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Oxidative Stress, Ubiquitin Proteasome Pathway Activation,
and Myonuclear Apoptosis

Johanna Abrigo,1,2 Juan Carlos Rivera,1,2 Javier Aravena,1,2 Daniel Cabrera,3,4

Felipe Simon,2,5 Fernando Ezquer,6 Marcelo Ezquer,6 and Claudio Cabello-Verrugio1,2

1Laboratorio de Biologia y Fisiopatologia Molecular, Departamento de Ciencias Biologicas,
Facultad de Ciencias Biologicas y Facultad de Medicina, Universidad Andres Bello, 8370146 Santiago, Chile
2Millennium Institute on Immunology and Immunotherapy, 8370146 Santiago, Chile
3Departamento de Ciencias Quimicas y Biologicas, Facultad de Salud, Universidad Bernardo O Higgins, 8370993 Santiago, Chile
4Departamento de Gastroenterologıa, Facultad de Medicina, Pontificia Universidad Católica de Chile, 8330024 Santiago, Chile
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Obesity can lead to skeletal muscle atrophy, a pathological condition characterized by the loss of strength and muscle mass. A
feature of muscle atrophy is a decrease of myofibrillar proteins as a result of ubiquitin proteasome pathway overactivation, as
evidenced by increased expression of the muscle-specific ubiquitin ligases atrogin-1 and MuRF-1. Additionally, other mechanisms
are related to muscle wasting, including oxidative stress, myonuclear apoptosis, and autophagy. Stem cells are an emerging therapy
in the treatment of chronic diseases such as high fat diet-induced obesity. Mesenchymal stem cells (MSCs) are a population of self-
renewable and undifferentiated cells present in the bone marrow and other mesenchymal tissues of adult individuals. The present
study is the first to analyze the effects of systemicMSC administration on high fat diet-induced skeletal muscle atrophy in the tibialis
anterior of mice. Treatment with MSCs reduced losses of muscle strength and mass, decreases of fiber diameter and myosin heavy
chain protein levels, and fiber type transitions. Underlying these antiatrophic effects, MSC administration also decreased ubiquitin
proteasome pathway activation, oxidative stress, and myonuclear apoptosis. These results are the first to indicate that systemically
administered MSCs could prevent muscle wasting associated with high fat diet-induced obesity and diabetes.

1. Introduction

Skeletal muscle is the most abundant tissue in the human
body and has a wide variety of physiological functions.
Therefore,muscle loss results not only in physical dysfunction
but also in metabolic impairment [1, 2]. Related to this,
recent studies have shown that obesity is associated with
skeletal muscle loss and dysfunction and the development

of muscle atrophy [3]. Indeed, mice fed with a high fat diet
(HFD) develop the typical features of muscle wasting, such
as weakness, the loss of muscle mass, and decreased fiber
diameter [4].

Skeletal muscle is composed of a variety of fast and slow
fiber types and subtypes (i.e., slow: I; fast: IIb, IId, and IIa;
or mixtures) [5]. Moreover, muscle fibers are versatile and
capable of changing phenotypic properties in response to
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muscle wasting, showing modifications in the expression of
MHC isoforms. Therefore, when fast muscles atrophy, a fast-
to-slow transition occurs (e.g., IIb→IId→IIa→I) [5, 6].

Ubiquitin proteasome pathway (UPP) overactivation,
oxidative stress, and myonuclear apoptosis are some of the
mechanisms involved in muscle atrophy induced by obesity
and other causes [4, 7]. Overactivation of the UPP in muscle
atrophy is characterized by an increased expression of two
muscle-specific ubiquitin E3-ligase F-box proteins, muscle
atrophy F-box (MAFbx)/atrogin-1 and muscle ring-finger
protein 1 (MuRF-1). These proteins increase the ubiquitina-
tion of targets such as the myosin heavy chain (MHC), which
are further degraded by the proteasome [8–11].

Oxidative stress is produced by increased reactive oxygen
species (ROS) and/or decreased antioxidant mechanisms
[12]. Oxidative stress has been associated with several models
of muscle atrophy, including that induced by obesity [3,
13, 14]. Another mechanism involved in muscle atrophy is
myonuclear apoptosis, which is related to muscle wasting
induced by cachexia and obesity [4]. In atrophic muscle,
several parameters of myonuclear apoptosis increase, such as
the Bax/Bcl2 ratio, caspase-3 levels and activity, and apoptotic
nuclei [15].

Stem cell-based interventions act throughmultiplemech-
anisms and provide a clear advantage when treating diseases
with a complex pathophysiology, such as HFD-induced
obesity. This type of intervention is arguably better in ther-
apeutic terms than single-agent, drug-based treatments [16,
17]. Multipotent mesenchymal stromal cells, also referred
to as mesenchymal stem cells (MSCs), are a heterogeneous
adult stem cell population. These are a potentially ideal tool
for stem cell-based interventions since they can be isolated
frombonemarrow and othermesenchymal tissues, including
adipose tissue, dental pulp, the placenta, and the umbilical
cord, and subsequently rapidly expanded ex vivo [18, 19]. As
immunomodulatory cells, MSCs can limit inflammation in
damaged tissue [20], produce a broad range of trophic factors
that protect parenchymal cells from apoptotic death, and
promote the proliferation and differentiation of endogenous
precursors [21].

The present study is the first to provide evidence that
systemic MSC administration can prevent the loss of mus-
cle strength and mass, the decrease in fiber diameter and
MHC protein levels, and the transition of fiber type in a
murine model of HFD-induced muscle wasting. Prevention
of the several parameters of muscle atrophy, among them
UPP overactivation, increased ROS levels, and activation of
myonuclear apoptosis, was also found in this model, which
would explain the observed antiatrophic effects of MSC
administration.

2. Materials and Methods

2.1. Animals. Male 12-week-old C57BL/10 mice were housed
at a constant temperature (22 ± 2∘C), with 60% relative
humidity, and with a 12 : 12 light : dark cycle. Mice had ad
libitum access to food and autoclaved water. Mice were fed
with either a standard diet (control group, 10 cal% fat, 20 cal%

proteins, and 70 cal% carbohydrates, Champion S.A., Chile)
or a high fat diet (HFD group, 60 cal% fat, 20 cal% proteins,
and 20 cal% carbohydrates, D12492 Research Diets Inc.,
USA). After 30 weeks of HFD feeding, mice were separated
into two groups matched by average body weight. Then,
for an additional eight weeks, one group received a vehicle
treatment (HFD), while the other was treated with MSCs
(HFD + MSCs). At the end of the 38-week experimental
period, the mice were euthanized under anesthesia, and the
tibialis anterior (TA) muscles were dissected, removed, and
rapidly frozen and stored at −80∘C until processing. All
protocols were conducted in strict accordance with and with
the formal approval of the Animal Ethics Committees of
Universidad Andrés Bello and Universidad del Desarrollo.

2.2. Isolation and Administration of MSCs. Six-to-eight-
week-old C57BL/10 male mice were sacrificed by cervical
dislocation. Bone marrow cells were obtained by flushing the
femurs and tibias with sterile PBS. After centrifugation, the
cells were resuspended in an 𝛼-Minimum Essential Medium
(Gibco, USA) supplemented with 10% selected fetal bovine
serum (Hyclone, USA) and 80 𝜇g/mL gentamicin (Labora-
torio Sanderson, Chile) and plated at a density of 1 × 106
nucleated cells per square centimeter. Nonadherent cells were
removed after 72 h by changing the medium. When the foci
reached confluence, adherent cells were detached with 0.25%
trypsin and 2.65mM EDTA, centrifuged, and subcultured
at 7,000 cells per square centimeter. After two subcultures,
adherent cells were phenotypified and characterized accord-
ing to the adipogenic and osteogenic differentiation potential,
as previously described [6]. Then, 0.5 × 106MSCs were
resuspended in 0.2mL of 5% mouse plasma (vehicle) and
administered via the tail-vein to anesthetizedmice. Untreated
mice were given 0.2mL of vehicle.

2.3. Weightlifting Strength Test. At the end of the treatment,
the muscle strength of the mice was measured through a
weightlifting test, as previously described [22]. Briefly, the
apparatus consisted in a series of increasingly long chain links
attached to a ball of tangled fine wire. The number of links
ranged from two to seven, with total weights between 15.5 and
54.1 g. Before performing the test and prior to treatments, the
mice were trained once per day for twoweeks. To perform the
test, themouse grasped the different weights with its forepaws
and a score was assigned. The final score was calculated as
the summation of the product between the link weight and
the time the weight was held. The average of three measures
from each mouse was normalized against body weight [23].

2.4. Contractile Properties. The TA muscles removed from
sacrificed mice were placed in a dish containing oxygenated
Krebs-Ringer solution (in mmol/L: NaCl: 118; NaHCO

3
: 25;

D-glucose: 20; KCl: 4.7; CaCl
2
: 3.2; KH

2
PO
4
: 1.2; MgSO

4
: 1.2).

The TA muscles were firmly tied with surgical silk at the
bottom end of the tendon and at a portion of the knee
bone. The muscle was transferred to a custom-built Plexiglas
bath filled with oxygenated Krebs-Ringer solution that was
thermostaticallymaintained at room temperature for optimal
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oxygen diffusion. The muscles were vertically aligned and
tied directly between a fixed hook and a force transducer
(MLT 1030/D, AD Instruments, USA). Two platinum plate
electrodes were positioned in the organ bath so as to flank
the length of the muscles. Muscles were field-stimulated by
supramaximal square wave pulses (S48 Stimulator, Grass,
USA), which were amplified to increase and sustain current
intensity at a level sufficient for producing a maximum
isometric tetanic contraction. Optimum muscle length (Lo)
and stimulation voltage were determined from the microma-
nipulation of muscle length to produce maximum isometric
twitch force. All stimulation parameters and contractile
responses were controlled and measured using Power Lab
4/35 (AD Instruments, USA). All obtained data were com-
puted with the LabChart analysis software (AD Instruments,
USA).Maximum isometric tetanic force (Po)was determined
from the plateau of the frequency-force relationship after
successive stimulations between 10 and 150Hz for 850ms,
with 2min rest periods between the stimuli. After testing, the
muscles were removed from the bath and the tendons and
any adherent nonmuscle tissues were trimmed, blotted once
on filter paper, and weighed. Muscle mass and Lo were used
to calculate specific net force or the normalized force of each
total muscle fiber cross-sectional area (mN/mm2) [24–27].

2.5. Blood Triglycerides, Cholesterol, Glucose, and Insulin
Determination. After 4 h of fasting, mice were sacrificed
and blood samples were collected. Serum triglycerides and
cholesterol levels were determined in the ARCHITECT
c8000 Clinical Chemistry Analyzer (Abbott, USA). Blood
glucose levels were measured with the Accu-Chek Perfor-
mance glucometer system (Roche Diagnostic, Germany).
Plasma insulin levels were assayed using the Ultrasensitive
Mouse-Insulin ELISA Kit (Mercodia, Sweden).

2.6. RNA Isolation, Reverse Transcription, and Quantitative
Real-Time PCR. Total RNAwas isolated from the TAmuscles
using TRIzol (Invitrogen, USA). The total RNA (1 𝜇g) was
reverse transcribed to cDNA using random hexamers and
Superscript II reverse transcriptase (Invitrogen, USA). Taq-
Man quantitative real-time PCR reactions were performed
in triplicate, using an Eco Real-Time PCR System (Illumina,
USA) with predesigned primer sets for mouse atrogin-1,
MuRF-1, and the housekeeping gene 18S (TaqManAssays-on-
Demand, Applied Biosystems, USA). The mRNA expression
was quantified using the comparative ΔCt method (2−ΔΔCt),
with 18S as the reference gene. The mRNA levels were
expressed relative to the mean expression in the vehicle-
treated mice [23, 28].

2.7. Western Blot Analysis. The muscles were homogenized
in Tris-EDTA buffer with a cocktail of protease inhibitors
and 1mM phenylmethanesulfonyl fluoride. Proteins were
subjected to SDS-PAGE, transferred onto polyvinylidene
difluoride membranes (Millipore, USA), and probed with
mouse anti-MHC (1 : 1,000) (MF-20, Developmental Studies,

Hybridoma Bank, University of Iowa, USA), mouse anti-
tubulin (1 : 5,000),mouse anti-GAPDH(1 : 5,000), rabbit anti-
Bax (1 : 500), rabbit anti-Bcl2 (1 : 500), rabbit anti-caspase-3
(1 : 500), rabbit anti-Ubproteins (1 : 500) (SantaCruzBiotech-
nology, USA), rabbit anti-LC3B (1 : 1,500) (Cell Signaling,
USA), and rabbit anti-p62 (1 : 1,500) (Abcam, USA). All
immunoreactions were visualized by enhanced chemilumi-
nescence (Thermo Scientific, USA). Images were acquired
using Fotodyne FOTO/Analyst Luminary Workstation Sys-
tems (Fotodyne, Inc., USA).

2.8. Muscle Histology and Fiber Diameter Determination and
Quantification. Fresh-frozen TA muscles were sectioned,
and cryosections (8 𝜇m) were stained with hematoxylin and
eosin (H&E) or Alexa-Fluor 594 tagged wheat germ agglu-
tinin (WGA) (Life Technologies, USA) according to stan-
dard procedures. Wheat germ agglutinin-stained fibers were
assessed through blind analysis using the Image J software
(NIH, USA), with fiber sizes determined for seven randomly
captured images from each experimental condition. Fibers
were handled manually, and the minimal Feret diameter of
each fiber was computed by the software [28, 29].

2.9. Immunohistochemical Analysis. For immunohistochem-
istry, fresh-frozen TA muscle cryosections (8𝜇m) were fixed
in acetone and incubated overnight in 1% bovine serum
albumin in PBS with anti-MHC IIa (clone SC-71-s; 1 : 20) and
anti-MHC IIb (clone BF-F3-s; 1 : 20) (Developmental Studies,
Hybridoma Bank, University of Iowa, USA). Then, cryosec-
tions were blocked for 15min in 3% methanol-H

2
O
2
and

incubated for 30min with the Envision Dual Link System-
HRP (Dako, USA). Enzyme activity was detected with a 3󸀠,3󸀠-
diaminobenzidine tetrahydrochloride liquid system (Dako,
USA). Nuclei were stained with hematoxylin [26, 30].

2.10. ROS Detection. For ROS detection, fresh-frozen TA
muscle cryosections (8𝜇m) were incubated for 30min at
37∘C with 10 𝜇M CM-H

2
DCF-DA dye (Molecular Probes,

Eugene, Oregon, USA) in Hank’s buffered salt solution.Then,
the muscles were fixed in 4% paraformaldehyde in PBS for
10min at room temperature. The nuclei were stained with
Hoechst 33258 (1 : 5,000) in PBS. After rinsing, the muscles
were mounted with a fluorescent mounting medium (Dako,
USA) under a glass slide and viewed and photographed using
the Motic BA310 epifluorescence microscope [31].

2.11. Terminal Deoxynucleotidyl Transferase Mediated dUTP
Nick End Labelling (TUNEL) Technique. Breaks in the DNA
strand as a result of endonuclease activity were detected by
the TUNEL labelling technique using the commercial Dead-
EndColorimetric TUNELKit (Promega, USA).The label was
developed with a DAB 3,3󸀠-diaminobenzidine horseradish
peroxidase substrate that produces a dark-brown reaction
product. A blinded field quantification of TUNEL-positive
nuclei was then performed on five randomly captured images
of the TA taken from four mice and for each experimental
condition [15].
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Figure 1: Mesenchymal stem cells (MSCs) administration inhibits the decreased muscle strength induced by a high fat diet (HFD) in mice.
C57BL/10J male mice were fed with a standard chow (control) or HFD for 38 weeks. At week 30, a subgroup of HFD mice received MSC
injected through the tail-vein. At week 38, all mice were subjected to the following: (a) A weightlifting test to determine limbmuscle strength:
values represent the percentage of muscle strength reached by the mice with each weight and correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05
versus control; #𝑃 < 0.05 versus HFD, two-way ANOVA). (b) A weightlifting test: the values represent the scores normalized by body weight.
The values correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD, two-way ANOVA). (c) Maximal isometric
strengths (mN/mm2) against stimulation frequencies (Hz) in the tibialis anterior (TA) muscles: values represent the mean ± SD (𝑛 = 8;
∗

𝑃 < 0.05 versus HFD, two-way ANOVA).

2.12. Caspase-3 Activity. The activity of caspase-3 was deter-
mined in the TA protein extract using the commercial
Caspase-3 Colorimetric Assay Kit (BioVision Inc., USA). A
405 nm absorbance value for each experimental condition
was expressed as a fold of induction relative to control muscle
[15].

2.13. Statistics. For statistical analysis, two-way analysis of var-
iance (ANOVA) was used with a post hocmultiple-comparison

Bonferroni test (Prisma). Differences were considered statis-
tically significant at 𝑃 < 0.05.

3. Results

3.1. Systemic Administration of Mesenchymal Stem Cells
Reverts the Decreased Muscle Strength Induced by a High Fat
Diet. After receiving aHFD for 38weeks, livemice evidenced
decreased muscle strength, as evaluated by a weightlifting
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Figure 2: Systemic mesenchymal stem cells (MSCs) administration inhibits fiber type transitions in the tibialis anterior (TA) muscle of
mice fed with a high fat diet (HFD). C57BL/10J male mice were fed with a standard chow (control) or HFD for 38 weeks. At week 30,
a subgroup of HFD mice received MSC injected through the tail-vein. At week 38, all mice were sacrificed and the TA was analyzed to
determine fiber type through the immunohistochemical detection of myosin heavy chain isoforms (IIa and IIb). Images obtained at 10x (a)
and 40x (b) magnification show fiber types IIa (upper panel) and IIb (lower panel). Quantitative analysis of the fiber type is shown in (c).
Graph representing the percentage of specific fiber types relative to the total fibers counted per field. Values represent the mean ± SD (𝑛 = 8;
∗

𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD, two-way ANOVA).
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Figure 3: Mesenchymal stem cells (MSCs) administration prevents the decreased fiber diameter of the tibialis anterior (TA) muscle in high
fat diet- (HFD-) induced skeletal muscle atrophy. TA muscles were obtained from C57BL/10J male mice fed with standard chow (control), a
HFD, or a HFD-MSC treated. Muscle cross sections were stained with wheat germ agglutinin to delimit muscle fiber sarcolemma. (a) Images
were obtained at 10x and 40x magnification. Bars correspond to 150𝜇m. (b) Minimal Feret diameters were determined in TA cross sections
from (b). Fiber diameters were grouped and ranged from 0 to 70𝜇m. Values are expressed as a percentage of the total quantified fibers. Values
correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control, two-way ANOVA).

assay (Figure 1(a)). However, HFD + MSC mice showed
a partial recovery of muscle strength after MSC treatment
(Figures 1(a) and 1(b)).

Muscle strength was also measured through electro-
physiological assays of tetanic force in isolated TA muscles.
While the muscle force of HFD mice decreased in all of the
assessed frequency ranges (Figure 1(c)), muscle strength was

recovered, albeit not completely, following MSC treatment.
This recovery reached approximately 50% for frequencies
from 40 to 150Hz and was without differences in lower
frequencies.

These results suggest that MSC administration can pre-
vent the decreased muscle strength induced by a HFD in
mice.
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Figure 4: Systemic mesenchymal stem cells (MSCs) administration prevents the decreased myosin heavy chain (MHC) levels in the tibialis
anterior (TA) muscle of mice fed with a high fat diet (HFD). C57BL/10J male mice were fed with a standard chow (control) or HFD for 38
weeks. At week 30, a subgroup of HFD mice received MSC injected through the tail-vein. After eight weeks, all mice were sacrificed and the
TA was excised and homogenized to evaluate the following: (a) MHC protein levels throughWestern blot analysis (GAPDH levels were used
as the loading control; molecular weight markers are shown in kDa) and (b) quantitative analysis of the experiments from (a). The levels of
MHC normalized to GAPDH are expressed relative to control mice (∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD).

3.2. Mesenchymal Stem Cells Prevent Fiber Type Transition,
Decreased Fiber Diameter, and theMyosin Heavy Chain Levels
Induced by a High Fat Diet. Themost abundant fiber type in
the TA is IIb. When the TA is atrophied, IIb fibers transition
towards IIa fibers [5, 6]. This was observed in the present
study, where a HFD produced a shift to IIa fibers in affected
mice, increasing the quantity of IIa fibers from 4.3 to 24.5%
and decreasing the quantity of IIb fibers from 92.8 to 69.4%
(Figures 2(a) and 2(b)). This transition was prevented in the
HFD+MSC group, which showed a similar proportion of IIb
fibers as the control group (Figures 2(a) and 2(b)).The graphs
in Figure 2(c) show the quantitative analysis of Figures 2(a)
and 2(b).

The architecture of theTAmuscleswas conservedwithout
evident changes and without foci of necrotic or damaged
fibers (Supplemental Figure S1) (see Supplementary Material
available online at http://dx.doi.org/10.1155/2016/9047821).
However, when fiber size was evaluated (Figure 3(a)), the
HFD mice showed a notable displacement towards smaller
sized fibers, a situation that was reversed to the normal values
in the HFD + MSC group (Figures 3(a) and 3(b)).

A characteristic feature of muscle atrophy is a decrease
in the levels of the myofibrillar proteins such as MHC. In line
with this, theHFDdecreasedMHCprotein levels in the TA to
only 40% of levels in control TA. In contrast, in HFD +MSC
mice, the administration of MSC partially prevented lowered
MHC levels, which reached 82% of the levels presented in
control TA (Figures 4(a) and 4(b)).

3.3. Mesenchymal Stem Cell Administration Reverts Ubiquitin
Proteasome Pathway Overactivation, the Increases in Reactive

Oxygen Species, and the Myonuclear Apoptosis Induced by a
High Fat Diet. Increased UPP activity was demonstrated by
high levels of ubiquitinated proteins in the TA of HFD mice
(Figures 5(a) and 5(b)). In contrast, HFD + MSC mice were
able to decrease protein ubiquitination, reachingUPP activity
levels similar to the control group. To corroborate this result,
atrogin-1 andMuRF-1 expression, which increase under most
muscle atrophy conditions, were also evaluated. A HFD
induced increased atrogin-1 and MuRF-1 gene expression
(Figures 5(c) and 5(d)). However, MSC treatment in HFD +
MSC mice completely prevented increased atrogin-1 expres-
sion and partially prevented increased MuRF-1 expression
in the TA (Figures 5(c) and 5(d)). When autophagy was
evaluated, the levels and processing of LC3B and p62 did
not show differences between the controls, HFD, and HFD
+ MSC mice (Supplemental Figures S2A, B, and C).

The levels of ROS were also evaluated in the TA of HFD
mice. For this, a DCF probe was used to detect (Figure 6(a))
and quantify (Figure 6(b)) ROS. HFD increased ROS levels
7.22-fold relative to the control, while MSC administration
partially prevented this increase (3.83-fold relative to the
control).

Another mechanism recently described in relation to
HFD-induced muscle wasting is myonuclear apoptosis [4].
Proapoptotic Bax levels and antiapoptotic Bcl2 levels were
measured (Figure 7(a)). The Bax/Bcl2 ratio increased in
the TA of HFD mice as compared to the control group
(Figure 7(b)). However, HFD + MSC mice presented a
decreased Bax/Bcl2 ratio in the TA as compared to the HFD
group. Additionally, HFD-induced caspase-3 protein levels



8 Oxidative Medicine and Cellular Longevity

HFD + MSCControl

Tubulin

(kDa)

55 -

Ub proteins

HFD

75 -
58 -

46 -

100 -

130 -

(a)
HFD + MSC

0.0

1.0

2.0

3.0

Control HFD

# 

∗

U
b 

pr
ot

ei
ns

/tu
bu

lin
 (f

ol
d 

of
 in

du
ct

io
n)

(b)

0.0

1.0

2.0

3.0

Control HFD + MSCHFD

At
ro

gi
n-

1/
18

S 
(fo

ld
 o

f i
nd

uc
tio

n)

# 

∗

(c)

0.0

1.0

2.0

3.0

Control HFD + MSCHFD

 M
uR

F-
1/

18
S 

(fo
ld

 o
f i

nd
uc

tio
n) # 

∗

∗

(d)

Figure 5: Mesenchymal stem cells (MSCs) administration inhibits increases in ubiquitinated proteins and atrogin-1 and MuRF-1 gene
expression levels induced by a high fat diet (HFD) in mice. C57BL/10J male mice were fed with a standard chow (control) or HFD for 38
weeks. At week 30, a subgroup of HFDmice receivedMSC injected through the tail-vein. At week 38, all mice were sacrificed and the TA was
excised and homogenized to evaluate the following: (a) total ubiquitinated (Ub) protein levels through Western blot analysis (tubulin levels
were used as the loading control; molecular weight markers are shown in kDa) and (b) quantitative analysis of the experiments from (a). The
levels of Ub normalized to tubulin are expressed relative to control mice (∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD). Detection of
atrogin-1 (c) and MuRF-1 (d) mRNA levels through RT-qPCR using 18S as the reference gene. Expressions are shown as the fold of induction
relative to the TA from control mice, and the values correspond to the mean ± SD (∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD).

(Figure 7(c)) were decreased by MSC administration (Fig-
ure 7(d)). Similarly, MSC injection decreased HFD-induced
caspase-3 activity in the TA (Figure 7(e)). Finally, apoptotic
nuclei were evaluated by TUNEL analysis (Figure 7(f)).
The results revealed that a HFD increased the number of
apoptotic nuclei in the TA (165.4% relative to the control),
while MSC injection fully prevented this increase in HFD +
MSC mice (Figure 7(g)). Together, these results indicate that
MSC administration decreases myonuclear apoptosis in the
TA of HFD mice.

4. Discussion

It is well reported that HFD impairs muscle function and,
specifically, produces muscle atrophy [32–34]. HFD induces
skeletal muscle atrophy through the induction of several
mechanisms, such as UPP overactivation, increased oxidative
stress, and the generation of myonuclear apoptosis [4, 7].
In this context, the present study corroborated that HFD
can produce phenotypical changes in skeletal muscle, many
of which also occur in muscle atrophy caused by other
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Figure 6: Systemic mesenchymal stem cells (MSCs) administration prevents increased reactive oxygen species (ROS) levels in the tibialis
anterior (TA) of mice fed with a high fat diet (HFD). C57BL/10J male mice were fed with a standard chow (control) or HFD for 38 weeks. At
week 30, a subgroup of HFDmice receivedMSC injected through the tail-vein. At week 38, all mice were sacrificed. (a) Cryosections obtained
from the TAwere incubated with a DCF probe for ROS detection through fluorescencemicroscopy. Nuclei were labelled via Hoechst staining.
(b) Quantification of ROS levels from experiments showed in (a).The values are expressed as the fold of induction of the DCF probe intensity.
Values correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD, two-way ANOVA).

stimuli, such as by immobilization, sepsis, or cachexia. These
changes include decreased muscle strength and fiber size,
fiber type transitions (e.g., IIb→IIa), the downregulation of
MHC levels, the upregulation of atrogenes such as atrogin-1
and MuRF-1, and increased oxidative stress and myonuclear
apoptosis. Interestingly, all of these features of HFD-induced
muscle wasting were prevented when MSC was systemically
administrated to mice.

One feature of obesity is an increase of some circulating
factors that can affect muscle function and structure, pro-
ducing muscle atrophy. These factors include angiotensin II
and TNF-𝛼 [7, 35, 36]. Thus, the next step in our model
of study is to know if the MSC administration alters the
circulating and tissue levels of angiotensin II and TNF-𝛼.
The mechanisms through which angiotensin II and TNF-
𝛼 induce muscle wasting include increased oxidative stress,
UPP overactivation, and myonuclear apoptosis [7, 37–39].
These studies are in line with the present results, which
show that MSC treatment prevented oxidative stress, UPP
overactivation, and myonuclear apoptosis. Building on this
result, it is important that future studies elucidate the possible
participation of the angiotensin II and TNF-𝛼 induced
pathways in the improvements observed when MSC is given
to obese mice.

Despite the fact that one of the effects observed by MSC
treatment is the decrease of myonuclear apoptosis, the cell
type responsible for or sensible to this effect is not studied.
We cannot rule out the possibility that apoptotic signaling
may have occurred by a combination of muscle (fiber or
satellite cells) and nonmuscle cells (e.g., endothelial cells
and resident fibroblast) that reside inside muscles in vivo.
Moreover, we cannot be sure that apoptotic myonuclei are

intramuscular or associated with satellite cells. However,
considering that the main and more abundant cell type in
skeletal muscle is the muscle fibers and the evidences that
describe the fibers as main source of apoptotic myonuclei in
models of muscle atrophy by unloading [40], then we can
speculate that at least this cell type significantly contributes
to the changes in apoptotic signaling induced by high fat
diet (HFD) and therefore it is sensitive to MSC treatment.
This suggestion is supported by other studies that show
the muscle fiber as the main cell source of the myonuclear
apoptosis induced by HFD [4, 41]. Despite these evidences,
we cannot discard that part of the atrophic effect observed
under HFD can be attributed to another cell type, specifically
to satellite cells whose dysfunction has been reported in
atrophied muscles [42, 43], opening another cell target to
the effect of MSC administration. Thus, further studies, such
as specific immunolocalization of apoptotic marker, must be
performed to detect and clarify the cell types responsible for
the myonuclear apoptosis in the skeletal muscle under HFD,
evaluating in addition the effect of MSC treatment.

The use of stem cell therapy to improve muscle dis-
orders has been previously evaluated in models of muscle
regeneration or dystrophy, mainly using the graft strategy
[44, 45]. However, the efficiency of these procedures has been
poor. In turn, the present results indicate that systemic MSC
administration improves skeletal muscle atrophy associated
with a HFD. Importantly, the effects of MSC administration
were not related to obesity reversion, since HFD mice
remained obese, hypercholesterolemic, hyperglycemic, and
hyperinsulinemic (Supplemental Table S1).

Also worth noting, the MSCs incorporated into the
muscle tissue of HFDmice were undetected in posttreatment
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Figure 7: Mesenchymal stem cells (MSCs) administration inhibits the increased myonuclear apoptosis induced by a high fat diet (HFD) in
mice. C57BL/10J male mice were fed with a standard chow (control) or HFD for 38 weeks. At week 30, a subgroup of HFDmice receivedMSC
injected through the tail-vein. At week 38, all mice were sacrificed and the tibialis anterior (TA) was excised and homogenized to evaluate
(a) Bax and Bcl2 protein levels through Western blot analysis; (b) Bax/Bcl2 ratio analysis (the values are expressed as fold of induction
relative to the control and correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD, two-way ANOVA)); (c)
cleaved caspase-3 levels detected by Western blot analysis; (d) quantification of caspase-3 levels from experiments shown in (c). The values
are expressed as fold of induction relative to the control and correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus
HFD, two-way ANOVA). For (a) and (c), the levels of tubulin are shown as the loading control. The molecular weights are shown in kDa.
(e) Caspase-3 activity was measured and expressed as fold of induction relative to the control, with values corresponding to the mean ± SD
(𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD; two-way ANOVA). (f) Cryosections of TA were used to perform the TUNEL assay.
The bar corresponds to 50 𝜇m. (g) Blinded quantification of TUNEL-positive nuclei per field in five randomly captured images. The values
are expressed as the fold of induction relative to the control and correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05
versus HFD, two-way ANOVA).
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analyses (data not shown). Diverse studies have shown that
<1% of systemically administered MSCs remain present one
week after administration in any organ, including the lungs,
heart, kidneys, liver, spleen, and gut [16, 46, 47]. However,
the clinical benefits associated with MSC administration can
be observed for a much longer period. Considering this, it
is possible to speculate that the impaired muscle function
and features of muscle atrophy were prevented by some
indirect event dependent on the MSCs. For example, MSCs
secrete a broad range of bioactive growth factors, such as
VEGF, bFGF, IGF,HGF, and EGF [21].Therefore,MSCs could
provide trophic support for injured tissue by modifying the
microenvironment, thus inducing local precursor prolifera-
tion and differentiation to improve damaged tissue irrigation
and prevent parenchymal cell apoptosis [17, 21]. Considering
this, the impaired muscle function and features of muscle
atrophy could be prevented by some indirect or paracrine
event dependent on MSCs, as has been previously found in
relation to the secretion of trophic factors [21, 48]. If this is the
mechanism by which the effects of MSCs occur, it is possible
that MSCs increase the secretion of trophic factors such as
EGF and bFGF [21]. In skeletal muscle, EGF and bFGF also
stimulate growth and prevent muscle atrophy [49, 50].

Through MSC administration, the muscle function af-
fected by sepsis-induced skeletalmuscle wastingwas partially
recovered, mainly through improving the function of satellite
cells, the primary cell population responsible for repairing
skeletal muscle [51]. Considering differences in MSC admin-
istration between Gao et al. [46] and the present study,
it is possible that, in the present model of HFD-induced
muscle wasting, MSC treatment could induce the secretion
of soluble factors that finally improve muscle strength. This
possible mechanism could be mediated by an effect on
satellite cells or another cell population that participates in
muscle repair. One such population is a muscle-resident
population of nonsatellite progenitor cells that are termed
bipotent fibro/adipogenic progenitors and are located in the
muscle interstitium and neighbor muscle-associated blood
vessels. These cells could contribute to preventing muscle
atrophy by secreting paracrine factors such as IL-6, IGF-1, and
Wnt1 [52, 53].

Alternatively, MSC administration produces an anti-
inflammatory response in several models and pathologies.
Systemic inflammation can increase during obesity, resulting
in increased proinflammatory cytokines such as IL-1𝛽 and
TNF-𝛼 [54], which induce muscle wasting [55]. Therefore,
it is possible that the presently obtained results are due
to decreased TNF-𝛼 plasma levels, which, in turn, could
decrease the atrophic effect on skeletal muscle.

5. Conclusions

The present study is the first to demonstrate that systemically
administeredMSCs could prevent themuscle wasting associ-
ated with HFD-induced obesity, by preventing the decreased
MHC levels, increased UPP activity, increased myonuclear
apoptosis, and oxidative stress.
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