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mesenchymal stromal cell exosomes ameliorate
aging-associated skeletal muscle atrophy
and dysfunction in SAMP10 mice
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Abstract

Background Loss of skeletal muscle mass and function in aging individuals is closely linked to physical deterioration
and disability. Because exosomes of human umbilical cord-derived mesenchymal stromal cells (hucMSC-Exos) have
been widely used to treat various human diseases, we examined their effects on aging-associated muscle atrophy
and dysfunction in senescence-accelerated mouse prone 10 (SAMP10) mice, an animal model of human Sarcopenia.

Methods Twenty-four-week-old male SAMP10 mice were randomly assigned to a non-treatment or hucMSC-Exos
treatment group.

Results Twelve weeks after intravenous injection of hucMSC-Exos, the treatment group mice showed improvements
in skeletal muscle morphology and performance, and elevated levels of the proteins phospho-mammalian target

of rapamycin (p-mTOR), myosin heavy chain (MHC), peroxisome proliferator-activated receptor-y co-activator, and sir-
tuin? (Sirt1) in gastrocnemius muscle tissues. HucMSC-Exos also improved muscle mitochondrial biogenesis and lipid
drop accumulation in the gastrocnemius muscles. In in vitro experiments, hucMSC-Exos improved cell viability,
senescence, apoptosis, and differentiation in association with induction of molecules related to anti-apoptosis (Bcl-2),
differentiation (myogenin, MyoD1, myogenic factor-5, and myogenic factor-6), and protein anabolism (p-mTOR, MHC,
Sirt1, phospho-AMP-activated protein kinase, phosphor-extracellular signal-regulated kinase1/2, and glycogen syn-
thase kinase3alpha/beta) in C2C12 cells under our experimental conditions.

Conclusions Our findings indicate that hucMSC-Exos treatment ameliorated skeletal muscle atrophy and dysfunc-
tion via mitochondrial biogenesis, anti-apoptosis, and protein anabolism mechanisms that might be dependent
on an mTOR and Sirt1/PGC1a signaling pathways, indicating that hucMSC-Exos may have promise as a treatment
for the management of aging-related frailty and sarcopenia.

Keywords Sarcopenia, Frailty, Mesenchymal stromal cell, Exosomes, Apoptosis, Anabolism

*Correspondence:

Limei Piao

42226925@qq.com

Xiangkun Meng

xkmeng@yeah.net

Xian Wu Cheng

chengxw0908@163.com

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://orcid.org/0000-0002-9758-0632
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-025-04477-1&domain=pdf

Huang et al. Stem Cell Research & Therapy (2025) 16:410

Introduction

Sarcopenia and frailty, recognized as chronic muscle
disorders by the World Health Organization, are char-
acterized by aging-related skeletal muscle mass loss and
dysfunction and result in disability and reduced quality of
life [1, 2]. The causes of both muscle diseases are multi-
factorial and involve both biological and environmental
factors, especially sex hormone imbalance, inflammatory
actions, oxidative stress, mitochondrial dysfunction, and
apoptosis in the skeletal muscle tissues [3—-5]. In this con-
text, several therapeutic strategies, including treatments
using stem cells, growth factors, hormones, and pharma-
cological therapeutics, have been adopted in attempts to
ameliorate the aging-associated degenerative loss of mus-
cle mass and function.

Although exercise training is known to be the most
effective prophylactic against aging-related muscle atro-
phy in humans and animals [5-7], exercise is impractical
or inefficient for elderly individuals with reduced mobil-
ity [8—10]. Pharmacological interventions have been used
to prevent the development of chronic skeletal muscle
diseases such as sarcopenia, generally via supplementa-
tion of hormones (including sex and growth hormones)
and myoprotein, but these therapies often have adverse
side effects [11-13]. There is thus an urgent need for the
development of effective alternatives based on the molec-
ular mechanisms of aging-associated sarcopenia.

Mesenchymal stromal cells (MSCs) obtained from
various adult tissues—e.g., adipose tissue, umbilical cord
tissue, or bone marrow—have been applied for the regen-
eration of skeletal muscle and other tissues [14—16]. Such
MSC treatment is effective for ameliorating age-associ-
ated muscle atrophy and dysfunction, possibly by modu-
lating anti-inflammatory, anti-apoptosis, and paracrine
growth signaling (for review see Trapana et al. [17]).
Although only two decades ago the human umbilical
cord was considered medical waste, more recently it has
become a promising cell source in regenerative medicine
due to the distinct multilineage differentiation capacity of
human umbilical cord-derived MSCs (hucMSCs). Huc-
MSCs exhibited faster proliferation and higher migration
potency toward activated or non-activated lymphocytes
than bone marrow- and adipose tissue-derived MSCs
[18]. HucMSCs has also been shown to be useful in
patients with steroid-resistant with acute graft-versus-
host disease [19].

Exosomes, small extracellular vesicles of 40-160 nm
diameter, have been garnering increasing interest in
regenerative medicine [20]. In adult mice, exosomes play
essential roles in the repair of numerous tissues, includ-
ing heart, muscle and vascular tissues [21-23]. Bone
marrow mesenchymal stem cell-derived exosomes have
been shown to promote muscle satellite cell activation
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and skeletal muscle regeneration via the miR-210-3p/
KLF7 mechanism [21]. Limited laboratory studies
reported that hucMSC-derived exosome (hucMSC-Exos)
can produce an acute beneficial effect on several tissue
injuries and regenerations [24—27]. Exosomes are key
transmitters of multi-biological signals, which are impor-
tant for intercellular communication under physiological
and pathological conditions. The therapeutic potential of
hucMSC-Exos in aging-related chronic muscle disease
remains uncertain. In this study we investigated the abil-
ity of hucMSC-Exos to reverse the loss of skeletal mus-
cle mass and function in senescence-accelerated mouse
prone 10 (SAMP10) mice.

Materials and methods

Antibodies

Antibodies against the following proteins were used in
this study: t-Akt (total protein kinase B, #2967); phos-
pho-Akt*73 (p-Akt**’3, #4060); t-AMPK [total adenosine
monophosphate (AMP)-activated protein kinase alpha,
#2793]; phospho-AMPKa™172 (p-AMPKa™172, #2531);
t-Erk1/2 (total-extracellular signal-regulated kinasel/2,
#9107); t-GSK3a/p (total-glycogen synthase kinase
3alpha/beta, #5676); phospho-GSK3a/ps*'? (p-GSK3a/
[3521/9’ #9331)’ phosphO_Erkl/2thr202/tyr204 (p_Erkl/zthrZOZ/
204" #4377); t-mTOR (total mammalian target of rapa-
mycin, #4517); phospho-mTOR?*8  (p-mTOR®?*8,
#2971); Bax (Bcl-2-associated X protein, #2772); Bcl-2
(B-cell lymphoma 2, #2870); Sirtl (Sirtuin 1, #D1D7);
rabbit mAb (#9475) (all from Cell Signaling Technol-
ogy); phospho-S6 ribosomal protein (p-S6R, Ser235/236)
(D57.2.2E) XP Rabbit mAb (CTS; 4858), Anti-Ki67 anti-
body [B56] (Abcam; ab279653), PGCl-a (peroxisome
proliferator-activated receptor gamma coactivator-
1-alpha; Abcam, #ab54481); MHC (myosin heavy chain;
R&D, #M AB4470); Myogene (R&D, #MAB6686); MYE-
5(R&D, #MAB4027); anti-CD9 (#015-27771); anti-CD63
(#016-27061); anti-CD81(#018-27761); and anti-GAPDH
(#015-25473) (the latter 4 antibodies were from Wako).
The following secondary antibodies were also used: anti-
rabbit IgG HRP conjugate (GE) and anti-mouse IgG HRP
conjugate (GE).

Cell culture

The hucMSCs used in all of our experiments were the
kind gift of The Cord Blood/Umbilical Cord Bank of the
Affiliated Hospital of the Institute of Medical Sciences,
University of Tokyo (IMSUT CORD, Tokyo). The huc-
MSCs were cultured in serum-free CiMS-BM medium
(#A2G0O0P05C; Nipro, Osaka, Japan) [16]. C2C12 cells
were from the American Type Culture Collection and
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum
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(FBS). For C2C12 myoblast differentiation, cells were cul-
tured in 2% horse serum/DMEM at 37 °C in 5% CO2. The
C2C12 cells were replenished with fresh differentiation
medium every 24 h. After 5-7 days of differentiation, the
myoblasts had lengthened, fused, and became multinu-
cleated myotubes [28].

Exosome isolation from hucMSCs

The hucMSCs were cultured in serum-free CiMS-BM
medium for 48 h and were subjected to exosome isola-
tion. The cell supernatants were centrifuged for 10 min
(2000 g) to exclude the cellular debris, and then centri-
fuged again for 30 min (10,000 g) and filtered through a
0.22-pm filter. The isolated supernatant was then ultra-
centrifuged for 70 min (100,000 g) and the sediment was
rinsed twice with phosphate-buffered saline solution
(PBS), and ultracentrifuged for 70 min at 100,000 g. Fol-
lowing resuspension in 0.5 ml of PBS, the exomes were
kept at 4 °C until further use and analysis. The num-
ber and size of the exosomes were examined using a
NanoSight LM10 system (NanoSight). The protein and
particle concentration were quantified by the bovine
serum albumin (BSA) method and nanoparticle track-
ing analysis, respectively. In brief, we resuspend exosome
pellet in 200 pl RIPA buffer containing appropriate pro-
tease inhibitor cocktail. Following vortex for 15 s and
incubation on ice for 5 min to allow complete lysis, the
exosome protein concentration was then detected by
protein assay kit according to the instruction of manufac-
turer. The sample was subject to western blot assay.

Exosome protein labeling

C2C12 cells were seeded (1.25x10* cells/well) on a
4-well chamber slide and cultured at 37 °C overnight.
The exosomes (10 pg of protein or 1x 10® particle count)
from hucMSCc were labeled using an ExoSparkler Exo-
some Membrane Labeling Kit (DOJINDO, #344-09691),
and were applied to each well. The C2C12 cells were cul-
tured for 4 h and the cells were observed using a fluores-
cence microscope.

Cell imaging

C2C12-EGFP cells were treated with exosomes for 24 h.
The cells were then plated in new differentiation medium,
and visualized and captured under the LSM5 880 (Zeiss)
confocal microscope at the indicated times. Quantifica-
tion of the mean myotube diameter was performed by
IMARIS software.

Cell proliferation assay

C2C12 cells were seeded onto 96-well plates, and
24 h later the cells were treated with exosomes for
24 h. Twenty microliters/well of CellTiter 96 Aqueous
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One-Solution Reagent (Promega) was added to each well
of the 96-well plates, and the plates were cultured for
3 h at 37 °C. The absorbance was determined at 492 nm
using a Cytation5 microplate reader (BioTek). Viability
was evaluated as the ratio of absorbance of treated cells
to untreated cells [29, 30].

TUNEL staining assay

For apoptosis assay, C2C12 cells were seeded onto 4-well
chamber slides and left for overnight, and then the cells
were treated with 400 uM of H202 in presence and
absence of hucMSC-Exos for 24 h. The cells were fixed
and detected by using a terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling (TUNEL) In-
situ Apoptosis Detection Kit (TAKARA, #MK500) for
the evaluations of apoptotic cells as described [31].

Senescence induction

To induce senescence by doxorubicin hydrochloride
(DXR) (Wako, #040-21521), C2C12 cells were plated on
4-well chamber slides at a density of 1.4x 10* cells/well,
medium containing DXR at 150 ng/ml was added to the
chambers, and the C2C12 cells were incubated for 4 days.

SA-B-gal staining and immunocytochemistry

SA-[B-gal assay was performed with Fluorometric Cellular
Senescence Detection Kit-SPiDER-BGal (Dojindo, SGO03,
Japan) [32]. The cell senescence was also performed by
immunocytochemistry as described [33]. In brief, C2C12
cells were seed in 4-well chamber slides for overnight
and were treated with 20 uM of DXR alone or 20 pM
of DXR+20 ng/mL of hucMSC-Exos for 96 h, respec-
tively. And cells were fixed with 4% paraformaldehyde
for 5 min and incubated with staining solution mix for
30 min at 37 °C. The cells were then permeabilized with
0.2% Triton-X100 for 10 min and blocked in 5% bovine
serum albumin for 30 min at room temperature followed
by incubated with the antibodies against p-S6R (1:1000)
and Ki67 (1:500) at 4 °C for overnight. Following washing
with phosphate buffered saline (PBS) for five times, the
cells were then treated with Goat anti-Mouse IgG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor
647 (1:1000, A-21236), or Goat anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary Antibody, Alexa Fluor 405
(1:1000, A-31556), respectively, for 1 h at room tempera-
ture. The cells were observed under the LSM5 880 (Zeiss)
confocal microscope to determine whether any had
turned blue, and the numbers of Ki67 p-S6R*SA-B-gal*
cells were calculated in four random microscopic sec-
tions from three independent fields of each slide, and
the percentage of SA-B-gal® (blue-stained) cells was pre-
sented as the number of these cells per total cells at high-
power field (x400).



Huang et al. Stem Cell Research & Therapy (2025) 16:410

Animals

Eight-week-old male mice (SAMP10/TaSlc) were pro-
vided by Japan SLC (Hamamatsu, Japan). All mice
were housed one per cage under standard conditions
(23+1 °C, 50+ 5% humidity) and fed a standard diet for
16 weeks, with a 12-h light/dark cycle in a viral path-
ogen-free facility. Sixteen-week-old mice with body
weights of 25-28 g were subjected to in vivo animal
experiments. The animal study protocol (entitled huc-
MSCs therapy on sarcopenia; No. 2019-31442 approved
on March 24, 2019) was approved by the Institutional
Animal Care and Use Committees of by the Eth-
ics Committee of Nagoya University and performed
in accordance with the Guide for the Care and Use of
Laboratory Animals published by the U.S. National
Institutes of Health [26, 34]. The mice were monitored
throughout the experiment period, and all experimen-
tal protocols involving the mice were performed by
trained research staff.

HucMSC-exos treatments and tissue collections
Sixteen-week-old male SAMP10 mice were randomly
divided into two groups: an exosome treatment group
(n=10) and a control group (n=10). 20 pg of hucMSC-
Exos diluted in 150 pl of PBS or an equal volume of
PBS was injected into the tail vein of mice over a short
duration. The mice then underwent weekly endurance
capacity and grip strength measurements. At 36 weeks
of age, the mice were euthanized by given an intraperi-
toneal injection with an overdose of sodium pentobarbi-
tal (50 mg/kg; Dainippon Pharmaceutical, Osaka, Japan)
for tissue sampling. And the mice were then perfused
with PBS under physiological pressure, and both gastroc-
nemius and soleus muscles were isolated and stored at
—80 °C for biological or histological analysis. In case ani-
mal anaesthesia was not used in this study.

Evaluation of grip strength

A animal digital grip strength meter (Columbus, Largo,
FL) was used to evaluate the grip strength test once a
week after exosome injection [35]. Mice were held by the
tail and allowed to grasp a wire grid with the forepaws,
and then gently pulled in the opposite direction until
they released their grip. The grip strength was measured
three times and averaged [35].

Endurance measurement

A motorized rodent treadmill (TMS-M4, MELQUEST:
Tokyo Engineering) was used to evaluate running endur-
ance capacity [36]. A mouse was considered fatigued
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when it was no longer able to continue running on the
treadmill [36].

Western blot analysis

C2C12 cells were treated with the exosomes at the indi-
cated times. Protein extracts were prepared using Cel-
Lytic-M mammalian cell lysis reagent (Sigma), a protease
inhibitor and multiple phosphatase inhibitors (Wako).
The lysates were sonicated 3 times for 10 s each time, and
then centrifuged and subjected to protein concentration
measurement. The extracts were separated by SDS-PAGE
and transferred to Immobilon-P transfer membranes
(Millipore). The primary antibodies were diluted in 5%
skim milk (or 3% BSA for phosphor antibodies) and incu-
bated overnight at 4 °C. Mouse monoclonal anti-GAPDH
(Wako; 1:5000) was used as a loading control. After reac-
tion with the primary antibodies, HRP labeled goat anti-
mouse or goat anti-rabbit secondary antibodies (1:5000)
were applied to the membranes for 1 h at room tem-
perature. Bound-antibody detection was performed with
ECL prime (GE) and the membranes were imaged using
ChemiDoc (BioRad) [37]. The band intensity was quanti-
fied with Image] software and normalized to GAPDH.

Electron microscopy

Skeletal muscle tissues were fixed in 2% glutaraldehyde
buffer for 24 h, and then fixed with 2% osmium tetrox-
ide. After dehydration and exposure to propylene oxide,
the samples were embedded in Epon resin and ultrathin-
sectioned at 80 nm using an ultramicrotome. They were
stained with 2% uranyl acetate for 15 min. HucMSC-Exos
were absorbed onto formvar carbon-coated nickel grids
and fixed in 2% glutaraldehyde buffer, and 2% uranyl
acetate was used for negative staining. The sections were
examined with an electron microscope (JEM-1400Plus;
JEOL) at 80 kV and digital images were obtained with a
CCD camera. The mitochondrial number and damage
were evaluated by the corresponding number of pixels
(magnification: 6000x) using Adobe Photoshop CS5 soft-
ware. A total of 60—80 mitochondrial cross-sections from
4 to 6 sections were examined and averaged for each ani-
mal, and distribution diagrams were calculated separately
for each group of mice.

Statistical analyses

The values are expressed as means + standard deviation
(SD). Unpaired Student’s ¢-tests were used for compar-
isons of two groups and a one-way analysis of variance
(ANOVA) followed by Tukey post hoc tests was used
for multiple comparisons of parametric data (three or
more groups). The grip strength and endurance were
subjected to a two-way repeated-measures ANOVA
and Bonferroni post hoc tests. The determination of
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muscle functions (grip strength and endurance) and
muscle fiber size (H&E staining), and the electron
microscopy were performed by two observers in a
blind manner, and the values they obtained were aver-
aged. Statistical analysis was performed using Graph-
Pad Prism 6 software. A p value <0.05 was considered
statistically significant.

>

m
o>

Concentration (particles / ml)
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Results

HucMSC-Exos identification using electron microscopy

and fluorescence

Nanoparticle tracking analysis (NTA) is often applied
to check the quality of exosomes. As seen in Fig. 1a, the
NTA graph presents the relative amounts of exosomes
isolated from s cells. HucMSC-Exos was identified by
western blotting assay using both antibodies (24 kda and
64 kDa) against exosome marker proteins and transmis-
sion electron microscopy was used to identify negative

UC-MSC-EV
1 2 3 4
CDY | 2/ KD
063 60 KD
T CD81 26 KD

20 um

Fig. 1 Isolation of exosomes from hucMSCs. a The amounts of exosomes isolated from hucMSCs were examined by nanoparticle tracking analysis.
b, c. Western blotting using antibodies against exosome marker proteins (b) and negative staining under transmission electron microscopy (c).

d Following exosome staining using an ExoSparkler Exosome Membrane Labeling Kit, C2C12 cells were seeded onto a 4-well chamber slides

and incubated for 4 h. The cells were observed using a fluorescence microscope
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staining (Fig. 1b and c). A fluorescence microscope was
used to visualize the exosomes of C2C12 cells (Fig. 1d).

HucMSC-Exos mitigated apoptosis, senescence,

and differentiation in C2C12 cells

Several studies have reported that intravenous adminis-
tration of hucMSC-Exos can lower inflammation, apop-
tosis, and toxicity in vivo and in vitro [38—40]. Therefore,
we treated C2C12 cells with 400 uM of H,O, in the pres-
ence and absence of hucMSC-Exos at 20 ng/mL for the
indicated durations, and then we examined them by cell
viability assay and TUNEL staining. As seen in Fig. 2a—c,
hucMSC-Exos administration significantly improved
C2C12 cell viability and decreased apoptosis (—38.8%,
p=0.0013). Quantitative data of SA-B-gal* staining with
Ki67 and pRPS6 antibodies revealed that hucMSC-Exos
yielded the same result on C2C12 senescence (decreased
B-gal*Ki67 pRPS6* cells by—38.5%, p=0.0017) in
response to 150 ng/mL DXR (Fig. 2d, e). As anticipated, it
also facilitated C2C12 differentiation (Fig. 3).

HucMSC-Exos positively regulated targeted intracellular
signaling pathways in C2C12 cells

In agreement with the phenotype findings, hucMSC-
Exos improved harmful changes in the levels of Bcl-2 and
Bax in C2C12 cells induced by H202 (Fig. 4a, b). Huc-
MSC-Exos upregulated differentiation-related molecules
(i.e., myogenin, MyoD1, MYF5, and MYF6) (Fig. 4c, d).
In parallel with these effects, hucMSC-Exos enhanced
the levels of p-Akt, p-mTOR, p-Erkl/2, p- AMPK, Sirtl
and reduced p-GSK3a/b in C2C12 cells (Fig. 5a, b) and as
anticipated, mTOR inhibitor Rapamycin suppressed the
levels of p-mTOR, Sirtl, and PGC-1a (Fig. 5c¢, d).

HucMSC-Exos restored he loss of skeletal muscle mass

and function in SAMP10 mice

To explore whether hucMSC-Exos ameliorates muscle
atrophy and dysfunction, the tail veins of SAMP10 mice
were injected with 20 ug of hucMSC-Exos diluted in
150 pl of PBS, or injected with an equal volume of PBS
alone, and then the endurance and grip strength were

(See figure on next page.)
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evaluated at the indicated time points. We observed that
hucMSC-Exos treatment significantly improved grip
strength (+21.3%, p=0.013) and endurance (+17.3%,
p=0.02) at 36-weeks post-treatment, whereas it had no
effect on either parameter at the early time points (28 and
32 weeks) or on body weight throughout the follow-up
period (Fig. 6a—c). In agreement with these phenotype
findings, hucMSC-Exos increased the weights of the
gastrocnemius (+37.6%, p=0.0014) and soleus muscles
(+30.2%, p=0.04) (Fig. 6d, €). The hucMSC-Exos inter-
vention yielded the same results on muscle fiber size
(+18.8%, p=0.014) (Fig. 6f, g).

The mTOR-signaling pathway participates

in hucMSC-Exos-mediated muscle benefits

The mTOR/Akt pathway is a critical intracellular sign-
aling pathway that modulates protein anabolism and
growth of the skeletal muscle [28]. To further evaluate
the results of hucMSC-Exos-mediated molecular altera-
tions in SAMP10 mice, we performed an immunoblot-
ting assay to evaluate changes in the mTOR signaling
pathway. The data of Western blotting showed that the
hucMSC-Exos intervention not only elevated the lev-
els of p-mTOR protein, but also stimulated higher-level
MHC protein expression in the gastrocnemius muscles
of SAMP10 mice compared with that in the non-treated
control mice (Fig. 7a, b).

UC-MSCs improved muscle mitochondrial biogenesis

and dysfunction

The Sirtl/PGCla pathway has been shown to participate
in mitochondrial biogenesis in vivo and in vitro under
various pathological conditions [5, 41]. In our present
experiments, the application of hucMSC-Exos enhanced
Sirtl and PGCla protein expressions in the gastrocne-
mius muscles of SAMP10 mice (Fig. 7a, b). The electron
microscopy demonstrated severe damage in the cristae
of mitochondria of the gastrocnemius muscles of the
non-treated SAMP10 mice (Fig. 8a). As seen in Fig. 8b,
the hucMSC-Exos intervention achieved dramatic reduc-
tions in mitochondrial injury (—26.6%, p=0.026) and

Fig. 2 The hucMSC-Exos improved cell viability, senescence, and apoptosis in C2C12 cells in response to H,0, induction. a-c C2C12 cells were
seeded on a 4-well chamber slide and were cultured in 10% fetal bovine serum (FBS)/Dulbecco’s modified Eagle’'s medium (DMEM) overnight.

After washing in PBS two times, the cells were cultured for 24 h in serum-free DMEM supplemented with 400 uM of H,0, or with 400 uM of H,0,
plus 20 ng/mL of exosomes, and then were subjected to MTT assay to measure cell viability (a) and terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) staining to detect apoptosis (b, €). Representative images and quantitative data show the viability and apoptosis

in the experimental groups. d, e C2C12 cells were also cultured for 24 h in serum-free DMEM supplemented with 200 ng/ml of doxorubicin (DXR)

or with 20 pM of DXR plus 20 ng/mL of exosomes, respectively, and then were subjected to SA-B-gal, pRPS6, and Ki67 staining to assess senescence.
Representative images of the Ki67 pRPS6"SA-B-gal* cells and quantitative data show the senescence. 100 cells were counted in each group. Data
are means+SD (n=6-7 for each group), and P values were determined by one way ANOVA and Tukey's post hoc tests (A) or Student’s t-test (c, e).

Scale bars, 10 um
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Control

Exosome
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Fig. 3 hucMSC-Exos promote C2C12 cell differentiation. a, b C2C12-EGFP cells were seeded on a 4-well chamber slide and were cultured

in 10% FBS/DMEM overnight. The cells were cultured in differentiation medium in the presence or absence of exosome solution (20 ng/mL

of hucMSC-Exos) for the indicated durations. Representative confocal microscope images (a) and quantitative data (b) show the myotube diameter
at days 4, 7, and 10. Data are means +SD (n=6-7 for each group), and P values were determined by Student’s t-test (b)

lipid droplet accumulation (—25.3%, p=0.011) compared
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Fig. 4 HucMSC-Exos reduced apoptosis-related protein expressions in C2C12 cells in response to oxidative stress. a, b C2C12 cells were treated
for 24 h with 400 H,0, alone or with 400 uM of H,0, plus 20 ng/mL of exosomes, and then were subjected to western blotting analysis. The band
intensities of proteins were quantified and normalized by GAPDH using ImagelJ software. ¢, d C2C12 cells were cultured in differentiation medium
in the presence or absence of exosomes for the indicated amounts of time, and the lysates were analyzed by western blot using the indicated
antibodies. Representative western blotting images and quantitative data show the levels of the investigated molecules. Data are means+SD
(n=3-4 for each group), and P values were determined by Student’s t-test (b and d)
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Fig. 5 The effects of hucMSC-Exos on the investigated molecular levels in C2C12 cells. a, b: C2C12 cells were treated with or without exosomes

for 24 h, and then the lysates were analyzed by western blot. Representative western blotting images and quantitative data show the levels

of the investigated molecules (p-mROR, p-Akt, p-Erk, p-AMPKa, p-GSK3a/B, Sirt1). ¢, d C2C12 cells were treated with or without rapamycin (100 nM)
and/or exosomes for 24 h, and then the lysates were analyzed by western blot using p-mTOR, t-mTOR, PGC-1q, and Sirt1 antibody. Data are
means+SD (n=4), and P values were determined by Student’s t-test (b and d)
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Fig. 6 HucMSC-Exos treatment prevented muscle dysfunction in SAMP10 mice. a-c The quantitative data show the body weights (a), grip
strength/body weight ratios (b), and endurance levels (c) in both groups at the indicated time points (n= 10 for each group). d, e: The ratios

of gastrocnemius and soleus muscle weights/body weights of the control and exosome-treated mice (n=10) at 36 weeks after exosome injection.
f, g Representative HE images and quantitative data for the cross-sections of gastrocnemius muscles from the control and exosome-treated mice
at 36 weeks after exosome injection. Data are means+SD (n=6-10), and P values were determined by a two-way repeated-measures ANOVA

and Bonferroni post hoc tests (a—c) or Student’s t-test (e, g)

to the levels in control mice.

Discussion

Over the past decade, experimental and clinical evi-
dence has indicated the therapeutic potential of hucM-
SCs for skeletal muscle diseases [42—45]. In this study,
we first explored hucMSC-Exos-mediated musculo-
protective effects and their potential molecular mecha-
nisms in SAMP10 mice. The most significant finding of
our study was that SAMP10 mice administered intrave-
nous hucMSC-Exos were resistant to aging-associated

skeletal muscle loss and dysfunction. In vivo, at the
molecular and microchange levels, hucMSC-Exos
treatment resulted in an increase in the muscle fiber
size and the mitochondrial biogenesis associated with
the induction of MHC, Sirtl, PGCla, and p-mTOR
proteins in the skeletal muscle tissues in SAMP10
mice. In vitro, hucMSC-Exos treatment improved the
cell viability, apoptosis, senescence, and differentiation
in association with beneficial changes in the apoptosis
(Bax and Bcl-2), differentiation (myogenin, MyoD1,
MYEF5, and MYF6), and protein anabolism (p-mTOR,
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Fig. 7 HucMSC-Exos treatment reverses the harmful changes in the investigated molecules in SAMP10 mice. a, b Representative immunoblots
and quantitative data show the levels of targeted protein expressions (MHC, Sirt1, PGC-1q, and p-mTOR) or phosphorylations (p-Erk1/2, p-mTOR,
and p-AMPKa) in the gastrocnemius muscle. The band intensities of the targeted proteins were normalized by GAPDH. Data are means+SD (n=4),
and *p<0.05,**p<0.01 by Student’s t-test (b)

p-Akt, p-Erkl/2, p-AMPK, and GSK3a/p) in C2C12
cells under our experimental conditions. These findings
present evidence and a potential mechanistic explana-
tion of the hucMSC-Exos-mediated prevention of skel-
etal muscle atrophy and dysfunction associated with
the improvement of protein anabolic metabolism, cell
apoptosis and senescence, and mitochondrial biogen-
esis (Fig. 9).

Previous studies have reported that intravenous admin-
istration of hucMSC-Exos can lower inflammation, apop-
tosis, and toxicity in animal models of preeclampsia [39],
osteonecrosis of the femoral head [46] and ischemic liver
injury [47]. We here showed that hucMSC-Exos inter-
vention improved the endurance and grip strength of

SAMP10 mice. It also increased the skeletal muscle fiber
size in the of SAMP10 mice. The western blotting results
revealed that hucMSC-Exos dramatically enhanced
the levels of anabolism-related proteins (p-mTOR and
MHC), indicating that the use of hucMSC-Exos is likely
to ameliorate skeletal muscle atrophy and dysfunction
via the stimulation of an mTOR-mediated protein anab-
olism in the aging-associated skeletal muscle atrophy
of SAPM10 mice. This notion was further supported
by the in vitro finding that hucMSC-Exos administra-
tion enhanced the protein anabolism-related molecular
phosphorylation levels (i.e., p-Akt, p-GSK3a/p, p-mTOR,
p-AMPK, and p-Erk1/2) in C2C12 cells under our experi-
mental conditions.
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atrophy and dysfunction associated with the improvement of protein anabolic metabolism, cell apoptosis and senescence, and mitochondrial

biogenesis

It is known that the skeletal muscle is a mitochon-
drion-rich tissue. Stimulation of mitochondrial bio-
genesis enhances skeletal muscular strength. [48] It is
well-known that PGCla regulates mitochondrial biogen-
esis via the modulation of mitochondrial nuclear gene
transcription. [49] In accordance with the experimental
evidence suggesting that PGC1-a expression is decreased
in aged skeletal muscle tissues [5, 50], we speculated
that the hucMSC-Exos-mediated benefit observed in
SAMP10 mice in our experiments was likely due to
increased PGC-1a activity. We observed that hucMSC-
Exos treatment not only enhanced PGCla expression but
also prevented lipid droplet accumulation and mitochon-
drial injury of the gastrocnemius muscles in SAMPI10
mice. It is known that activation of the Sirt1/PGC la axis
can protect against mitochondrial dysfunction in isopro-
terenol-induced myocardial injury [51]. We have shown
that hucMSC-Exos increased p-mTOR, Sirtl, and PGCla
in muscle tissues and in C2C12 lysates; and p-mTOR
inhibitor rapamycin diminished these effects. Thus, the

stimulation of mTOR-Sirtl/PGCla-mediated mitochon-
drial biogenesis by hucMSC-Exos might has a salutary
effect on the muscle dysfunction in SAMP10 mice. How-
ever, further experiments are needed to validate these
pathways using inhibitors or knockdown models in vivo
and in vitro.

In agreement with a previous report in which huc-
MSC-Exos inhibited cell apoptosis in a liver ischemic/
reperfusion injury model [52], our in vitro TUNEL analy-
sis revealed that the levels of oxidative stress-induced
C2C12 cells were markedly lowered by hucMSC-Exos
treatment. The western blotting analysis demonstrated
that hucMSC-Exos rectified the harmful changes in Bax
and Bcl-2 protein levels in C2C12 cells under hydrogen
peroxide conditions. Recently, we demonstrated that
human umbilical cord-derived MSCs can suppress mus-
cle apoptosis association with a reduction of oxidative
stress production and apoptosis-related protein changes
(cleaved caspase-3 and —8) in the soleus and gastroc-
nemius muscles of SAMP10 mice [16]. Taken together,
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our findings suggest that hucMSC-Exos protects skel-
etal muscle cells against apoptosis and thereby prevents
aging-related skeletal muscle atrophy and dysfunction in
mice under our experimental conditions.

This study had several limitations. First, accumulating
clinical and laboratory evidence suggests that it is diffi-
cult for intravenously injected hucMSC-Exos to locate
and engraft in skeletal muscles, and we were not able
to apply a green fluorescent protein-labeled method or
representative bioluminescence overlay images to moni-
tor whether the hucMSC-Exos were grafted into the
diseased skeletal muscle in our in vivo experiments. Sec-
ond, we could not gain direct evidence of whether and
where the hucMSC-Exos facilitate skeletal muscle cell
differentiation in mice. Third, we did not fully examine
the hucMSC-Exos-mediated muscle benefit on type I
and II myofibers in soleus and gastrocnemius muscles.
Fourth, we could not explore whether hucMSC-Exos
treatment still confer masculoprotective actions beyond
the 12-week treatment period. In addition, because of
our study lacking a placebo-treated aged control group
(e.g., aged untreated SAMP10 mice receiving a vehicle
injection), it challenging to not fully isolate the effect of
hucMSC-Exos from normal aging processes. And we
also could not perform direct genetic or pharmacologi-
cal inhibition studies to further validate these signaling
pathways as essential mediators of hucMSC-Exos func-
tion. Finally, we did not design experiments to exam-
ine the magnitude of the biochemical, morphological,
and functional deficiencies between normal healthy and
SAMPI0 tissue. Further experimental studies are needed
to explore these issues.

On the other hand, it should be noted clinical and
experimental investigations reported studies of MSC
using different methods of isolation and expansion, and
different approaches to characterizing the cells [53].
A comprehensive review article highlighted changes
occurring in MSC secretome following the switch from
healthy to senescence status. [54] it has been reported
in 2009 that a large multicenter phase III clinical trial
(NCTO00366145) performed in the USA examining the
use of an industrial MSC product failed to show its
clinical endpoint of achieving a dramatic enhance of
full response of steroid-resistant graft-versus-host dis-
ease (GVHD) compared with placebo [55]. A systematic
review and meta-analysis documented that efficacy of
MSC therapy for steroid-refractory acute GADH fol-
lowing allogeneic hematopoietic stem cell transplanta-
tion [56]. Token together, doing hucMSCs therapy as
well as hucMSC-Exos therapy should consider key vari-
ables affecting transplant efficacy include donor variabil-
ity, ex vivo expansion, senescence, immunogenicity, and
cryopreservation.

Page 16 of 19

Conclusions

HucMSC-Exos activates mouse skeletal muscle under
pathobiological conditions such as sarcopenia. We have
conducted a translational study using hucMSC-Exos
to contribute to the eventual development of manage-
ment strategies for aging-associated skeletal muscular
diseases. Our findings suggest that aging-related loss of
skeletal-muscle mass can be reversed by tail intravenous
administration of hucMSC-Exos, which might be due to
improvements in cell viability, apoptosis, differentiation,
protein anabolism, and mitochondrial biogenesis medi-
ated by targeted intracellular signaling pathways (i.e.,
the Bax/Bcl-2, myogenin/Myodl, mTOR/Akt, and Sirtl/
PGCla axes). The hucMSC-Exos-induced activation of
the young-skeletal muscle action should be further stud-
ied as a potential strategy to mitigate aging-dependent
declines in the muscle capacities for regeneration and
repair by known and unknown paracrine factors. Such
preclinical studies might also lead to the therapeutic
application of stem cell technology to complement or
replace physical exercise or pharmacological treatment
for aging individuals with frailty and sarcopenia.
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