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A B S T R A C T

Background: Muscle atrophy or sarcopenia is the loss of muscle mass and strength and leads to an increased risk of
disability and death including osteoporotic fractures. Currently, there are no available clinical biologic agents for
the treatment of sarcopenia. Since exosomes have become increasingly attractive as a novel therapeutic approach
due to their ability to facilitate cell-cell transfer of proteins and RNAs, promoting cell repair and function re-
covery, we hypothesized that human umbilical cord mesenchymal stem cell-derived exosomes (hucMSC-Exos)
might benefit muscle atrophy in age-related and dexamethasone-induced sarcopenia animal models.
Methods: HucMSC-Exos were harvested by ultrafast centrifugation and identified by transmission electron mi-
croscopy, particle size analysis, and Western blot analysis. The effects of hucMSC-Exos on muscle atrophy were
evaluated using age-related and dexamethasone-induced muscle atrophy mice models. Body weight, grip
strength, muscle weight, and muscle histology of these mice were assessed. The expression levels of muscle RING
finger 1 (MuRF1) and muscle atrophy F-box (atrogin-1) were measured by Western blot. Dexamethasone-induced
C2C12 myotube atrophy was used to establish the cell model of muscle atrophy. Myotube diameter was eval-
uated by immunofluorescence staining. Bioinformatic analysis, RNA sequencing analysis, and Western blot
analysis were performed to explore the underlying mechanisms.
Results: In vivo experiments, hucMSC-Exos demonstrated a remarkable capacity to improve grip strength, in-
crease muscle mass, and muscle fiber cross-sectional area, while concurrently reducing the expression of MuRF1
and atrogin-1 in age-related and dexamethasone-induced muscle atrophy mice. In vitro experiments, hucMSC-
Exos can promote the proliferation of C2C12 cells, and rescue the dexamethasone-induced decline in the
viability of C2C12 myotubes. In addition, hucMSC-Exos can increase the diameter of C2C12 myotubes, and
reduce dexamethasone-induced upregulation of MuRF1 and atrogin-1. Combined with bioinformatics analysis
and RNA sequencing analysis, we further showed that miR-132-3p was one of the essential miRNAs in hucMSC-
Exos and played an important role by targeting FoxO3.
Conclusion: Our findings suggested that hucMSC-Exos can improve age-related and dexamethasone-induced
muscle atrophy in mice models. This study first demonstrated that hucMSC-Exos may ameliorate muscle atro-
phy via the miR-132-3p/FoxO3 axis. These data may provide novel and valuable insights into the clinical
transformation of hucMSC-Exos for the treatment of sarcopenia.
The translational potential of this article: HucMSC-Exos are easily available for clinical application, this study
further consolidates the evidence for the clinical transformation potential of hucMSC-Exos for sarcopenia and
provides its new target pathway.

1. Introduction

Muscle atrophy or sarcopenia occurs under various conditions,

including aging [1], denervation [2], cancer [3], and drug treatment
[4], which can lead to diminished physical performance, reduced
quality of life, and increased risk of fractures [5]. According to the Asian
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Working Group for Sarcopenia (AWGS) 2014 criteria, the prevalence of
sarcopenia in Asian countries ranged from 5.5 % to 25.7 % [6]. Studies
have confirmed that osteoporosis and sarcopenia (osteosarcopenia)
often occur together in older people, and osteosarcopenia is associated
with severe physical disability [7]. In a cohort study of Finnish
post-menopausal women, women with sarcopenia had a 12.9 times
higher risk of developing osteoporosis compared to those without sar-
copenia [8]. In addition, a study in Taiwan found a higher risk of oste-
oporotic fractures in patients with sarcopenia after adjusting for possible
confounding factors [9]. Therefore, sarcopenia increases the risk of
fractures in patients with osteoporosis, which poses a serious health and
economic burden. However, at present, there are no available clinical
biologic agents for the treatment of sarcopenia.

Mesenchymal stem cells (MSCs) have been used to treat various
diseases, compared with other sources, human umbilical cord mesen-
chymal stem cells (hucMSCs) are the preferred candidates for cell
therapy due to the non-invasive isolation method, lower immunoge-
nicity, and higher proliferation ability. However, hucMSCs have faced
limitations related to transportation difficulties and safety concerns in
clinical treatment [10,11]. Recent studies have shown that extracellular
vesicles from MSCs have regenerative functions in many tissues
including the liver and lung [12,13]. Exosomes are important compo-
nents of extracellular vesicles, ranging in diameter from 30 to 150 nm
and containing DNA, RNA, lipids, and proteins [14,15]. Exosomes
secreted by stem cells have been shown to function similarly as stem
cells, but avoid potential risks during cell transplantation [16]. Studies
have shown that human umbilical cord mesenchymal stem cells-derived
exosomes (hucMSC-Exos) promote structural and functional repair of
cells, and hucMSC-Exos treatment significantly improve neurological
function and facilitate remyelination [17]. In a mouse model of natural
ovarian aging, ovarian function was improved after treatment with
hucMSC-Exos, such as recovery of follicle number and hormone levels
[18]. Therefore, we hypothesized that hucMSC-Exos could potentially
ameliorate age-related and dexamethasone-induced muscle atrophy.

A growing number of studies have already confirmed that exosomal
microRNAs (miRNAs) mediate intracellular communication. MiRNAs
are short-chain RNA molecules that play a vital role in regulating the
transcriptome, which can induce gene silencing by complementarily
targeting the 3′ untranslated region (UTR) of target mRNAs [19].
Therefore, we hypothesized that hucMSC-Exos may ameliorate muscle
atrophy by carrying miRNAs. We validated the efficacy of hucMSC-Exos
therapy through animal models of age-related and
dexamethasone-induced muscle atrophy, respectively. Further studies
found that hucMSC-Exos may ameliorate muscle atrophy, at least in
part, via the miR-132-3p/FoxO3 axis. These results provide fresh per-
spectives for understanding the role of hucMSC-Exos in the treatment of
sarcopenia.

2. Materials and methods

2.1. Animals and treatments

All animal studies were approved by the Animal Care and Use
Committee of Shanghai Tenth People’s Hospital. Male C57BL/6 mice
aged 6 weeks were purchased from Shanghai Bikai Laboratory Animal
Co. Ltd. All animals were housed in a specific pathogen-free (SPF)
environment under 12 h light-dark cycles, and given food and water ad
libitum. For the dexamethasone-induced muscle atrophy animal model,
after two weeks of adaptive feeding, thirty 8-week-old mice were
randomly divided into three groups (n = 10): (a) the control group
(CON); (b) the dexamethasone treatment group (DEX); (c) the dexa-
methasone + exosomes treatment group (DEX + Exos). The mice were
intraperitoneally injected with dexamethasone (20 mg/kg) once a day
for 14 days. For exosomes injection, 40 μg exosomes were injected via
the tail vein every 3 days starting one day before dexamethasone
administration, and this treatment was performed for 15 days. For the

age-related muscle atrophy animal model, ten male C57BL/6 mice were
randomly divided into two groups (n = 5) when they grew up to 20
months old: (a) the control group (CON); and (b) the exosomes treat-
ment group (Exos). For exosomes injection, 20 μg exosomes were
injected via the tail vein every 3 days, and this treatment was performed
for 8 weeks. At the end of the experiment, three types of muscle tissues,
including gastrocnemius (GA), tibialis anterior (TA), and quadriceps
femoris (QD), were isolated and weighed. GA muscle was immediately
frozen in liquid nitrogen and maintained at − 80 ◦C. The atrophy rate
was calculated by the ratio of muscle weight (mg) to body weight (g).

2.2. Grip strength test

At the end of the experiment, a grip strength test was performed to
evaluate the muscle strength using a grip strength meter (SA417, SANS
Biological Technology Co. Ltd.). The mice were placed on the force
meter allowing four paws to grip the grid and then slowly dragged
backward until it could no longer hold on to it. Three tests were per-
formed on each mouse, and the average value was analyzed statistically.

2.3. Hematoxylin and eosin (H&E) and Masson staining

GA tissue was fixed with 4 % paraformaldehyde for 24 h and
embedded in paraffin. Transverse GA sections were stained with HE. The
cross-sectional area (μm2) of the muscle fibers was quantified using
ImageJ software. Masson staining was performed to determine fibrosis
in the GA muscle and the area of fibrosis was quantitatively analyzed
using ImageJ software.

2.4. HucMSCs culture and identification

HucMSCs were purchased from Yuanchuang Biotechnology
(Shanghai, China) and were cultured in icell primary mesenchymal stem
cell serum-free basic culture medium (PriMed-iCell-012-SF, Saibaikang)
supplemented with 5 % nutritional additives. HucMSCs were main-
tained in the condition of 5 % CO2 at 37 ◦C. The morphology of hucMSCs
was observed by optical microscopy. Flow cytometry was used to
identify the surface markers in hucMSCs. CD29 and CD90 were used as
positive markers, and CD45 and CD31 were used as negative markers.
All antibodies were acquired from BioLegend: CD29 R-phycoerythrin
(PE), 303003; CD90 brilliant violet 421, 328121; CD45 allophycocyanin
(APC), 304011; CD31 fluorescein isothiocyanate (FITC), 303103.

2.5. Isolation, characterization, and transfection of hucMSC-Exos

HucMSCs in passages 3–8 were used for the study. The culture su-
pernatant was collected and exosomes were isolated by differential ul-
tracentrifugation [20]. Briefly, the supernatant was centrifuged at
300×g for 10 min, 2000×g for 10 min, 10,000×g for 30 min, and 100,
000×g for 70 min at 4 ◦C. Pelleted vesicles were resuspended in cold
phosphate buffered saline (PBS) and ultracentrifuged at 100,000×g for
70 min at 4 ◦C again. The exosome pellet was resuspended in 200 μL PBS
and stored at − 80 ◦C for further experiments. The total protein con-
centration of exosomes was measured by a bicinchoninic acid (BCA)
protein assay kit (ZJ101, Epizyme). The amount and size of exosomes
were measured by nanoparticle tracking analysis (NTA). The
morphology of exosomes was observed by transmission electron mi-
croscopy (TEM). Transfection of exosomes was performed using Exo--
Fect™ siRNA/miRNA Transfection Kit (EXFT200A-1, SBI) according to
the manufacturer’s instructions.

2.6. Intracellular uptake of hucMSC-Exos

HucMSC-Exos were labeled with CellMask (C10046, TermoFisher
Scientific). Briefly, the exosomes were incubated at 37 ◦C for 15 min in
the presence of CellMask, and the unbound dyes were removed by
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ultracentrifugation at 100,000×g for 70 min. After washing with PBS,
the labeled exosomes were resuspended in PBS. In the internalization
experiment, C2C12 myoblasts and C2C12 myotubes were treated with
the labeled exosomes, stained with 4′, 6-diamidino-2-phenylindole
(DAPI) and phalloidin. A confocal microscope was used for observing
the internalization of the hucMSC-Exos.

2.7. C2C12 cell culture and differentiation

Mouse C2C12 myoblasts were a gift from Chaobao Zhang of
Shanghai Key Laboratory of Clinical Geriatric Medicine and were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
C11995500CP, Gibco) supplemented with 10 % fetal bovine serum (FBS,
16000–044, Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin
(15140–122, Gibco). For the induction of differentiation into myotubes,
the cells were incubated with DMEM containing 2 % horse serum (HS,
SH30074.03, Hyclone) for 6 days.

2.8. Treatment with exosomes and dexamethasone

The differentiated myotubes were divided into four groups: the
control group (CON), in which cells were cultured in serum-free medium
(SFM; DMEM containing 100 U/mL penicillin and 100 μg/mL strepto-
mycin); the exosomes treatment group (Exos), in which cells were
treated with 40 μg/mL exosomes; the dexamethasone treatment group
(DEX), in which cells were treated with 10 μM dexamethasone; and the
dexamethasone + exosomes treatment group (DEX + Exos), in which
cells were treated with 10 μM dexamethasone and 40 μg/mL exosomes.
All groups were incubated in a serum-free medium at 37 ◦C with 5 %
CO2 for 24 h, and then cells were harvested for the experiment.

2.9. Cell viability assay

Cell viability was determined using the Cell Counting Kit-8 (CCK-8,
C0042, Beyotime) according to the manufacturer’s instructions. Briefly,
C2C12 cells were seeded in 96-well plates. Then, 10 μL of CCK-8 was
added to each well and incubated at 37 ◦C for 1 h, and the absorbance
was measured at 450 nm with a plate reader.

2.10. Immunofluorescence and myotube diameter measurement

C2C12 myotubes were fixed for 15 min in 4 % paraformaldehyde,
permeabilized with 0.5 % Triton X-100 for 20 min, and blocked in 1 %
bovine serum albumin (BSA) for 1 h before staining with MyHC primary
antibody (1:100, sc-376157, Santa Cruz) overnight at 4 ◦C. C2C12
myotubes were incubated with appropriate secondary antibody for 1 h.
Nuclear counterstaining was performed with DAPI. The myotubes were
photographed under a Leica fluorescence microscope. The diameters
were measured in at least 50 myotubes from at least 10 random fields
using ImageJ software [21].

2.11. Western blot

Total proteins were extracted using RIPA lysis buffer (P0013B,
Beyotime) supplemented with protease inhibitors (P8340, Sigma). Pro-
tein concentration was quantified using a BCA protein assay kit (ZJ101,
Epizyme). 20 μg protein was loaded onto sodium dodecyl sulfate-
polyacrylamide gel and separated by electrophoresis. The proteins
were transferred onto polyvinylidene fluoride (PVDF) membranes and
subsequently blocked using 5 % nonfat milk for 2 h at room temperature,
and then incubated overnight at 4 ◦C with appropriate primary anti-
bodies and incubated with the corresponding secondary antibodies for 1
h at room temperature. Then, the membranes were visualized by
enhanced chemiluminescence (ECL) detection reagents (P0018FS,
Beyotime). The grayscale densities of the protein bands were quantified
using ImageJ software.

The primary antibodies were as follows: anti-CD63 (1:1000,
ab271286, Abcam), anti-Tsg101 (1:1000, ab125011, Abcam), anti-Alix
(1:1000, ab275377, Abcam), anti-GAPDH (1:10000, 60004-1-Ig, Pro-
teintech), anti-FoxO3 (1:2000, 10849-1-AP, Proteintech), anti-MuRF1
(1:500, sc-398608, Santa Cruz), anti-Atrogin-1 (1:1000, ab168372,
Abcam), The secondary antibodies were anti-mouse IgG (1:2000,
SA00001-1, Proteintech) and anti-rabbit IgG (1:2000, SA00001-2,
Proteintech).

2.12. RNA extraction and quantitative real-time PCR

Extraction of total RNA was performed using TRIzol (15596026,
Invitrogen). Complementary DNA (cDNA) was synthesized using Pri-
meScript™ RT reagent kit (RR037A, Takara). Real-time quantitative
PCR was conducted with the real-time PCR kit (RR820A, Takara). For
the analysis of mRNAs, GAPDH was amplified as an internal control. For
the quantitative analysis of miRNAs, Bulge-Loop miRNA RT primer was
used. The relative expression levels of miRNAs were normalized against
that of U6. The primer of U6 and miR-132-3p were purchased from
RiboBio (Guangzhou, China). The relative expression levels were
calculated using the 2− ΔΔCT method.

The primer sequences were as follows: GAPDH-F: AACTTTGG-
CATTGTGGAAGG, GAPDH-R: ACACATTGGGGGTAGGAACA; MuRF1-F:
GTGTGAGGTGCCTACTTGCTC, MuRF1-R: GCTCAGTCTTCTGTCCTTG
GA; Atrogin-1-F: CAGCTTCGTGAGCGACCTC, Atrogin-1-R: GGCAGTC-
GAGAAGTCCAGTC; FoxO3-F: CTGGGGGAACCTGTCCTATG, FoxO3-R:
TCATTCTGAACGCGCATGAAG.

2.13. RNA sequencing

Total RNA was extracted using the TRIzol reagent (Invitrogen, USA)
according to the manufacturer’s protocol. The RNA libraries were
sequenced by OE Biotech, Inc., Shanghai, China. DESeq2 was applied to
perform the differential expression analysis. The standards for differ-
ential expression genes were set as p value < 0.05 and |Foldchange| >
1.5. Hierarchical cluster analysis of differential expression genes was
performed using R (v 3.2.0) to demonstrate the expression pattern of
genes in different groups and samples. Based on the hypergeometric
distribution, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis of differential expres-
sion genes were performed to screen the significantly enriched term
using R (v 3.2.0), respectively.

2.14. Statistical analysis

All data were expressed as mean ± standard deviation (SD) and
analyzed by GraphPad Prism 6 software. The Kolmogorov–Smirnov test
was used to evaluate the normality of the distribution. Statistical anal-
ysis was performed by unpaired student’s t-test or Mann–Whitney U test
for two groups, and one-way analysis of variance (ANOVA) or the
Kruskal–Wallis test for multiple groups. Two-tailed p values < 0.05 were
considered statistically significant.

3. Results

3.1. Isolation and identification of the hucMSC-Exos

HucMSCs were cultured in good condition, and the cells passaged to
the 4th generation were spindle-shaped (Fig. 1A). Flow cytometry
detected cell surface antigen markers, and the results showed that CD29
and CD90 were highly expressed, while CD31 and CD45 were lowly
expressed (Fig. 1B). Exosomes were extracted from the hucMSCs culture
supernatant. Western blot analysis showed that exosome markers
Tsg101, Alix, and CD63 were expressed in hucMSC-Exos (Fig. 1C). TEM
was used to confirm the morphology of hucMSC-Exos (Fig. 1D). NTA
showed the particle diameter distribution range of hucMSC-Exos
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(Fig. 1E). These results indicate that hucMSC-Exos were isolated.

3.2. HucMSC-Exos alleviate loss of muscle strength and muscle weight in
age-related muscle atrophy in mice

To investigate the effect of hucMSC-Exos on age-related muscle at-
rophy, we injected 20-month-old mice with hucMSC-Exos by the tail
vein every three days for eight weeks. We separated and weighed three
muscle tissues, namely TA, GA, and QD muscle. While hucMSC-Exos

treatment did not significantly affect overall body weight, it led to an
increase in the weight of TA, GA, and QD muscles (Fig. 2B–E). HucMSC-
Exos treatment improved grip strength (Fig. 2A) and increased the cross-
sectional area of muscle fibers in age-related muscle atrophy mice
(Fig. 2F–H). In addition, hucMSC-Exos treatment reduced the develop-
ment of muscle fibrosis (Fig. 2I and J). To determine whether hucMSC-
Exos therapy can change the expression of muscle atrophy-associated
factors, we used Western blot and found that hucMSC-Exos can reduce
the upregulation of MuRF1 and atrogin-1 protein levels in age-related

Figure 1. Isolation and identification of the hucMSC-Exos (A) The morphology of hucMSCs under an inverted microscope at the 4th generation. Scale bar = 500 μm
(B) Flow cytometry analysis showed the expression of surface antigen markers for hucMSCs (CD29, CD90, CD31, and CD45) (C) Protein markers of hucMSC-Exos
were confirmed by Western blot (Tsg101, Alix, and CD63) (D) The representative images of hucMSC-Exos under a TEM. Scale bar = 100 nm (E) The particle
diameter distribution range of hucMSC-Exos detected by NTA.
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muscle atrophy mice (Fig. 2K–M). These results indicate that hucMSC-
Exos therapy can effectively improve age-related muscle atrophy.

3.3. HucMSC-Exos alleviate loss of muscle strength and muscle weight in
dexamethasone-induced muscle atrophy in mice

To explore the effect of hucMSC-Exos on dexamethasone-induced
muscle atrophy, we injected 8-week-old mice with hucMSC-Exos
through the tail vein the day before intraperitoneal injection of dexa-
methasone, once every three days for 15 days. We separated and
weighed three muscle tissues, namely TA, GA, and QD muscle. While
hucMSC-Exos treatment did not significantly affect overall body weight,
it led to an increase in the weight of TA, GA, and QD muscles (Fig. 3B–E).
HucMSC-Exos treatment improved grip strength (Fig. 3A) and increased
muscle fiber cross-sectional area in dexamethasone-induced muscle at-
rophy mice (Fig. 3F–H). In addition, hucMSC-Exos treatment reduced
the development of muscle fibrosis (Fig. 3I and J). To determine whether
hucMSC-Exos treatment can change the expression of muscle atrophy-
associated factors, Western blotting detection was used to find that
hucMSC-Exos can reduce the dexamethasone-induced upregulation of
MuRF1 and atrogin-1 protein levels (Fig. 3K–M). These results indicate
that hucMSC-Exos therapy can effectively improve dexamethasone-
induced muscle atrophy.

3.4. HucMSC-Exos promote the proliferation of C2C12 cells and rescue
the dexamethasone-induced decline in the viability of C2C12 myotubes

We analyzed whether hucMSC-Exos can be internalized by C2C12
cells and myotubes, hucMSC-Exos were labeled with the fluorescence
dye CellMask and co-cultured with C2C12 cells and myotubes. Red
fluorescence was observed in the C2C12 cells and myotubes, which
proved that hucMSC-Exos were internalized by C2C12 cells and myo-
tubes (Fig. 4A). To study the effect of hucMSC-Exos on cell function, we
used a culture medium containing FBS as the positive control and
treated C2C12 cells with culture media containing different concentra-
tions of hucMSC-Exos without FBS. According to the results of the CCK-8
assay, the proliferation index of C2C12 cells increased in a
concentration-dependent manner, and when the concentration of
hucMSC-Exos reached 40 μg/mL or above, the cell proliferation index
significantly increased, indicating that hucMSC-Exos promoted the
proliferation of C2C12 cells (Fig. 4B).

To study the effect of hucMSC-Exos on myotube atrophy, firstly we
treated C2C12 myotubes with dexamethasone at different concentra-
tions. We found that dexamethasone at 10 μM concentration led to a
significant increase in MuRF1 and atrogin-1 regardless of RNA level or
protein level (Fig. 4C–G). In addition, the cell viability also decreased
significantly (Fig. 4H), so we chose 10 μM dexamethasone for subse-
quent cell experiments. In addition, we found that hucMSC-Exos rescued
the dexamethasone-induced decline in the viability of C2C12 myotubes
when hucMSC-Exos concentrations reached 40 μg/mL and above
(Fig. 4I). Thus, hucMSC-Exos can promote the proliferation of C2C12
cells and rescue the dexamethasone-induced decline in the viability of
C2C12 myotubes.

3.5. HucMSC-Exos rescue dexamethasone-induced myotube atrophy

To study the effect of hucMSC-Exos on myotube atrophy, we
observed myotube diameter by immunofluorescence staining. The

results showed that the diameter of dexamethasone-treated C2C12
myotubes decreased, while hucMSC-Exos treatment increased the
myotubes diameter (Fig. 5A and B). We then further evaluated whether
hucMSC-Exos treatment could alter the expression of muscle atrophy-
related factors. The results showed that dexamethasone treatment
significantly increased the expression of MuRF1 and atrogin-1 at both
RNA and protein levels, whereas hucMSC-Exos treatment significantly
reduced dexamethasone-induced upregulation of MuRF1 and atrogin-1
mRNA and protein levels (Fig. 5C–G). These results confirmed that
hucMSC-Exos rescued dexamethasone-induced myotube atrophy.

3.6. MiR-132-3p derived from hucMSC-Exos inhibits dexamethasone-
induced myotube atrophy by targeting FoxO3

As one of the most important contents in exosomes, miRNAs exert
their biological role by inhibiting the expression and function of target
genes and play an important role in regulating metabolic diseases, such
as diabetes mellitus [22] and polycystic ovary syndrome [23]. There-
fore, to investigate the possible mechanism by which hucMSC-Exos
affect muscle atrophy, we analyzed the expression of the top 200 miR-
NAs in the datasets GSE153752, GSE159814, GSE211008, and
GSE69909. A total of 90 miRNAs were found to be highly expressed in
all four datasets (Fig. 6A). Next, to explore the molecular mechanism of
dexamethasone-induced muscle atrophy, transcriptome sequencing was
performed on the dexamethasone-treated group and the blank control
group in the myotubes formed by C2C12 differentiation. Principal
component analysis showed a significant difference between the dexa-
methasone group and the control group (Fig. 6B). Compared with the
control group, 932 genes were up-regulated and 1151 genes were
down-regulated in the dexamethasone group (Fig. 6C). We did a GO
enrichment analysis and a KEGG pathway analysis of these differential
genes, GO analysis showed that these differential genes were mainly
enriched in an extracellular matrix organization, skeletal system
development, etc (Fig. 6D). According to the KEGG pathway analysis,
the up-regulated genes list included the FoxO signaling pathway, and
the list of down-regulated genes included the PI3K-AKT signaling
pathway in the top 20 functionally enriched KEGG pathways (Fig. 6E
and F). FoxO signaling pathway plays an important role in muscle at-
rophy, and the PI3K/AKT pathway regulates FoxO transcription factors,
up-regulates the expression of MuRF1 and atrogin-1, and increases the
breakdown of muscle protein. Therefore, we next explored the role of
the FoxO family in using hucMSC-Exos to regulate skeletal muscle
function.

FoxO3, a member of the FoxO family, is overactivated in some dis-
ease processes. FoxO3 is required for the transcription of atrogin-1 and
MuRF1, which can induce muscle atrophy by up-regulating the
expression of atrogin-1 and MuRF1 [24,25]. Therefore, we first treated
C2C12 myotubes with dexamethasone at different concentrations. We
found that dexamethasone at 10 μM concentration led to a significant
increase in FoxO3 regardless of RNA level or protein level (Fig. 7A–C).
Next, we detected the expression of FoxO3 after hucMSC-Exos treatment
and found that the expression of FoxO3 at both mRNA and protein levels
was up-regulated after dexamethasone treatment of myotubes, while
FoxO3 expression was down-regulated after hucMSC-Exos treatment,
indicating that hucMSC-Exos might rescue dexamethasone
induced-myotube atrophy by regulating FoxO3 (Fig. 7D–F). So, we used
the TargetScan database to predict the miRNAs targeting FoxO3. We
identified five miRNAs with conserved binding sites to FoxO3 and

Figure 2. HucMSC-Exos alleviate age-related muscle atrophy (A) Grip strength test (n = 5 in each group) (B) Body weight of mice (n = 5 in each group) (C–E) Muscle
weights of the tibialis anterior (TA) (C), gastrocnemius (GA) (D), and quadriceps femoris (QD) (E) were measured and normalized to body weight (n = 5 in each
group) (F) A representative picture of H&E staining. Scale bar = 50 μm (n = 3 in each group) (G) The cross-sectional area (CSA) of muscle fibers was measured by
ImageJ software (H) Muscle fiber size distribution (I) A representative picture of Masson staining. Scale bar = 100 μm (n = 3 in each group) (J) Quantitative analysis
of the area of fibrosis using ImageJ software (K–M) The protein expression levels of MuRF1 and atrogin-1 were detected by Western blot (n = 3 in each group).
GAPDH was used as an internal control. The relative protein expression level was quantified by ImageJ software. Data are presented as the mean ± SD, *p < 0.05,
**p < 0.01, ***p < 0.001.
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abundant expression in all four datasets (Fig. 7G). Among them,
miR-132-3p plays an active role in various diseases, which can promote
diabetic wound healing [22], improve cardiac dysfunction [26], relieve
LPS-induced acute lung injury [27], and play a key role in neuron
plasticity [28]. Moreover, studies have confirmed the existence of tar-
geted binding sites between miR-132-3p and FoxO3(Fig. 7H) [29].
Therefore, we investigated the role of miR-132-3p in muscle atrophy.
Our study found that the expression level of miR-132-3p decreased after
dexamethasone treatment and increased after hucMSC-Exos treatment
(Fig. 7I and J). To further investigate the mechanism of hucMSC-Exos in
treating myotube atrophy, we loaded the mimic negative control,
miR-132-3p mimics, the inhibitor negative control, and miR-132-3p
inhibitor into hucMSC-Exos, compared to the mimic negative control,
miR-132-3p mimic-loaded hucMSC-Exos further reduced the
dexamethasone-induced up-regulation of MuRF1, atrogin-1, and FoxO3.
Conversely, the miR-132-3p inhibitor-loaded hucMSC-Exos attenuated
the salvage effect of hucMSC-Exos on dexamethasone-induced myotube
atrophy compared to the inhibitor-negative control (Fig. 7K–N). These
results suggest that hucMSC-Exos may ameliorate muscle atrophy via
the miR-132-3p/FoxO3 axis.

4. Discussion

Sarcopenia can impair physical function and increase the risk of falls,
which can affect quality of life [30]. Excessive muscle mass reduction
can contribute to increased morbidity and mortality. However, apart
from exercise and diet, there is no effective treatment for sarcopenia.
Therefore, it is crucial to explore effective treatments for sarcopenia. In
this study, hucMSC-Exos were effective in improving age-related and
dexamethasone-induced muscle atrophy. FoxO3 plays an important role
in the regulation of muscle protein degradation, and hucMSC-Exos may
reduce the expression of FoxO3 through the release of miR-132-3p,
thereby improving muscle atrophy.

To investigate the role of hucMSC-Exos in sarcopenia, we used two
animal models of muscle atrophy where exosomes were injected into
mice via the tail vein, and the results suggested that exosomes may be an
effective strategy for the treatment of muscle atrophy. Although prior
studies have shown that exosomes can treat muscle atrophy. Bone
marrow MSC-Exos attenuated the decrease of myotube diameter and
inhibited dexamethasone-induced muscle atrophy [31]. HucMSC-Exos
treatment can effectively improve diabetes-induced muscle atrophy
[32]. However, hucMSC-Exos have not been reported for the treatment
of age-related and dexamethasone-induced muscle atrophy. Further-
more, animal models of age-related and dexamethasone-induced muscle
atrophy exhibit similar phenotypic changes, particularly in terms of
body composition and physical performance [33]. Our results showed
that hucMSC-Exos therapy improved muscle mass and function.
HucMSC-Exos treatment did not affect the weight of mice, but the
weight loss of various muscle tissues, such as GA, TA, and QD, was
inhibited by hucMSC-Exos treatment. In line with this, hucMSC-Exos
treatment improved grip strength, increased muscle fiber
cross-sectional area, and reduced the development of muscle fibrosis in
age-related and dexamethasone-induced muscle atrophy. There are two
main types of skeletal muscle fibers: slow muscle fibers and fast muscle
fibers. The study showed that age-related and dexamethasone-induced
muscle atrophy mice reduced fast muscle fibers first, rather than slow
muscle fibers, resulting in a shift in muscle type from fast to slow [34].
The GA is a hybrid muscle composed of both slow and fast muscle fibers

[35], so we used the GA muscle for the experiment. In this study, we
found that muscle atrophy-related factors (MuRF1 and atrogin-1)
significantly increased in two muscle atrophy animal models while
hucMSC-Exos treatment reduced their protein levels. These results
strongly indicate that hucMSC-Exos therapy effectively improved
age-related and dexamethasone-induced muscle atrophy.

Exosomes play an important role in intercellular and interorgan
communication, contributing significantly to angiogenesis and the
treatment of diabetes and related diseases. Studies have reported that
exosomes can regulate the proliferation and migration of vascular
smooth muscle cells in vitro [36]. In a diabetic model, exosome treat-
ment promoted the regeneration of islet cells and improved islet func-
tion, thereby maintaining a stable blood glucose state [37]. Exosomes
can improve diabetic wound closure and angiogenesis by improving the
proliferation, migration, and angiogenesis potential of human kerati-
nocytes [38]. In this study, hucMSC-Exos can promote C2C12 cell pro-
liferation and improve the decline in the viability of C2C12 myotubes
caused by dexamethasone. In addition, in a cell model of
dexamethasone-induced myotubes atrophy, hucMSC-Exos can rescue
the dexamethasone-induced myotubes diameter reduction and reduce
the expression of atrogin-1 and MuRF1. These in vitro findings indicated
that hucMSC-Exos can rescue dexamethasone-induced myotubes
atrophy.

To elucidate the potential molecular mechanism of hucMSC-Exos in
the treatment of muscle atrophy, transcriptome sequencing was per-
formed on the dexamethasone-induced group and the control-treated
group. The KEGG pathway analysis revealed two signaling pathways
closely related to muscle atrophy: the FoxO signaling pathway and the
PI3K-AKT signaling pathway. Down-regulation of the PI3K-AKT
signaling pathway leads to decreased FoxO protein phosphorylation
and dephosphorylated FoxO enters into the nucleus, thereby increasing
the expression levels of MuRF1 and atrogin-1, and promoting muscle
atrophy [24]. Therefore, we next explored the role of the FoxO family in
the use of hucMSC-Exos to treat muscle atrophy. Studies have shown
that Forkhead box class O family member proteins (FoxOs) are highly
conserved transcription factors that play an important role in the
regulation of skeletal muscle protein degradation. FoxOs can regulate
muscle proteolytic systems, namely the ubiquitin-proteasome system
and autophagy-lysosome system [39]. Atrogin-1 and MuRF1 are also
involved in the FoxO signaling pathway, and these two ubiquitin ligases
are overexpressed in various atrophy models such as fasting, denerva-
tion, aging, and diabetes [39]. Our study demonstrated that
hucMSC-Exos therapy reduced the dexamethasone-induced increases in
FoxO3 expression levels. HucMSC-Exos may rescue
dexamethasone-induced muscle atrophy through FoxO3. Given the
significant role of miRNAs in regulating muscle atrophy [40], we used
the bioinformatics database TargetScan to search for FoxO3-targeting
miRNAs and analyze the miRNAs enriched in hucMSC-Exos. Our re-
sults suggest that miR-132-3p, present in hucMSC-Exos, can ameliorate
myotube atrophy by down-regulating FoxO3. Overexpression of
miR-132-3p in hucMSC-Exos can further reduce the expression of factors
related to myotube atrophy, while inhibition of miR-132-3p in
hucMSC-Exos can reduce the salvage effect of hucMSC-Exos on myotube
atrophy. Consequently, hucMSC-Exos may ameliorate muscle atrophy
via the miR-132-3p/FoxO3 axis.

There are still several limitations in our study. First, skeletal muscle
consists of two major types of muscle fibers: slow-twitch (type I) and
fast-twitch (type II). Type II fibers can be further divided into type IIA,

Figure 3. HucMSC-Exos alleviate muscle atrophy induced by dexamethasone (A) Grip strength test (n = 8–10 in each group) (B) Body weight of mice (n = 8–10 in
each group) (C–E) Muscle weights of the tibialis anterior (TA) (C), gastrocnemius (GA) (D), and quadriceps femoris (QD) (E) were measured and normalized to body
weight (n = 8–10 in each group) (F) A representative picture of H&E staining. Scale bar = 50 μm (n = 3 in each group) (G) The cross-sectional area (CSA) of muscle
fibers was measured by ImageJ software (H) Muscle fiber size distribution (I) A representative picture of Masson staining. Scale bar = 100 μm (n = 3 in each group)
(J) Quantitative analysis of the area of fibrosis using ImageJ software (K–M) The protein expression levels of MuRF1 and atrogin-1 were detected by Western blot (n
= 3 in each group). GAPDH was used as an internal control. The relative protein expression level was quantified by ImageJ software. Data are presented as the mean
± SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. HucMSC-Exos promote the proliferation of C2C12 cells and rescue the dexamethasone-induced decline in the viability of C2C12 myotubes (A) HucMSC-
Exos were labeled with CellMask (red) and co-cultured with C2C12 cells and C2C12 myotubes. For C2C12 cells, scale bar = 10 μm. For C2C12 myotubes, scale bar =
20 μm (B) Cell proliferation index of C2C12 cells treated with different concentrations of hucMSC-Exos (n = 3 in each group) (C) The mRNA expression level of
MuRF1 treated with different concentrations of dexamethasone (n = 4 in each group) (D) The mRNA expression level of atrogin-1 treated with different concen-
trations of dexamethasone (n = 4 in each group) (E–G) The protein expression levels of MuRF1 and atrogin-1 were detected by Western blot (n = 3 in each group).
GAPDH was used as an internal control. The relative protein expression level was quantified by ImageJ software (H) Cell viability of C2C12 myotubes treated with
different concentrations of dexamethasone (n = 5 in each group) (I) Cell viability of C2C12 myotubes treated with dexamethasone and different concentrations of
hucMSC-Exos (n = 4 in each group). Data are presented as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. HucMSC-Exos rescue dexamethasone-induced myotube atrophy (A) Immunofluorescence staining of MyHC in C2C12 myotubes with the treatment of
dexamethasone and hucMSC-Exos. Scale bar = 100 μm (n = 3 in each group) (B) The C2C12 myotube diameters were quantified using ImageJ software (C, D) The
mRNA expression level of MuRF1 and atrogin-1 (n = 3 in each group) (E–G) The protein expression levels of MuRF1 and atrogin-1 were detected by Western blot (n
= 3 in each group). GAPDH was used as an internal control. The relative protein expression level was quantified by ImageJ software. Data are presented as the mean
± SD, *p < 0.05, **p < 0.01.
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Figure 6. RNA sequence analysis for the dexamethasone and control groups (A) Venn diagram of the overlapped miRNAs of the top 200 miRNAs in GSE69909,
GSE153752, GSE159814, and GSE211008 (B) Principal component analysis (PCA) was analyzed from RNA sequence data between the dexamethasone and control
groups (C) Heatmap of differential expression genes between the dexamethasone and control groups (D) Top 30 GO terms of GO enrichment analysis based on
differential expression genes (E) Top 20 functionally enriched KEGG pathway analysis based on upregulated genes (F) Top 20 functionally enriched KEGG pathway
analysis based on downregulated genes. Cellp.: Cellular Processes, EnVIP.: Environmental Information Processing, GenIP.: Genetic Information Processing，HumaD.:
Human Diseases，Metab.: Metabolism，OrgaS.: Organismal Systems.
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type IIB, and IIX fibers [41]. We did not fully explore the effect of
hucMSC-Exos on all types of fibers in GA. In future studies, we will
further investigate the effect of hucMSC-Exos on muscle fiber types.
Second, IRS-1 ubiquitination regulates muscle protein anabolism and
catabolism [42]. We did not investigate whether hucMSC-Exos
improved muscle atrophy by modulating IRS-1 ubiquitination. Third,
hucMSCs can ameliorate age-related muscle atrophy by modulating
inflammation and apoptosis [43]. We did not evaluate whether
hucMSC-Exos improved muscle atrophy by regulating inflammation and
apoptosis. Further research is needed to explore these issues.

5. Conclusion

In summary, we first validated the effectiveness of hucMSC-Exos
therapy through two animal models of age-related and
dexamethasone-induced muscle atrophy. Further, we found that
hucMSC-Exos may ameliorate muscle atrophy via the miR-132-3p/
FoxO3 axis. This indicates that the application of hucMSC-Exos can
alleviate muscle atrophy and provide a novel and promising therapeutic
method for the treatment of sarcopenia.
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