29]. However, it was found that the degradation of IκBα and
phosphorylation of p65, IKKα/β and IκBα were effectively blocked by CMS_Exo exposure but not by
Static_Exo exposure (Fig. 4b, c). Moreover, immuno�uorescence analysis showed that CMS_Exos
disturbed p65 nuclear translocation, thus preventing the activation of downstream factors (Fig. 4a). In
short, CMS_Exos attenuated osteoclast formation and function via inhibition of the NF-kB signaling
pathway.

Increasing evidence has shown the therapeutic potential of exosomes in treating various bone diseases
[30, 31]. The bone mineral density of bovine colostrum exosome-fed glucocorticoid-induced osteoporosis
mice was signi�cantly improved compared with that of control mice without exosome treatment [32]. In a
femoral fracture model, mice treated with exosomes from human umbilical cord MSCs (HUCMSCs)
cultured under hypoxic conditions showed a signi�cantly larger callus volume and greater vascularity in
the fracture site than those treated with exosomes from HUCMSCs cultured under normoxic conditions or
with PBS [33]. Recently, exosomes derived from HUCMSCs were shown to have therapeutic effects on a
rat DOP model [34]. However, this study only focused on the apoptosis of BMSCs, and did not investigate
the biological behavior of osteoclasts and the intercellular communication between BMSCs and
osteoclasts. Mechanical signals play critical roles in bone growth and homeostasis [35, 36], and we
hypothesized that exosomes play a pivotal role in the maintenance of bone homeostasis through
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mediating intercellular communication between BMSCs and osteoclasts under mechanical loading.
Indeed, Static_Exos decreased bone loss to a certain extent, as shown in Fig. 5a and b. The bone loss in
mice treated with CMS_Exos compared with that in HU mice treated with the vehicle was markedly less
than that in mice treated with Static_Exos. Moreover, cortical bone loss was ameliorated by treatment
with CMS_Exos but not Static_Exos. This may be because mechanical stimulation changes the
components of exosome cargoes, which makes special exosomes exhibit superior anti-DOP activity. It is
not clear which component is responsible for this effect, and further investigations identifying the speci�c
content and exploring the underlying molecular mechanisms are needed to optimize the e�cacy of
CMS_Exos for DOP therapy.

Conclusions
In summary, our study provides new insights into intercellular communication between osteoblasts and
osteoclasts under mechanical loading. Exosomes derived from CMS-treated BMSCs suppressed
osteoclastogenesis by attenuating NF-κB signaling pathway activity in vitro and ameliorated bone loss
caused by mechanical unloading in an HU mouse model. In-depth studies on CMS_Exo components,
such as proteins and miRNAs, are required to understand how CMS_Exos function at the molecular level.
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Figures

Figure 1

Characterization of exosomes and incorporation of exosomes into BMMs. (a) Electron microscopy
images of exosomes. Scale bar, 100 nm. (b) The size distribution and concentration of exosomes
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secreted by BMSCs measured by nanoparticle tracking analysis. (c) Western blotting for the exosomal
markers CD63 and TSG101. (d) Confocal microscopy images showing the colocalization of exosomes
from BMSCs with BMMs. Exosomes were labeled with 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO)
(green), and BMM cell nuclei were stained with Hoechst 33342 (blue).

Figure 2

Exosomes do not affect BMM cell viability or induce cell apoptosis at low concentrations. (a) Flow
cytometry analysis of the apoptosis rate of BMMs treated with 25 µg/mL exosomes for 48 h. Quantitative
analysis of the apoptosis rates of BMMs (b) not stimulated with RANKL or (c) stimulated with RANKL. (d)
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Exosomes did not induce nuclear fragmentation. BMMs were treated with the indicated exosomes for 48
h before the cells were �xed, stained with 0.1 µg/mL DAPI, and examined by �uorescence microscopy. (e)
CCK-8 assay performed to analyze the cell viability of BMMs incubated with the indicated exosomes for
48 h. All experiments were performed at least three times, and representative images are shown. Data are
expressed as the mean ± SD; *P<0.05, **P<0.01.

Figure 3
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CMS_Exos inhibit RANKL-induced osteoclastogenesis and actin ring formation. (a) Representative
images of RANKL-stimulated BMMs stained for TRAP (red) after treatment with the indicated exosomes
at different concentrations (0, 5, 10, or 25 µg/mL). (b) The number of TRAP-positive multinucleated
osteoclasts (≥3 nuclei) was quanti�ed. (c) Effect of the time of indicated exosome addition on osteoclast
formation. BMM cells were stimulated with RANKL (50 ng/mL) alone or cotreated with the indicated
exosomes (25 µg/mL) at different stages during a 5-day osteoclast culture. The cells were �xed and
stained for TRAP activity. (d) The number of TRAP-positive multinucleated osteoclasts (≥3 nuclei) was
quanti�ed. (e) BMMs were stimulated with RANKL and the indicated exosomes until mature osteoclasts
formed. Then, the cells were �xed and stained for F-actin. The actin ring distribution was visualized by
confocal microscopy. (f) The number of osteoclasts with an intact actin ring was counted. All
experiments were performed at least three times, and representative images are shown. Data are
expressed as the mean ± SD; *P<0.05, **P<0.01.

Figure 4

CMS_Exos inhibit the RANKL-induced activation of the NF-κB signaling pathway. (a) RAW264.7 cells were
treated with the indicated exosomes for 4 h, followed by stimulation with RANKL (50 ng/mL) for 20 min.
The localization of p65 was visualized by immuno�uorescence staining. (b) and (c) Western blot analysis
of the levels of the indicated proteins in BMMs pretreated with or without exosomes for 4 h prior to
RANKL stimulation (50 ng/ml). The bar graph in (b) shows the relative expression of p-p65 calculated
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from the band intensity using ImageJ software. All experiments were performed at least three times, and
representative images are shown. Data are expressed as the mean ± SD; *P<0.05, **P<0.01.

Figure 5

CMS_Exos prevented HU-induced bone loss. (a) Representative reconstructed micro-CT images of the
distal femur in the indicated group. n=5. (b) Three-dimensional microstructural parameters of the distal
femur in the indicated group. (c) Representative hematoxylin-eosin and TRAP staining images of the
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distal femur showing the bone volume in the indicated group. n=5. (d) The percentage of osteoclast
surface per bone surface (OcS/BS, %) and number of osteoclasts per �eld of tissue (No. of OCs per �eld)
at 200× magni�cation were analyzed. Data are expressed as the mean ± SD; *P<0.05, **P<0.01.


