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A B S T R A C T

Background: Osteocytes are the main stress-sensing cells in bone. The substances secreted by osteocytes under
mechanical loading play a crucial role in maintaining body homeostasis. Osteocytes have recently been found to
release exosomes into the circulation, but whether they are affected by mechanical loading or participate in the
regulation of systemic homeostasis remains unclear.
Methods: We used a tail-suspension model to achieve mechanical unloading on osteocytes. Osteocyte-specific
CD63 reporter mice were used for osteocyte exosome tracing. Exosome detection and inhibitor treatment
were performed to confirm the effect of mechanical loading on exosome secretion by osteocytes. Co-culture,
GW4869 and exosome treatment were used to investigate the biological functions of osteocyte-derived exo-
somes on brown adipose tissue (BAT) and primary brown adipocytes. Osteocyte-specific Dicer KO mice were
used to screen for loading-sensitive miRNAs. Dual luciferase assay was performed to validate the selected target
gene.
Results: Firstly, we found the thermogenic activity was increased in BAT of mice subjected to tail suspension,
which is due to the effect of unloaded bone on circulating exosomes. Further, we showed that the secretion of
exosomes from osteocytes is regulated by mechanical loading, and osteocyte-derived exosomes can reach BAT
and affect thermogenic activity. More importantly, we confirmed the effect of osteocyte exosomes on BAT both in
vivo and in vitro. Finally, we discovered that let-7e-5p contained in exosomes is under regulation of mechanical
loading and regulates thermogenic activity of BAT by targeting Ppargc1a.
Conclusion: Exosomes derived from osteocytes are loading-sensitive, and play a vital role in regulation on BAT,
suggesting that regulation of exosomes secretion can restore homeostasis.
The translational potential of this article: This study provides a biological rationale for using osteocyte exosomes as
potential agents to modulate BAT and even whole-body homeostasis. It also provides a new pathological basis
and a new treatment approach for mechanical unloading conditions such as spaceflight.

1. Introduction

The skeletal system constitutes approximately 15 % of the total body
weight and represents one of the largest organs in the human body [1].
In the past, bones were primarily perceived as providing structural and
movement support; however, in recent years, there has been an
increasing recognition of the pivotal role that bones play in maintaining
homeostasis within the body [2]. Osteocytes, comprising more than 90

% of bone cells, are recognized as pivotal cellular components within
this tissue [3]. These specialized cells possess an exceptional ability to
perceive and respond to mechanical stimuli exerted upon bones [4].
Previous studies have demonstrated that osteocytes possess the ability to
secrete proteins, such as sclerostin, which subsequently exert regulatory
effects on distal target organs including muscle, liver, and brain [5,6].
Furthermore, this endocrine function is modulated in response to stress
stimulation. Recent discoveries have unveiled that osteocytes release
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exosomes [7,8]. Exosomes, ranging in diameter from 30 to 150 nm, play
a crucial role in intercellular communication by facilitating the transfer
of functional proteins, metabolites, and nucleic acids to recipient cells
across both short and long distance [9]. For instance, miR-181b-5p
encapsulated within osteocyte-derived exosomes regulates prolifera-
tion and osteogenic differentiation of human periodontal ligament stem
cells [7]; while miR-483-3p and miR-513a-5p derived from exosomes
secreted by osteocytes confer chemoresistance uponmyeloma cells [10].
However, thus far only short-range regulatory effects mediated by
osteocyte exosomes have been elucidated with their influence on distal
tissues or organs remaining unclear.

BAT is a distinct type of adipose tissue that differs fromwhite adipose
tissue in its energy storage properties [11]. It achieves non-shivering
thermogenesis through the key protein UCP1 and plays a role in main-
taining body homeostasis [11]. Since physical exercise can profoundly
affect body homeostasis, the association between musculoskeletal Sys-
tem and BAT has attracted growing attention in recent years. Re-
searchers have made the discovery that BAT has the capability to release
myostatin and 12,13-diHOME, thereby exerting regulatory effects on
muscle function [12,13]. Also, exercise-induced release of myokines
promotes browning of adipocytes to stimulate thermogenesis [14,15].
While the interaction between BAT and muscle is well-established, the
interplay between BAT and bone remains poorly understood. Only a few
studies have reported on the impact of BAT on bone health so far [16,
17]. Interestingly, some researchers found that thermogenic markers of
BAT were altered both in mice during space flight [18] and rats sub-
jected to tail suspension [19]. Considering that the mechanical loading
is the vital fact at the situation mentioned above, osteocytes, as the main
stress-sensing cells in bone, may play a regulatory role on BAT.

In the current study, we investigated the mechanisms underlying
osteocyte-mediated communication with BAT. Initially, we observed
that mechanical unloading of osteocytes led to an upregulation of
thermogenic activity in BAT. Subsequently, we identified that me-
chanical loading triggered calcium influx and then activated the CAM-
KII/CREB signaling pathway, thereby influencing exosome secretion
from osteocytes. Additionally, our findings revealed that let-7e-5p, a
miRNA sensitive to mechanical loading, was encapsulated within
osteocyte-derived exosomes and remotely regulated the thermogenic
activity of BAT by targeting Ppargc1a. Furthermore, we emphasize the
role of stress-mediated osteocyte exosomes in modulating whole-body
homeostasis.

2. Methods

2.1. Animal experiments

The C57BL/6 male mice were purchased from Nanjing Ziyuan
Biotechnology Co. Ltd (Nanjing, China). The animal experiments were
conducted according to the Institutional Animal Ethics Committee and
Animal Care Guidelines for the Care and Use of Laboratory Animals of
Nanjing University. The mice were provided with ad libitum access to
food and water. Mice were kept in cages under standard laboratory
conditions with a 12-h dark, 12-h light cycle. According to the previous
study [20], a key ring was affixed to one end of the bar and secured to
the mouse’s tail using tape at the other end. The vertical position was
adjusted to incline the mouse’s head approximately 30◦ downward.
Each cage was inhabited by a single mouse. For cold resistance experi-
ments, mice were kept at 4 ◦C and rectal temperature was measured as
core body temperature at hourly intervals.

Dicer cKO mice were generated by crossing Dmp1-Cre mice with
Dicerflox/flox mice. For osteocyte-specific exosome reporter mice, CD63-
GFPflox/+ and Dmp1-Cre mice were bred to generate Dmp1-Cre; CD63-
GFPflox/+ mice.

The adeno-associated virus (AAV) loaded with mmu-let-7e-5p were
synthesized and constructed by OBiO Technology (Shanghai) Corp., Ltd.
The BAT of mice were injected with 30 μl AAV (1011), and the BAT were

collected for further investigation 1-month post-injection.

2.2. Cell culture experiments

Mouse MLO-Y4 osteocytes were obtained from ATCC and cultured in
AMEM containing 5 % fetal bovine serum (FBS, Gibco), 5 % calf Serum
(CS, Gibco) and 1 % penicillin–streptomycin. For miRNA transfection,
primary brown adipocytes were seeded into 12-well or 6-well plates and
reached to 70–80 % confluency. Then primary brown adipocytes were
transfected with either mmu-let-7e-5p mimic (Ribo, Guangzhou, China)
at 50 nmol/mL, mmu-let-7e-5p inhibitor (Ribo, Guangzhou, China) at
100 nmol/mL, or negative control using Lipofectamine 2000 (Invi-
trogen, Guangzhou, China). After 6–8 h, the culture medium was
replaced with culture medium, followed by browning differentiation.
Luciferase reporter plasmids containing the WT or mutant 3′-UTR of
Ppargc1a were manufactured by Hanheng Biotechnology (Shanghai,
China). The 293T cells were used for the luciferase reporter assays.

For mechanical loading experiments, osteocytes were cultured on
six-well Biofex plates (Flexcell). At 90 % confluence, cells were serum
starved in α-MEM for 24 h and were then subjected to mechanical
loading (5 %, 0.5 Hz) for 24 h. As static controls, cells were seeded into
the same kind of plates but were not subjected to mechanical loading.
While exposed to mechanical loading, osteocytes were treated with
GdCl3 (60 μM), or KN-93 (10 μM), or 666-15 (1 μM) as experimental
groups accordingly [21–23], and osteocytes with no treatment serves as
control group.

2.3. Isolation, culture and co-culture of bone tissue

The bone tissue was isolated and cultured as previously described
[24,25]. First, the lower limb bones were dissected aseptically. Subse-
quently, the bone marrow cavity was flushed with PBS. The bones were
then segmented into fine bone fragments and enzymatically digested
with type I collagenase, repeating this process three times for 20–30 min
each. This was followed by alternating digestion with EDTA solution and
type I collagenase for 20–30 min and repeated three times. Ultimately,
the bone fragments were subjected to washing and cultured in AMEM
with 10 % FBS. For the co-culture experiment, the bone fragments were
cultured on the lower layer, while the primary brown adipocytes were
cultured on the transwell chambers during differentiation.

2.4. Isolation and differentiation of primary brown adipocytes

Mouse primary brown adipocytes were isolated from BAT of
newborn mice within 2 days of birth according to previous studies [26,
27]. In brief, BAT was dissected and digested with 0.1 % collagenase for
30 min. The resulting suspension was filtered and the filtrate was
centrifuged at 300g. The supernatant was subsequently discarded, and
the cultures were resuspended in DMEM, containing 10 % FBS and 1 %
penicillin–streptomycin.

For the browning differentiation experiment, when confluence was
reached to 100 % for 2 days, primary brown adipocytes were induced
with browning differentiation medium (DMEM with 10 % FBS, 1 %
penicillin–streptomycin, 1 μM rosiglitazone, 0.5 mM IBMX, 1 μM
dexamethasone, 200 nM insulin, 10 nM T3, and 125 μM Indomethacin).
Two days after induction, cells were re-fed every 48 h with browning
culture medium containing 1 μM rosiglitazone, 200 nM insulin and 10
nM T3. Cells were fully differentiated by day 5 after induction [27,28].

2.5. Isolation and labeling of exosomes

Exosomes were purified from the cultured supernatants or plasma
using a previously described method [29]. Briefly, supernatants were
collected and centrifuged at 300g for 10 min, followed by centrifugation
at 2,000g, for 10 min and 10,000g for 30 min for removal of large
vesicles. Then, the supernatants were centrifuged at 100,000g for 100
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min. The pelleted exosomes were collected and resuspended in PBS. To
monitor exosomes trafficking, exosomes were labeled with PKH26
fluorescent dye using a PKH26 fluorescence cell linker kit (Sigma-
–Aldrich). After staining, the exosomes were washed with PBS and
collected via ultracentrifugation. Finally, PKH26-labeled exosomes were
resuspended in PBS.

2.6. In vitro and in vivo exosome treatment

In vitro, exosomes were co-cultured with primary brown adipocytes,
and the culture medium containing exosomes was changed every 2 days.
In vivo, 30 μL PBS containing 100 μg of exosomes was locally injected
into BAT twice per week.

2.7. In vivo GW4869 treatment

For the in vivo GW4869 treatment, we employed a bone-targeted
delivery approach [30]. Specifically, the lipid nanoparticle (LNP)
composed of DSPE-PEG2000 was conjugated with repetitive sequences of
aspartate, serine, serine. GW4869 is effectively encapsulated within the
LNP. The drug, GW4869@DSPE-PEG2000-MAL-(DSS)6, was injected
twice a week via the tail vein (2.5 ug/g body weight).

2.8. Gene expression analysis

Total RNA was extracted using TRIzol (Invitrogen). Total RNA was
reverse transcribed into cDNA following the manufacturer’s protocol.
The expression of mature miRNAs was detected by a Hairpin-it miRNA
and U6 normalization Q-PCR Quantitation Kit (Ribo, Guangzhou,
China), and the primers for miRNAs were obtained from Ribo
(Guangzhou, China). Real-time qPCR was performed with the ChamQ
SYBR qPCR Master Mix (Vazyme, Nanjing, China). Gene expression was
normalized to that of β-actin.

2.9. Immunoblot analysis

Tissue samples or cell samples were homogenized in RIPA buffer
(Thermo Fisher Scientific) containing protease and phosphatase in-
hibitors. Total proteins were boiled at 99 ◦C for 5 min after adding the 5
× SDS-PAGE protein loading buffer (BOSTER, China). For western
blotting, after electrophoresis on SDS-PAGE gels, the proteins were
transferred to PVDF membranes and incubated for 1 h in blocking
buffer. The membranes were then incubated overnight with primary
antibodies, followed by incubation with a horseradish peroxidase
(HRP)-conjugated secondary antibody. Detected proteins were quanti-
fied by densitometry using NIH Image J software.

2.10. Staining

The BAT were dehydrated and embedded in paraffin, and then cut
into sections for H&E staining. For immunohistochemistry (IHC) stain-
ing, the sections were performed as described and then incubated with
primary antibodies. The sections were incubated with secondary anti-
bodies the following day. For immunofluorescence, the BAT were
dehydrated in a mixture of 30 % sucrose phosphate buffer, and then
embedded in optimum cutting temperature (O.C.T., Fisher Healthcare).
Immunofluorescence staining was performed as described and the sec-
tions were incubated overnight with primary antibodies. The sections
were incubated with the appropriate secondary antibodies. Nuclei were
counterstained with DAPI (Beyotime, China).

2.11. Micro-CT analysis

The femurs of mice in each group were fixed in 4 % PFA and scanned
by SCANCO vivaCT 80 (MedicalAG). We assessed trabecular bone
microstructure in the distal femur. Morphometric variables were

computed from the binarized images using direct, 3D techniques. We
assessed the bone volume fraction (BV/TV), trabecular bone mineral
density (BMD, mg HA/cm3), trabecular thickness (Tb.Th, mm), trabec-
ular number (Tb.N, mm-1), trabecular separation (Tb.Sp, mm), struc-
tural mode index (SMI) and connectivity density (Conn.D., mm-3).

2.12. Statistics analysis

Data are presented as means± SD. Statistical analysis was performed
using unpaired Student’s t-tests. Statistical analyses were performed
with GraphPad Prism software. P values < 0.05 were considered to be
statistically significant.

3. Results

3.1. Mechanical unloading of bone tissue may enhance the thermogenic
activity of BAT by modulating circulating exosomes

To achieve mechanical unloading of bone tissue, the mice were
subjected to a 4-week tail suspension treatment as tail suspension (TS)
group, while the mice of control (CTR) group were not treated. We
recorded the body weight of the mice before and after tail suspension
(Fig. S1A). Mice showed weight loss after experiencing tail suspension
compared to controls. Micro CT analysis of the mouse skeletal system
revealed a significant decrease in bone density and notable changes in
skeletal microstructure (Fig. 1A), confirming successful modeling
through 4 weeks of tail suspension. At the end of the experiment, mice
were exposed to a temperature of 4 ◦C and rectal temperature was
measured every hour as an indicator of core body temperature. The
results showed that mice of TS group exhibited higher core body tem-
peratures at the 3rd and 4th hour (Fig. 1B), indicating enhanced cold
resistance capabilities. To further investigate this phenomenon, we
examined relevant thermogenic indicators of BAT. Our findings
demonstrated that compared to the CTR group, the transcript level of
Ucp1 was significantly higher in BAT of TS group (Fig. 1C). Corre-
spondingly, protein expression levels associated with BAT thermogen-
esis were also higher in this group (Fig. 1D). Additionally, images of
H&E staining revealed smaller lipid vacuoles and denser tissue structure
within BAT of TS group (Fig. 1E); images of IHC staining confirmed
increased UCP1 expression as well (Fig. 1F). These results provide evi-
dence that mice treated with tail suspension exhibit stronger cold
resistance due to heightened thermogenic activity of BAT.

Studies have shown that bone tissue, as an endocrine organ, secrets
substances involved in homeostasis regulation under a variety of phys-
iological and pathological conditions [2]. Building upon findings above,
we propose that bone tissue may exert a regulatory role in the thermo-
genic activity of BAT. To verify this hypothesis, we isolated bone tissue
from mice of TS group and CTR group and co-cultured it with primary
brown adipocytes. Our results revealed that compared to the CTR group,
bone tissue from tail-suspended mice significantly enhanced the ther-
mogenic activity of primary brown adipocytes. The transcript levels of
Ucp1, Ppargc1a, Prdm16, Pparg, and Cebpb were all upregulated in the
primary brown adipocytes co-cultured with bone tissue of TS group
(Fig. 1G). Additionally, protein expression level of UCP1 was also
increased (Fig. 1H). Consistent with these findings, conditioned medium
derived from bone tissue of TS group exhibited an ability to enhance the
thermogenic activity of primary brown adipocytes (Figs. S1B and S1C).
Furthermore, to mimic mechanical loading on bone tissue similar to its
physiological condition in vivo, we employed a Flexcell system to apply
mechanical loading on MLO-Y4, a cell line of osteocytes. Since bone
tissue from TS group experienced minimal mechanical loading, the TS
group corresponded to unloading group in vitro experiments while CTR
group corresponded to loading group. The results obtained from in vitro
experiments were consistent with those obtained in vivo (Figs. S1D and
S1E). These results suggest that unloaded bone induces enhanced ther-
mogenic activity in brown adipocytes.
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To further investigate how bone tissue affect the thermogenesis ac-
tivity of BAT remotely, we extracted plasma exosomes from mice
(Figs. S1F–H), and treated cells or BAT with exosomes (Fig. 1I). No
significant difference was observed in the number of exosomes between
the two groups (Figs. S1I and S1J). We treated primary brown adipo-
cytes with the same amount of plasma exosomes, and found that plasma
exosomes from TS group induced increased gene transcription and
protein expression of Ucp1 and Ppargc1a in vitro (Fig. 1J and K). Sub-
sequently, plasma exosomes were locally injected into mouse BAT to
evaluate their direct effects. Consistent with our findings in vitro,
treatment with plasma exosomes derived frommice of TS group induced
elevated protein expression of UCP1, PGC1α, and PRDM16 in vivo
(Fig. 1L). The finding above indicate that circulating exosomes derived
from TS group can enhance the thermogenic activity of BAT.

3.2. Mechanical unloading causes a decrease in the release of exosomes
from osteocytes

Since both plasma exosomes and bone tissue derived from TS group
could increase the thermogenic activity of BAT, we hypothesized that
mechanical loading affect the secretion of exosomes from bone tissue,
thereby modulating BAT thermogenesis via plasma exosomes. To
investigate this, we generated Dmp1-cre; CD63-GFPflox/+ mice for spe-
cific tracking of osteocyte-derived exosomes (Fig. 2A). Our findings
revealed a decrease in osteocyte CD63 expression in TS group (Fig. 2B),
indicating reduced exosomes derived from osteocytes due to unloading.
Furthermore, PKH26 staining and statistical analysis demonstrated a
decreased proportion of osteocyte-derived exosomes (Fig. S2A), further
supporting diminished release into circulation by osteocytes under
unloading conditions.

To obtain more direct evidence of exosome secreted by osteocytes,
bone tissue was isolated and cultured, and the bone-culture supernatant
was collected to extract the secreted exosomes. Consistent with the
aforementioned findings, we observed a decrease in exosome secretion
from bone tissue in the TS group compared to the CTR group (Fig. 2C).
Furthermore, we detected Rab27a expression as it is known to play a
crucial role in regulating exosome secretion [31]. Our results demon-
strated decreased transcript and protein expression level of Rab27a in
bone tissue of TS group following mechanical unloading treatment
(Fig. 2D and E). Representative images of IHC staining and IF staining
confirmed reduced Rab27a expression specifically in osteocytes after
mechanical unloading within the bone tissue of the TS group (Fig. 2F
and G). Additionally, we examined the effect of loading on
osteocyte-mediated exosome secretion in vitro and found that loaded
osteocytes exhibited increased exosome release compared to unloaded
osteocytes (Fig. 2H), corresponding to the TS group which showed
reduced exosome secretion. These findings align with our in vivo study
where lower transcript and protein expression level of Rab27a were
observed in unloaded osteocytes (Fig. 2I and J). Additionally, CD63-GFP
signal intensity in BAT from mice suggested reduced delivery of
osteocyte-derived exosomes to BAT during mechanical unloading
(Fig. 2K). Collectively, these results suggest that mechanical unloading
diminishes exosome secretion by suppressing osteocyte-specific Rab27a
expression, consequently impairing normal regulation exerted by oste-
ocytes on BAT.

3.3. Mechanical loading modulates exosome secretion by osteocytes via
the CAMKII/CREB signaling pathway

Previous studies have demonstrated that osteocytes undergo calcium
influx and phosphorylation of CAMKII in response to mechanical
loading [22,32]. Additionally, it has been found that CREB, a down-
stream protein of CAMKII, regulates the expression of Rab27a [33–35].
Based on these findings, we propose that mechanical loading regulates
the secretion of osteocyte exosomes by inducing calcium influx and
activating the CAMKII/CREB pathway. To investigate this hypothesis,
we initially examined the intracellular calcium level after subjecting
osteocytes to mechanical loading and observed a significant increase in
intracellular calcium level (Fig. 3A). Furthermore, we observed an
upregulation in the phosphorylation levels of both CAMK2A and CREB
(Fig. 3B), which aligns with our hypothesis. To determine if calcium
influx was responsible for these effects, we treated osteocytes with
GdCl3 to block calcium influx subsequent to mechanical loading. Our
results showed that GdCl3-treated osteocytes exhibited lower intracel-
lular calcium level as well as reduced phosphorylation levels of CAMK2A
and CREB compared to control group subjected only to mechanical
loading (Fig. 3C and D). These findings suggest that calcium influx plays
a crucial role in promoting increased phosphorylation of CAMK2A and
CREB. Moreover, analysis indicated decreased gene expression and
protein level of Rab27a in the GdCl3 treatment group (Fig. 3D and E),
further supporting our conclusion that mechanical stimulation-induced
calcium influx contributes to regulation of Rab27a expression. Addi-
tionally, the concentration of exosomes decreased post-treatment as
anticipated (Fig. 3F).

To further elucidate the involvement of CAMKII in regulating exo-
some secretion, loaded osteocytes were treated with KN-93, a reversible
and competitive inhibitor of CAMKII that impairs phosphokinase func-
tion [22]. Our findings indicate that phosphorylation of CREB was
attenuated following KN-93 treatment (Fig. 3G), suggesting the role of
CAMK2A’s phosphokinase activity in loading-induced increase in CREB
phosphorylation. The reduced phosphorylation level of CAMK2A may
be attributed to its impaired ability of autophosphorylation. Moreover,
downregulation of Rab27a protein expression and decreased exosome
concentration were observed (Fig. 3G and H), indicating the contribu-
tion of CAMK2A’s phosphokinase activity to loading-induced exosome
secretion. These results highlight the involvement of CAMK2A’s phos-
phokinase activity in regulating Rab27a expression and exosome release
via CREB phosphorylation under mechanical loading. Finally, we
employed 666-15, a potent inhibitor targeting CREB-mediated gene
transcription [23], to elucidate the pivotal role of CREB in governing
Rab27a transcription. Treatment with 666-15 resulted in decreased
transcript level and protein expression level of Rab27a (Fig. 3I and J),
and reduced exosome concentration (Fig. 3K), providing evidence for
the involvement of CREB-mediated transcriptional regulation in exo-
some release from osteocytes. Collectively, our findings suggest that
mechanical loading influences osteocyte-derived exosome secretion
through calcium influx and interplay within the CAMKII/CREB
pathway.

Fig. 1. Mechanical unloading of bone tissue may enhance the thermogenic activity of BAT by modulating circulating exosomes. Mice were subjected to tail sus-
pension (TS group) or not (CTR group) for 4 weeks. N = 6. (A–F) (A) Micro-CT analysis of distal femur. (B) Core body temperature of mice exposed to 4 ◦C. (C)
Transcript levels of thermogenic genes in BAT. (D) WB analysis and relevant quantification analysis of thermogenic proteins in BAT. (E) Representative H&E staining
images of BAT. (F) Representative IHC staining images of BAT. (G) Transcript levels of thermogenic genes and (H) WB analysis of thermogenic proteins were
performed on primary brown adipocytes co-cultured with ex vivo bone tissue from both CTR and TS group. (I) A diagram depicts the isolation of circulating exosomes
from mouse plasma, followed by their local injection into BAT or treatment on cells. (J) Transcript levels of thermogenic genes and (K) WB analysis of thermogenic
proteins were performed on primary brown adipocytes treated with circulating exosomes. (L) WB analysis of thermogenic proteins were performed on BAT following
local injection with circulating exosomes. All data are Mean ± SD. *P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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3.4. Osteocyte exosomes regulate thermogenic activity of brown
adipocytes

Previously, our findings demonstrated that mechanical loading ex-
erts an impact on the secretion of osteocyte-derived exosomes. To
investigate the impact of osteocyte exosomes on the thermogenic

activity of brown adipocytes, bone tissues were isolated and cultured
(Fig. 4A). The supernatant was collected to extract equal amounts of
exosomes for primary brown adipocytes or local injection into BAT. We
observed an upregulation in the transcriptional level of Ucp1 and
increased protein expression levels of UCP1 and PGC1α in TS exosome-
treated brown adipocytes (Fig. 4B and C), indicating enhanced

Fig. 2. The secretion of exosomes derived from osteocytes was decreased due to mechanical unloading. (A) A diagram illustrating the construction of osteocyte-
specific CD63 reporter mice. (B) Representative images of CD63-positive osteocytes in bone tissue from both CTR and TS group. Nuclei are stained in blue with
DAPI, while osteocytes are labeled using DMP1. (C) Absolute concentration of exosomes secreted by ex vivo bone tissue. (D) Transcript level, (E) WB analysis and
relevant quantification analysis of Rab27a in bone tissue. Representative images of Rab27a-positive osteocytes in bone tissue.(F) Arrows indicating positive cells, and
(G) osteocytes are labeled using DMP1. (H) Absolute concentration of exosomes secreted by osteocytes from both loading and unloading group. (I) Transcript level,
(J) WB analysis and relevant quantification analysis of Rab27a in osteocytes. (K) Representative images of osteocyte-specific exosomes in BAT from both CTR and TS
group. Osteocyte-specific exosomes are CD63-positive. All data are Mean ± SD. *P < 0.05. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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thermogenic activity. Additionally, images of H&E staining revealed
smaller lipid vacuoles and denser tissue structure within BAT of TS-exo
group (Fig. 4D). Furthermore, we found higher expression levels of
thermogenesis-related proteins in the TS-exo group (Fig. 4E). Interest-
ingly, no significant change in BAT thermogenic activity was observed

when treated with TS exosomes compared to PBS treatment, suggesting
that loading-induced osteocyte exosomes inhibit BAT thermogenic ac-
tivity while unloaded osteocyte exosomes restore it to its previous state.
Based on this observation, we hypothesized that similar to their effect on
the number of osteocyte-derived exosomes, loading may induce an

Fig. 3. The exosome secretion of osteocytes is modulated by mechanical loading via the CAMKII/CREB signaling pathway. The osteocytes were either exposed to
mechanical loading (loading group) or not (unloading group). (A, B) (A) Intracellular calcium level was measured; (B) WB analysis and quantification analysis were
performed. The osteocytes were either treated with GdCl3 (GdCl3 group) or not (CTR group), while exposed to mechanical loading. (C) Intracellular calcium level;
(D) WB analysis and relevant quantification analysis; (E) Transcript level of Rab27a; (F) Relative concentration of exosomes secreted by osteocytes. The osteocytes
were either treated with KN-93 (KN-93 group) or not (CTR group), while exposed to mechanical loading. (G, H) (G) WB analysis and relevant quantification analysis;
(H) Relative concentration of exosomes secreted by osteocytes. The osteocytes were either treated with 666-15 (666-15 group) or not (CTR group), while exposed to
mechanical loading. (I–K) (I) Transcript level of Rab27a; (J) WB analysis and relevant quantification analysis; (K) Relative concentrations of exosomes secreted by
osteocytes. All data are Mean ± SD. *P < 0.05.
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increase in certain substances within exosomes which subsequently in-
hibits BAT’s thermogenic activity, while unloading restores the previous
state. Subsequently, primary brown adipocytes were treated with me-
chanically stimulated exosomes derived from osteocytes exposed in
vitro. In line with the in vivo loading effect, exosomes derived from the
mechanical loading group were observed to suppress the thermogenic
activity of brown adipocytes (Fig. 4F and G). Additionally, the super-
natant in which exosomes were removed had no modulatory effect on
brown adipocytes (Figs. S3A and S3B), proving our conjecture from a
different perspective.

In order to further investigate the regulatory effect of osteocyte
exosomes on BAT in vivo, we developed a GW4869@DSPE-PEG2000-
MAL-(DSS)6 conjugate to selectively reduce the osteocyte-derived exo-
somes in vivo (Fig. 4H). DSS6 specifically targets bone tissue (Fig. 4I)
while GW4869 inhibits exosome secretion. Subsequently, mice were
subjected to tail vein injections of liposomes with or without GW4869
for a duration of 4 weeks under both loading and unloading conditions.
The liposomes were found to be no harm to organs (Fig. S3C). Our re-
sults revealed that UCP1 expression was elevated in the TS-vehicle
group compared to the CTR-vehicle group, and this elevation was
further enhanced in the TS-GW4869 group (Fig. 4J and K). Similarly,
protein expression levels of PGC1α and CEBPβ were higher in the TS-
GW4869 group than those observed in the TS-vehicle group (Fig. 4K),
indicating that reduction of osteocyte-secreted exosomes during me-
chanical unloading could potentiate BAT thermogenic activity. Taken
together with our previous findings, it was revealed that exosomes
secreted by osteocytes under mechanical loading exerted inhibitory ef-
fects on BAT thermogenic activity. Furthermore, during mechanical
unloading, a reduction in exosome secretion from osteocytes weakened
their inhibitory effect on thermogenic activity and consequently
enhanced BAT’s thermogenic capacity.

3.5. Let-7e-5p contained in osteocyte exosomes inhibited the thermogenic
activity of brown adipocytes

To investigate the content of osteocyte exosomes that regulate the
thermogenic activity of brown adipocytes, considering their abundance
in miRNAs, we generated DMP1-specific Dicer knockout mice to achieve
osteocyte-targeted knockdown of miRNAs in vivo (Fig. 5A). We isolated
circulating exosomes from DMP1-cre; Dicerfl/fl mice and Dicerfl/fl mice
for miRNA sequencing analysis, identifying significantly downregulated
miRNAs in Dicer-cKO mice as potential osteocyte-secreted exosome
miRNAs (Fig. 5B). Additionally, we re-analyzed the data of differential
miRNA expression in osteocytes under mechanical stress from the GEO
public database (GSE179199). 163 miRNAs were upregulated while 65
were downregulated (Fig. 5C). Combining these findings with our pre-
vious results, we selected 163 upregulated miRNAs and osteocyte-
derived exosome miRNAs for co-analysis and identified let-7e-5p as an
osteocyte-specific exosome miRNA positively regulated by mechanical
stress (Fig. 5D). Furthermore, during the differentiation of primary
brown adipocytes, we observed a concurrent decrease in let-7e-5p
expression alongside increased Ucp1 expression (Fig. 5E), indicating a
negative correlation between let-7e-5p and Browning. Consistent with
our hypothesis, let-7e-5p expression was reduced in bone tissue
(Fig. 5F), osteocyte-derived exosomes (Fig. 5G), circulating exosomes
(Fig. 5H), and BAT (Fig. 5I) of TS group. Similarly, we found that let-7e-

5p is decreased in osteocytes treated with mechanical unloading
(Fig. 5J). However, it is worth noting that the reduction of let-7e-5p
levels may not solely be attributed to decreased secretion by osteo-
cytes but could also involve reduced production by BAT itself. To
elucidate the underlying cause, further investigation was conducted on
pri-let-7e expression level (Fig. 5K and L), revealing a decrease specif-
ically only within bone after mechanical unloading. Therefore, the
expression of let-7e-5p in BAT was influenced by osteocytes. These
findings provide evidence suggesting that let-7e-5p is a loading-
responsive miRNA derived from osteocytes, which can regulate the
thermogenic activity of BAT via circulating exosomes.

The role of Let-7e-5p in the regulation of thermogenic activity of
brown adipocytes necessitates further investigation. Following trans-
fection of let-7e-5p mimic into primary brown adipocytes, there was
observed downregulation in the transcript levels of Ucp1, Ppargc1a and
other thermogenic genes (Fig. 5M), accompanied by a decrease in the
expression levels of corresponding thermogenic proteins (Fig. 5N).
Conversely, transfection with let-7e-5p inhibitor resulted in an increase
in markers associated with thermogenesis (Fig. 5O and P). These find-
ings collectively indicate that let-7e-5p inhibits differentiation and
suppresses thermogenic activity of primary brown adipocytes.

3.6. Let-7e-5p modulates the thermogenic activity of brown adipocytes by
targeting Ppargc1a

In order to investigate the targeted mRNA of let-7e-5p, we conducted
a comprehensive screening of let-7e-5p target genes using miRNA target
prediction tools (TargetScan, miRmap, miRDB) (Fig. 6A). A total of 588
candidate genes were identified through this analysis. Additionally, we
retrieved transcriptome data from the GEO database (GSE200650) for
BAT exposed to low temperature and performed re-analysis. This anal-
ysis revealed differentially expressed genes in BAT under low tempera-
ture conditions (Fig. 6B). The volcano plot displayed an upregulation of
249 genes in the low temperature environment (Fig. 6C), suggesting
their potential involvement in thermogenesis. We further analyzed these
249 thermogenic-related genes along with the previously identified 588
candidate target genes and Ppargc1a was discovered (Fig. 6D). Dual
luciferase assay were designed (Fig. 6E) and confirmed that let-7e-5p
directly targets Ppargc1a as predicted by our bioinformatics analysis
(Fig. 6F). To further validate our findings, we locally injected AAV
encapsulated let-7e-5p into BAT and observed down-regulation of
Ppargc1a expression as well as other thermogenic-related genes in the
control group (Fig. 6G). The expression levels of proteins related to
thermogenesis were also found to be down-regulated (Fig. 6H). Local
administration of AAV-let-7e-5p effectively reversed the unloading-
induced up-regulation thermogenic markers in the TS group. The func-
tional role of AAV-let-7e-5p was further confirmed through IHC staining
of UCP1 (Fig. 6I). In summary, our findings demonstrate that let-7e-5p
targets Ppargc1a to modulate thermogenic activity in brown adipo-
cytes, and the detrimental effects of mechanical unloading on BAT can
be counteracted by localized injection of AAV-let-7e-5p.

4. Discussion

In this study, we have identified exosomes as an intermediary link in
the remote regulation of BAT by osteocytes. Our findings suggest that

Fig. 4. The exosomes released by osteocytes under mechanical unloading conditions resulted in an augmentation of thermogenic activity in brown adipocytes. (A) A
diagram depicts that the exosomes were extracted from bone tissue and followed by local injection or treatment of cells. (B) Transcript levels of thermogenic genes,
(C) WB analysis of thermogenic proteins in primary brown adipocytes treated with bone-derived exosomes. (D) Representative H&E staining images of BAT; (E) WB
analysis and relevant quantitative analysis of thermogenic proteins of BAT after local injection of exosomes derived from bone tissue. (F) Transcript levels of
thermogenic genes, and (G) WB analysis of thermogenic proteins in primary brown adipocytes treated with exosomes stimulated by mechanical loading in vitro. (H)
A diagram illustrating the construction of bone-targeted liposomes. (I) Fluorescence imaging showed that liposomes with target heads targeted bone tissue. Mice were
injected with or without bone-targeted GW4869 via tail vein while exposed to mechanical loading. (J, K) (J) Representative images of IHC staining of BAT; (K) WB
analysis and quantification analysis of thermogenic proteins in BAT. All data are Mean ± SD. *P < 0.05. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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mechanical loading enhances exosome secretion in osteocytes through
the calcium signaling pathway, and influences the production and
release of let-7e-5p in osteocytes. Furthermore, these exosomes encap-
sulate let-7e-5p and regulate the thermogenic activity of BAT.

Our study revealed an increase in BAT thermogenic activity under
conditions of skeletal unloading. The increased thermogenesis in the
BAT will break the balance of body temperature, and will disturb normal
physiological activities. The induced consequence is difficult to deal
with in some cases, especially for the astronauts suffering from the
mechanical unloading at the space. Astronauts were observed to expe-
rience a gradual and continuous increase in the resting core body tem-
perature, amounting to approximately 1 ◦C over a span of 2.5 months
[36,37], implying the potential existence of long-term physiological
adaptations. Additionally, researchers observed modifications in BAT
thermogenic activity during space flight, which are closely associated
with maintaining body temperature stability [18]. These phenomena
can be well explained by our findings. Our investigation demonstrated
higher core body temperatures after prolonged cold exposure in mice of
TS group compared to CTR group, indicating enhanced cold resistance
due to mechanical unloading. This supports the notion that increased
core body temperature observed among astronauts may be related to
microgravity. Moreover, we discovered that mechanical unloading in-
duces changes in BAT thermogenic activity suggesting its potential as-
sociation with microgravity-induced alterations in space. Collectively,
these analyses suggest that microgravity affects BAT thermogenic ac-
tivity thereby influencing core body temperature regulation. However,
it is important to acknowledge limitations within this explanation.
Firstly, microgravity may not be the sole factor impacting astronaut’s
core body temperature while the tail suspension model only partially
simulates microgravity effects experienced by astronauts. Researchers
have found that the space environment may induce heightened sym-
pathetic tone in astronauts [38], subsequently leading to an elevation in
body temperature. Furthermore, the absence of gravity in space hampers
effective air convection, which can also impact body temperature
regulation [39]. However, considering the gradual increase in core body
temperature over a prolonged period of 2.5 months among astronauts,
these explanations may not hold true. This is because both factors -
increased sympathetic tone and impaired air convection - are expected
to manifest immediately upon entering space and result in a rapid rise in
body temperature, contradicting the observed phenomenon. In addition,
short-term effects caused by mechanical unloading were also examined
in the study (Fig. S4A). We found that one week of treatment was not
sufficient to cause significant changes, so the effects of unloading should
be considered as long-term effects. The second limitation is that body
temperature stability is not only associated with BAT, but also with the
hypothalamus, metabolism, and other factors [38]. In this study, we
focused solely on BAT as a representative thermogenic tissue; however,
further investigation is required to explore the influence of other factors.
Additionally, while we selected osteocytes as the key point for our study,
it is also important to consider exploring mechanical unloading of
muscle.

Osteocytes have long been recognized as being regulated by me-
chanical loading. Previous studies have demonstrated that osteocytes
undergo not only morphological changes but also alterations in sub-
stance secretion following stress stimulation [40]. For instance, it has

been observed that circulating sclerostin level increase in both humans
and animal models during prolonged bed rest or immobilization
[41–43], conditions characterized by a lack of mechanical loading on
osteocytes. Consistent with this, the secretion of sclerostin by osteocytes
was found to be strongly associated with mechanical loading. The
findings revealed that a decrease in loading results in an increase in the
secretion of sclerostin, whereas loading stimulation inhibits its release
[44,45]. Similarly, researchers found that mechanical loading could
stimulate the secretion of extracellular vesicles from osteocytes [46]. In
our present study, we discovered for the first time that exosome secre-
tion is influenced by mechanical loading in osteocytes. We observed
decreased exosome secretion and reduced expression of Rab27a, a
critical regulator of exosome release, under conditions of mechanical
unloading using both a mouse tail suspension model and an in vitro
cellular stress model. Based on the crucial role played by Rab27a in
exosome secretion, we speculated that mechanical stress may impact
exosome release through modulation of Rab27a expression level.
Notably, the phenomenon of enhanced exosome production in response
to mechanical loading is not exclusive to osteocytes. Similar findings
were reported when investigating the effect of mechanical tension on
exosomes derived from C2C12 cells [47]. Furthermore, these mechani-
cally induced exosomes exhibited altered biological functions along
with modifications in their miRNA content, which aligns well with our
observations.

Further investigation is warranted to elucidate the regulatory role of
mechanical loading on exosome secretion by osteocytes. Previous
studies have demonstrated that loaded osteocytes can induce various
signaling changes, including calcium, ATP, nitric oxide, prostaglandin,
etc [48]. Among these, the calcium signaling pathway primarily medi-
ates intracellular signal transduction. In vivo application of calcium
channel inhibitors has been shown to reduce bone response to me-
chanical loading, while pharmacological inhibition of calcium channels
impairs osteocyte’s ability to respond to mechanical signals, suggesting
a crucial role for calcium in regulating loaded osteocytes [48]. Consis-
tently, we observed that inhibiting calcium influx with Gd attenuated
the increased exosome secretion induced by loading, highlighting the
significance of calcium signaling in loading-induced exosome secretion.
Additionally, we investigated downstream signaling pathways poten-
tially triggered by calcium influx. CAMKII/CREB is an important
downstream calcium influx pathway [22], and CREB acts as a tran-
scription factor for Rab27a expression [34,35]. By assessing phosphor-
ylation levels of CAMKII and CREB and employing specific inhibitors for
both proteins, we confirmed their involvement in mediating Rab27a
expression induced by calcium influx. However, it should be noted that
besides the calcium signaling pathway discussed above, other potential
signal transduction pathways may also play a role in loaded osteocytes
and warrant further investigation.

The targeted delivery system is a promising field for the treatment of
various diseases. Previous study has shown that (DSS)6 has a high af-
finity for hydroxyapatite and calcium phosphate on bone surface [30].
In this study, we used a liposome with the (DSS)6 target to deliver
GW4869 to bone tissue, which confirmed that the exosomes secreted by
osteocytes regulate BAT remotely. The use of liposomes targeting oste-
ocytes can regulate the physiological and pathological processes of os-
teocytes, thereby regulating the homeostasis of the body.

Fig. 5. Let-7e-5p inhibits thermogenic activity in brown adipocytes. (A) A diagram illustrating the construction of osteocyte-specific Dicer knockout mice. (B)
Heatmap of miRNAs in circulating exosomes derived from osteocytes. (C) Volcano plot of miRNAs stimulated by mechanical strain in osteocytes. (D) The Venn
diagram illustrates the miRNAs that are simultaneously downregulated in B and upregulated in C. (E) Transcriptional alterations of let-7e-5p and Ucp1 throughout
the process of brown adipocyte differentiation. Transcript level of let-7e-5p in (F) bone tissue, (G) bone-derived exosomes, (H) circulating exosomes, (I) BAT from TS
group and CTR group, and (J) osteocytes from loading group and unloading group. Transcript level of pri-let-7e in (K) bone tissue, and (L) BAT from TS group and
CTR group. (M) Transcript levels of thermogenic genes in primary brown adipocytes transfected with mimic control or let-7e-5p mimic. (N) WB analysis and relevant
quantitative analysis of thermogenic proteins in primary brown adipocytes transfected with mimic control or let-7e-5p mimic. (O) Transcript levels of thermogenic
genes in primary brown adipocytes transfected with inhibitor control or let-7e-5p inhibitor. (P) WB analysis and relevant quantitative analysis of thermogenic
proteins in primary brown adipocytes transfected with inhibitor control or let-7e-5p inhibitor. All data are Mean ± SD. *P < 0.05. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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In recent years, the involvement of osteocyte exosomes in various
physiological and pathological processes has been discovered [7,10,49].
In this study, we found that osteocyte exosomes play a role in regulating
the thermogenic activity of BAT, and the expression levels of
exosome-encapsulated miRNAs were modulated under mechanical
loading. Previous studies have identified changes in circulating exosome
miRNAs following osteocyte-specific ablation to screen for
osteocyte-specific miRNAs [8]. However, systemic ablation of osteo-
cytes significantly impacts overall body homeostasis and may introduce
confounding factors from other tissues or organs that interfere with
exosome release and content composition. To address these limitations,
we generated mice with osteocyte-specific Dicer knockout to achieve
targeted knockdown of miRNA within osteocyte-derived exosomes for
identification purposes. Compared to previous approaches, our method
offers improved specificity and accuracy. Furthermore, we analyzed the
miRNA dataset obtained from loaded osteocytes. To avoid data clutter
caused by widespread effects on multiple tissues or organs, sequencing
and analysis of circulating exosome miRNAs were not performed. The
validation of let-7e-5p was confirmed in both circulating exosomes and
osteocyte exosomes, while the levels of pri-let-7e were further examined
in bone tissue and BAT to elucidate the underlying cause for the
observed alterations in let-7e-5p.

Although we have preliminarily explained the effect of bone on BAT,
the effect of BAT on bone still needs to be explored. As a strong stimulus,
cold exposure was found to negatively affect bone remodeling in 2013
for the first time [50]. However, impaired BAT function leads to bone
loss [50], indicating that BAT may be a protective factor. Further
research showed that UCP1 may play a vital role in the interaction.
UCP1(− /− ) mice housed at 22 ◦C showed significantly lower cancellous
bone mass, with lower trabecular number and thickness, compared to
wild type mice housed at the same temperature [51]. Importantly, these
altered bone phenotypes were not observed when UCP1(− /− ) and wild
type mice were housed in thermo-neutral conditions, indicating a UCP1
dependent support of bone mass and bone formation at the lower tem-
perature [51]. These results suggest that increased BAT activity may
alleviate bone loss to some extent under adverse conditions such as cold
stimulation and mechanical unloading, while impaired BAT activity
may aggravate bone loss. The effects of BAT on bone deserve further
study to perfect the crosstalk between bone and BAT.

In summary, we have identified a previously unknown mechanism
that underlies the enhanced thermogenic activity of BAT during me-
chanical unloading conditions. Distinct loading states modulate the
secretion of osteocyte-derived exosomes and their cargo, thereby
remotely regulating thermogenic activity of BAT. Targeting this mech-
anism by manipulating exosome release from osteocytes holds promise
for maintaining overall body homeostasis and may also have potential
applications in regulating body temperature among astronauts.
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