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Abstract. Stem cells are regarded as an important source of 
cells which may be used to promote the regeneration of skeletal 
muscle (SKM) which has been damaged due to defects in the 
organization of muscle tissue caused by congenital diseases, 
trauma or tumor removal. In particular, mesenchymal stem 
cells (MSCs), which require less invasive harvesting techniques, 
represent a valuable source of cells for stem cell therapy. In 
the present study, we demonstrated that human tonsil-derived 
MSCs (T-MSCs) may differentiate into myogenic cells in vitro 
and that the transplantation of myoblasts and myocytes gener-
ated from human T-MSCs mediates the recovery of muscle 
function in vivo. In order to induce myogenic differentiation, 
the T-MSC-derived spheres were cultured in Dulbecco's modi-
fied Eagle's medium/nutrient mixture  F-12  (DMEM/F‑12) 
supplemented with 1  ng/ml  transforming growth factor-β, 
non-essential amino acids and insulin‑transferrin-selenium 
for 4 days followed by culture in myogenic induction medium 
[low-glucose DMEM containing 2% fetal bovine serum (FBS) 
and 10 ng/ml insulin‑like growth factor 1 (IGF1)] for 14 days. 
The T-MSCs sequentially differentiated into myoblasts and 
skeletal myocytes, as evidenced by the increased expression 
of skeletal myogenesis-related markers [including α-actinin, 
troponin I type 1 (TNNI1) and myogenin] and the formation 
of myotubes in vitro. The in situ transplantation of T-MSCs 
into mice with a partial myectomy of the right gastrocnemius 
muscle enhanced muscle function, as demonstrated by gait 
assessment (footprint analysis), and restored the shape of SKM 
without forming teratomas. Thus, T-MSCs may differentiate 
into myogenic cells and effectively regenerate SKM following 

injury. These results demonstrate the therapeutic potential of 
T-MSCs to promote SKM regeneration following injury.

Introduction

A number of studies have been performed using stem cells 
in order to treat muscle-related diseases in which the organi-
zation of muscle tissue is adversely affected by congenital 
hereditary muscle defects, loss of muscle mass, trauma or tumor 
removal (1-5). Previous studies have reported the transplanta-
tion of muscle stem cell-derived myoblasts or myogenic cells in 
models of muscle injury (6-8). However, the main issue which 
researchers confront is the fact that it is difficult to obtain the 
required numbers of cells for transplantation to a site of injury 
due to the cultivation period required in order to generate 
muscle stem cells. Several groups have reported the differen-
tiation of embryonic stem (ES) cells and induced pluripotent 
stem (iPS) cells into myogenic cells (4,9,10). However, there are 
major obstacles to the clinical use of ES and iPS cells, including 
teratoma formation and the rejection of transplanted cells by the 
immune system. Compared with these cells, mesenchymal stem 
cells (MSCs), which have the ability to regulate the immune 
system and do not form teratomas, may be isolated from various 
sources, including bone marrow (11), adipose tissue (12), umbil-
ical cord blood (13), amniotic fluid (14), the placenta (15), dental 
pulp (16), the tonsils (17) and urine (1). For these reasons, MSCs 
have been recognized as a valuable source of cells which may be 
used to propagate myogenic cells according to the protocols for 
differentiation. Several studies examining the differentiation of 
MSCs into myogenic cells have been reported the use of MSCs 
derived from adipose tissue, bone marrow, the placenta, amni-
otic fluid, umbilical cord blood and urine (1,2,11-14,18).

The tonsils are a newly identified source of MSCs which 
may have potential therapeutic applications. Tonsil‑derived 
MSCs (T-MSCs) readily differentiate into cells of the meso-
dermal lineage, including fat, cartilage and bone cells, and into 
cells of the endodermal lineage, including hepatocytes (19-21). 
T-MSCs also exhibit similar immunosuppressive properties 
to bone marrow-derived MSCs and adipose tissue‑derived 
MSCs (22,23). As tonsillar tissues are discarded after surgery, 
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the isolation of stem cells from these discarded tissues is also 
a valuable means of recycling human tissue for stem cell 
therapy (23,24).

Skeletal muscle (SKM) possesses the ability to grow in 
response to increased workload or to repair itself in the case 
of injury. The postnatal growth, repair and maintenance of 
muscle fibers depend on a population of muscle stem cells (25) 
that are located beneath the basal membrane of muscle fibers. 
However, an extensive muscle injury may prevent complete 
regeneration, particularly in terms of functional recovery. 
Severe lesions associated with the loss of healthy muscular 
tissue and the development of fibrous scar tissue, as well as 
irreversible muscular atrophy following long-term peripheral 
nerve injury are examples of situations in which regeneration 
is limited (5). As an alternative approach to the regeneration of 
damaged SKM, and considered to be the optimal treatment for 
certain traumatic or degenerative diseases (26), the transplanta-
tion of T-MSC-derived myogenic cells is a suitable method for 
limiting the atrophy of the affected muscles, and may even lead 
to myocyte regeneration and reduced motor deficits.

In the present study, we demonstrated that T-MSCs may 
differentiate into myogenic cells in vitro and that the transplan-
tation of the myoblasts and myocytes generated from human 
T-MSCs mediates the recovery of muscle function following 
injury  in vivo. Immunocytochemistry, reverse transcription-
polymerase chain reaction (RT-PCR), and western blot analysis 
confirmed the development of T-MSC-derived myogenic cells 
in vitro. Furthermore, the in situ transplantation of T-MSCs into 
mice with a partial myectomy of the right gastrocnemius muscle, 
led to enhanced muscle function, as demonstrated by gait assess-
ment (footprint analysis). These results suggest that human tonsils 
are a promising source of stem cells and that T-MSCs may be 
used to promote the regeneration of SKM following injury.

Materials and methods

Ethics statement. The Institutional Review Board of Ewha 
Womans University, Mokdong Hospital (Seoul, Korea) approved 
all the experimental procedures used in this study (approval 
no. ECT‑11‑53‑02). Informed written consent was obtained 
from each patient and/or their legal representatives prior to 
obtaining the tissue samples. Animal care and experimental 
procedures were approved by the Institutional Animal Care 
and Use Committee at Ewha Womans University School of 
Medicine (ESM no. 14-0285), and all experiments were performed 
in accordance with approved guidelines and regulations, namely 
the guidelines of the Korean Ministry of Health and Welfare, the 
Animal Care Guidelines of the Ewha Womans University School 
of Medicine, and the National Research Council (US) Guide for 
the Care and Use of Laboratory Animals (27).

Animals. Seven-week-old male C57BL/6 mice (n=40; 
weighing, 21-24 g; Dae-Han Biolink Co, Ltd, Eumseong, Korea) 
housed at 21±2˚C and 55±5% humidity under a 12 h light/dark 
cycle, and supplied with food and water ad libitum were used 
for all the experiments. The mice were fed an autoclaved diet 
and also provided with water ad libitum. All the mice were 
treated in accordance with the above-mentioned guidelines. A 
minimum of 10 age-matched mice were used for each group. 
The animals were sacrificed by CO2 inhalation.

Isolation of T-MSCs. The isolation of T-MSCs from tonsillar 
tissue was performed as previously described (17,28). Briefly, 
tonsillar tissues were collected from patients during tonsil-
lectomy, and subsequently minced and digested in Dulbecco's 
modified Eagle's medium (DMEM) containing 210 U/ml colla-
genase type I (both from Invitrogen, Carlsbad, CA, USA) and 
DNase (10 µg/ml, Sigma-Aldrich, St. Louis, MO, USA). After 
the cells were passed through a cell strainer (BD Biosciences, 
San Jose, CA, USA), mononuclear cells were obtained by Ficoll-
Paque (GE Healthcare, Chalfont St. Giles, UK) density gradient 
centrifugation. The cells were cultured for 48 h at 37˚C in 
low-glucose DMEM containing 10% fetal bovine serum (FBS; 
Invitrogen) and 1% penicillin/streptomycin (Sigma-Aldrich) in 
a humidified chamber with 5% CO2. This was followed by the 
removal of non-adherent cells and the T-MSCs were cultured in 
fresh medium. These freshly cultured cells were expanded over 
3-5 passages, a process which took approximately 4 weeks.

Adipogenic, osteogenic and chondrogenic differentiation 
of T-MSCs. The mesodermal differentiation of T-MSCs 
was induced as previously described (17) with minor modi-
fications. Briefly, to induce adipogenic differentiation, the 
T-MSCs were cultured in commercially available adipogenic 
medium (Invitrogen) for 3 weeks. Subsequently, the cells were 
washed twice with phosphate‑buffered saline  (PBS), fixed 
in 4% paraformaldehyde (PFA) for 15 min at room tempera-
ture, then washed with PBS and stained with 2% Oil Red O 
(Sigma‑Aldrich) for 1 h at room temperature. The T-MSCs were 
washed again with PBS. The intracellular lipid droplets were 
visualized under a microscope (IX2-SLP; Olympus, Tokyo, 
Japan). To quantify lipid accumulation, Oil Red O deposited 
in the cells was eluted with 100% isopropanol for 10 min and 
the absorbance of the eluting solution was measured at a wave-
length of 540 nm using an ELISA microplate reader (BN03269, 
VersaMax; Molecular Devices, San Jose, CA, USA).

To induce osteogenic differentiation, the T-MSCs 
were cultured in commercially available osteogenic 
medium (Invitrogen) for 3 weeks. Thereafter, the cells were 
washed twice with PBS, fixed in 4% PFA for 15 min at room 
temperature and stained with 2% Alizarin Red S (Sigma-
Aldrich) for 1 h. After rinsing the cells 2 more times with PBS, 
the extracellular matrix calcification was visualized under a 
phase-contrast microscope (IX2-SLP; Olympus). To quantify 
calcium deposition, the cells were incubated with 10% cetyl-
pyridinium chloride for 10 min to extract the Alizarin Red S. 
The eluate was collected and absorbance was measured at a 
wavelength of 570  nm using an ELISA microplate reader 
(BN03269, VersaMax; Molecular Devices).

To induce chondrogenic differentiation, the T-MSCs 
were stimulated for 3  weeks in commercially available 
chondrogenesis-inducing medium (Invitrogen). Thereafter, the 
cells were rinsed with PBS and fixed in 4% PFA for 15 min at 
room temperature. After washing, the cells were stained with 
1% Alcian blue (Sigma‑Aldrich) for 1 h at room temperature, 
and the excess dye was removed. Subsequently, the cells were 
rinsed again with 0.1 N HCl, and the chondrogenic cells were 
visualized under a phase‑contrast microscope (IX2-SLP; 
Olympus). To quantify the intensity of Alcian blue staining, the 
cells were solubilized with 400 µl of 1% SDS. The absorbance 
was read at a wavelength of 605 nm.
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Myogenic differentiation. To induce the myogenic differ-
entiation of the T-MSCs, 3-4x106  cells were plated in a 
15‑cm Petri dish in low‑glucose DMEM supplemented with 
10% FBS. At 1-3 days, the cells spontaneously aggregated 
to form spheres 50-100 µm in diameter. Once the spheres 
had formed, the medium was replaced with DMEM/nutrient 
mixture F-12 (DMEM/F-12; Invitrogen) supplemented with 
1 ng/ml transforming growth factor-β (TGF-β; R&D Systems, 
Minneapolis, MN, USA), non-essential amino acids (NEAA; 
Invitrogen) and insulin-transferrin-selenium (ITS; Gibco Life 
Technologies, Grand Island, NY, USA) for a further 4 days in 
order to allow differentiation into myoblasts. The T-MSCs grew 
out of the spheres when transferred to a collagen-coated dish 
in the above mentioned myoblast differentiation medium, and 
formed a rosette-like spread. To induce terminal differentia-
tion into myocytes, the myoblasts were cultured for 2 weeks in 
myogenic induction medium, which consisted of low-glucose 
DMEM containing 10 ng/ml insulin-like growth factor 1 (IGF1; 
R&D Systems) and 2% FBS (Fig. 2D).

RT-PCR. Total RNA was extracted from the cells using an 
RNeasy Mini kit (Qiagen, Germantown, MD, USA). Comple
mentary DNA (cDNA) was synthesized using SuperScript II 
(Invitrogen) and oligo-(dT)20 primers at 42˚C for 1 h followed 
by incubation at 72˚C for 15 min. Target sequences from the 
cDNA were amplified using premixed kits (Bioneer, Daejeon, 
Korea) under the following conditions: initial denaturation at 
95˚C for 5 min followed by 35 cycles of denaturation at 95˚C 
for 30 sec, annealing at 45-60˚C for 45 sec and extension at 
72˚C for 44  sec. Normalized amounts of products were 
separated on a 1.5% agarose gel and visualized by ethidium 
bromide staining. The sequences of the forward and reverse 
primers used were as follows: Krüppel-like factor 4 (Klf4) 
forward, 5'-CCCGATCAGATGCAGCCGCAAGTC-3' and 
reverse, 5'-CTGGCTGGGCTCCTTCCCTCATCG-3'; Rex1 
forward, 5'-CAGATCCTAAACAGCTCGCA-3' and reverse, 
5'-GCGTACGCAAATTAAAGTCC-3'; activin forward, 
5'-AGAGCGACCTCACAGCCGTGCTGG-3' and reverse, 
5'-CCGAGGTAGTGCCGTTGACCGACCT-3'; paired 
box 7 (Pax7) forward, 5'-CACTGTGACCGAAGCACTGT-3' 
and reverse, 5'-GTCAGGTTCCGACTCCACAT-3'; myogenic 
factor   6 (Myf6) forward, 5'-AGGAACCCAGACCGAA 
AAGT-3' and reverse, 5'-TTGAACATGGCACAAAAGGA-3'; 
myogenin forward, 5'-GTCTTCGCCGGGCATCCTTG-3' and 
reverse, 5'-GAGCTGGGGCATACACGAGGGG-3'; dystrophin 
forward, 5'-ACCACCTCTGACCCTACACG-3' and reverse, 
5'-GCAATGTGTCCTCAGCAGAA-3'; and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) forward, 5'-TGGTAT 
CGTGGAAGGACTCA-3' and reverse, 5'-CCTGCTTCACC 
ACCTTCTTG-3'.

Immunocytochemistry. The cells grown on coverslips were 
fixed in 4% (v/v) PFA (Sigma-Aldrich) for 15 min at room 
temperature or overnight at 4˚C. After rinsing in PBS, the 
fixed cells were permeabilized and non-specific epitopes 
were blocked using 2%  bovine serum albumin (Bovogen 
Biologicals, East Keilor, VIC, Australia) in 0.1% Tween-20/
PBS, followed by incubation in the diluted primary antibody 
for 1 h at room temperature or overnight at 4˚C. Following 
3  washes in PBS, the samples were incubated for 1  h at 

room temperature with secondary antibodies diluted in 
PBS. The prepared samples were then mounted using 
Vectashield mounting medium containing 4',6-diamidino-
2-phenylindole  (DAPI; Vector Laboratories, Burlingame, 
CA, USA) and images were captured under a fluorescence 
microscope (Nikon Corp., Tokyo, Japan). The manufacturers 
and catalog numbers (Cat. no.) of the antibodies employed 
were as follows: mouse anti-CD34 (Cat.  no.  SC-74499; 
Santa Cruz Biotechnology,  Inc., Dallas, TX, USA), rabbit 
anti‑Pax7  (Cat.  no.  ab187339; Abcam, Cambridge, UK), 
mouse anti-desmin (Cat. no. D1033; Sigma-Aldrich), rabbit 
anti‑dystrophin (Cat. no. ab15277; Abcam), mouse anti‑myosin 
heavy chain (MHC, Cat. no. MAB4470; R&D Systems), rabbit 
anti-α-actinin (Cat. no. PA5-17308; Thermo Fisher Scientific, 
Scoresby, VIC, Australia), rabbit anti-troponin I type 1 (TNNI1; 
Cat. no. NBP1-90923; Novus Biologicals, Littleton, CO, USA), 
mouse anti-myogenin  (Cat.  no.  ab1835; Abcam)  (primary 
antibodies), and tetramethylrhodamine (TRITC)-conjugated 
Alexa-568 goat anti-mouse IgG (Cat. no. A-11031), fluores-
cein isothinocyanate (FITC)-conjugated Alexa-568 goat 
anti-mouse IgG (Cat. no. A-11004), and TRITC-conjugated 
Alexa‑568 goat anti-rabbit IgG (Cat. no. A-11011) (all from 
Life Technologies) (secondary antibodies).

Western blot analysis. The protein concentrations were deter-
mined using Bradford assay reagent (Bio-Rad Laboratories, 
Hercules, CA, USA) after lysing the cells in Pro-Prep buffer 
(iNtRON Biotechnology, Seongnam, Korea) supplemented with 
phosphatase inhibitor cocktail solution (Dawinbio, Hanam, 
Korea). The cells were washed with ice-cold PBS and exposed 
to Pro-Prep buffer supplemented with phosphatase inhibitor 
cocktail solution for 30 min on ice. Insoluble material was 
removed by centrifugation at 12,000 x g for 10 min at 4˚C. 
The proteins (30-80 µg) were separated by 7.5-13.5% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred onto polyvinylidene fluoride or nitrocellulose membranes 
(Millipore, Billerica, MA, USA). The membranes were 
blocked with 5% skim milk in Tris‑buffered saline containing 
0.1% Tween-20 (TBST) for 2 h at room temperature. The blots 
were then incubated with primary antibodies overnight at 
4˚C. The antibodies used for western blot analysis were rabbit 
anti-α-actinin (Cat. no. PA5-17308) (both from Thermo Fisher 
Scientific), mouse anti-desmin (Cat. no. D1033) and mouse 
anti-α-SMA  (Cat.  no.  A2547) (both from Sigma-Aldrich), 
rabbit anti‑TNNI1 (Cat. no. NBP1-90923; Novus Biologicals), 
and mouse anti-myogenin (Cat. no. ab1835; Abcam). The blots 
were washed 3 times for 5 min with TBST and then incubated 
with horseradish peroxidase‑labeled secondary antibody 
for 1 h at room temperature. Goat anti‑mouse IgG (1:2,500, 
Cat. no. SC-2005; Santa Cruz Biotechnology) and goat anti-
rabbit IgG (1:2,500, Cat. no. 7074; Cell Signaling Technology, 
Beverley, MA, USA) were used as the secondary antibodies. After 
additional washes, signals were detected using a WESTSAVE 
Gold western blot detection kit (Young In Frontier Co., Ltd., 
Seoul, Korea). The protein signals were visualized by exposing 
the membranes to a luminescent image analyzer (LAS-3000; 
Fujifilm, Tokyo, Japan). The level of expression of each protein 
was normalized to that of GAPDH (Sigma‑Aldrich). The results 
were quantified using ImageJ software (1.48 V; Wayne Rasband, 
NIH, USA).
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Transplantation of T-MSCs into mice. The surgeries were 
performed under general anesthesia using a mixture of 
Zoletil 50 (Virbac, Carros, France) and Rompun (Bayer Korea, 
Seoul, Korea), at a 3:1 ratio, administered 1 ml/kg intraperitone-
ally. To establish a model of myectomy, we removed a 0.5x1.0 cm 
fraction (40-60 mg) of the gastrocnemius muscle from each 
mouse in order to create a defect, as previously described (5). 
This was accomplished by lacerating the lateral side of the 
right muscle with a no.  9 scalpel blade. Forty-eight hours 
after inducing muscle injury, 1x106 T-MSCs/T‑MSC‑derived 
myocytes in PBS (100 µl each) or PBS alone (100 µl, used as the 
vehicle) were injected intramuscularly into the midpoint of the 
damaged part of the gastrocnemius muscle. The PBS-treated 
mice served as the vehicle-treated group (vehicle). A group of 
normal (uninjured) mice was also used as a control. In total, 
there were 5 groups with 8 mice/group: the normal group, the 
injured group, the vehicle-treated group, the T-MSC-injected 
group and the T-MSC-myocyte-injected group. The mice were 
sacrificed in order to obtain tissues for immunohistochemical 
analysis at 48 h, 7 days, and at 4 and 8 weeks post-transplan-
tation.

Immunohistochemistry. For immunohistochemistry, mouse 
gastrocnemius muscles were fixed in 10%  formaldehyde. 
Following approximately 24 h of fixation at 4˚C, the muscles 
were washed in PBS at room temperature. The washed muscles 
were dehydrated in a graded ethanol series, cleared in xylene, 
and embedded in paraffin wax. The blocks were sectioned into 
5‑µm thick serial sections. The sectioned tissues were placed 
onto a microscope slide. Non-specific epitopes were blocked 
using 3% bovine serum albumin in 0.1% Triton X-100/PBS 
followed by incubation with the appropriate primary antibody 
for 1 h at room temperature. Following 3 washes in 0.1% Triton 
X-100/PBS, the samples were incubated with secondary anti-
bodies for 1 h at room temperature or at 4˚C overnight. The tissues 
were mounted using Vectashield mounting medium containing 
DAPI (Vector Laboratories) and images were captured under 
a fluorescence microscope (Nikon Corp.). The manufacturers 
and catalog numbers of the antibodies employed were as 
follows: rabbit anti-dystrophin (Cat.  no.  ab15277; Abcam), 
mouse anti-α-SMA (Cat. no. A2547; Sigma-Aldrich), rabbit 
anti‑TNNI1 (Cat. no. NBP1-90923; Novus Biologicals) (primary 
antibodies), Alexa‑568 goat anti‑mouse IgG (Cat. no. A-11031), 
and Alexa‑568 goat anti‑rabbit IgG (Cat. no. A-11057) (both 
from Life Technologies) (secondary antibodies).

Gait assessment by footprint analysis. The bottom of each hind 
foot of each mouse was coated with non-toxic ink, and the mouse 
was allowed to walk through a small tunnel on white paper. Stride 
length (distance between the 2 rear paw prints) was measured as 
previously described (29,30) at 1, 2, 3, 4 and 8 weeks after trans-
plantation. The stride lengths of the mice in the normal, injured, 
vehicle-treated and T-MSC-myocyte-transplanted groups were 
then compared using an unpaired Duncan's test.

Morphological assessment of regeneration. Photographic 
images were obtained of the gastrocnemius muscle from mice 
in the injured group and the transplantation groups using a 
camera (Galaxy Note 2 SHV-E250S camera; Samsung, Seoul, 
Korea) and stored as 8 megapixel Back-illuminated sensor. The 
criteria for the assessment of morphological regeneration was 
the disappearance of any sign of injury and that the wound was 
filled with muscle.

Statistical Analysis. The results are presented as the 
means ± standard error of the mean (SEM). Statistical compari-
sons were performed using Duncan's test with GraphPad 
Prism software 5.01 (GraphPad Software,  Inc., San Diego, 
CA, USA) to identify significant differences between groups. 
A P-value <0.01-0.05 was considered to indicate a statistically 
significant difference. All the experiments were performed at 
least 3 times.

Results

Myogenic cells derived from T-MSCs. It has been previ-
ously reported that T-MSCs possess the characteristics of 
MSCs (17,21). In our study, T-MSCs were found to differentiate 
into 3 different cell types, namely adipocytes, osteocytes and 
chondrocytes (Fig. 1). To induce myogenic differentiation, the 
T-MSCs (Fig. 2A) were allowed to form spheres of approxi-
mately 50-100 µm in diameter on the Petri dish (Fig. 2B). The 
T-MSCs grew out of the spheres when transferred to a collagen-
coated dish in replating medium, and formed a rosette-like 
spread (Fig. 2C). The plated cells were cultured for 2 weeks 
to allow terminal differentiation into myocytes (Fig. 2D). The 
cultivation of the cells in vitro for up to 2 weeks in low-glucose 
DMEM containing 10 ng/ml IGF1 and 2% FBS altered the 
morphology of the myoblasts; they underwent fusion with one 
another to generate nascent myotubes (Fig. 2D). Quantitative 
analyses of 4 slides were performed at each step during the 

Figure 1. Establishment of the differentiation potential of tonsil-derived mesenchymal stem cells (T-MSCs) toward mesodermal lineages. T-MSCs readily 
differentiated into (A) adipocytes, (B) osteoblasts and (C) chondrocytes, as determined by Oil Red O, Alizarin Red S staining, and Alcian blue, respectively.
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process of myogenic differentiations, the Pax7 and α-actinin 
positive cells were counted, respectively.

T-MSCs express muscle-related genes under conditions that 
induce myogenic differentiation. We performed RT-PCR to 
determine whether T-MSCs are capable of expressing myogenic 
markers and of undergoing myogenic differentiation in vitro. 
Myogenesis is accompanied by the induction of myogenic 
markers, including myogenin and dystrophin, at the expense of 
pluripotency-coupled genes (31-33), suggesting that the T-MSCs 
have differentiated into myogenic cells. In particular, we found 
that Pax7 and Myf6, which play a role in myogenesis through 
the regulation of muscle precursor cell proliferation (34), were 
already expressed in the undifferentiated T-MSCs (Fig. 3A). 
These results show that T-MSCs possess characteristics of 
myogenic precursor cells. The mRNA expression levels of 
pluripotent markers, namely Klf4, Rex1, and activin were 
upregulated in the undifferentiated T-MSCs and myoblasts, 
which have a greater ability to proliferate than myogenic cells. 
Western blot analysis revealed higher expression levels of 
desmin and α-SMA at the differentiation stage (Fig. 3B; lanes b 
and c). The expression of α-actinin was similar at all stages 
of differentiation  (Fig. 3B). The expression of the skeletal 
myogenic markers, TNNI1 and myogenin, was similar in the 
myoblasts and the myocytes (Fig. 3B; lanes b and c). Consistent 
with these results, immunostaining of the multinucleated struc-
tures revealed the presence of desmin, α-actinin, TNNI1 and 
myogenin (Fig. 4). These results indicate that T-MSCs possess 
the characteristics of myogenic precursor cells and also possess 
a high capacity to undergo myogenic differentiation.

Detection of myogenic markers by immunostaining in vitro. 
To determine the phenotypes of the cells within the spheres 
and of the T-MSCs, and to measure the innate ability of the 
MSCs to differentiate into SKM cells, we replated the spheres 
onto coverslips in order to allow differentiation into myoblasts 
and skeletal myogenic cells and sequentially cultured them in 
myogenic differentiation medium (Fig. 2). These cells were 

then fixed and labeled with antibodies against markers of 
myogenic satellite cells (CD34), precursors (Pax7), differenti-
ated myogenic cells (desmin, dystrophin and MHC) and skeletal 
myogenic cells (α-actinin, TNNI1 and myogenin). Although 
CD34 (red) and Pax7 (green) were expressed in the undif-
ferentiated T-MSCs (Fig. 4A, panels a and b), the markers of 
myogenic cells and skeletal myocytes were not. These results 
indicate that T-MSCs possess pre-existing myogenic charac-
teristics. Following differentiation into myoblasts, 80-90% of 
cells expressed desmin (red), dystrophin (green) and MHC 
(red) (Fig. 4B, panels c to e and Fig. 5) and 20-50% of cells 
expressed SKM markers [(α-actinin (green), TNNI1 (green) 
and myogenin (red)]  (Fig. 4B, panels f  to h and Fig. 5). By 
contrast, the markers of myogenic satellite and precursor cells, 
CD34 and Pax7, were not expressed during the differentiation of 
T-MSC‑derived myoblasts to T-MSC-derived myocytes (Fig. 4B 
and  C, panels  a and  b). Furthermore, the T-MSC-derived 
myocytes exhibited an increased expression of the myogenic and 
the SKM markers compared with the T-MSC-derived myoblasts 
or the undifferentiated T-MSCs (Fig. 4A-C, panels c to h).

Alterations occurring within the myogenic cell population 
during differentiation in vitro. To demonstrate the potential 
of T-MSCs for skeletal myogenic differentiation, the number 
of Pax7+ and α-actinin+ cells was counted at each stage of the 
differentiation process (Fig. 6). The proportion of Pax7+ cells 
among the myogenic satellite and precursor cells was 39.9% 
prior to differentiation, whereas the proportion of Pax7+ cells 
among the T-MSC-derived myoblasts and myocytes was 
<1%  (Fig.  6A  and  B). Moreover, the percentages of cells 
containing the SKM structural protein, α-actinin+, were 
5.2 and 34.5% in the myoblasts and myocytes, respectively. 
However, the proportion of α-actinin+ cells in the undifferenti-
ated T-MSCs was <1% (Fig. 6A and B).

T-MSCs participate in SKM regeneration in vivo. We analyzed 
the effects of T-MSC engraftment in order to assess the 
regeneration of injured muscle in mice 2 days, 1 week, 4 and 

Figure 2. Schematic of myogenic differentiation from human tonsil-derived mesenchymal stem cells (T-MSCs). (A) The undifferentiated T-MSCs were induced to 
form (B) spheres of approximately 50-100 µm in diameter on a Petri dish. (C) The T-MSCs grew out of the sphere when transferred to the collagen‑coated dish in 
the replating medium and formed a rosette-like spread. (D) The plated cells were cultured for 2 weeks in myogenic induction medium and their morphology was 
altered; they underwent fusion with one another to generate nascent myotubes. Original magnification, x40. lgDMEM, low-glucose DMEM; NEAA, non-essential 
amino acids; ITS, insulin-transferrin-selenium.
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Figure 4. Immunocytochemistry for the detection of myogenic markers. The expression of muscle-related proteins in the tonsil-derived mesenchymal stem 
cells (T-MSCs) during the process of myogenic induction (T-MSCs; T-MSC-derived myoblasts; T-MSC-derived myocytes) was evaluated by immunostaining 
using antibodies against myogenic satellite cells (panel a, CD34; red), precursors [panel b, paired box 7 (Pax7); green], differentiated myogenic cells [panel c, 
desmin (red); panel d, dystrophin (green); panel e, myosin heavy chain (MHC; red)], skeletal myogenic cells [panel f, α-actinin (green); panel g, troponin I 
type 1 (TNNI1; green); panel h, myogenin (red)]. The cells were counterstained with DAPI (blue). The samples were analyzed under a fluorescence microscope 
using appropriate filters. (A) Undifferentiated T-MSCs expressed (panel a) CD34 and (panel b) Pax7, but no other markers of myogenic cells. (B) Following 
differentiation into myoblasts, 80-90% of cells expressed (panel c) desmin, (panel d) dystrophin, and (panel e) MHC and 20-50% of cells expressed skeletal 
muscle (SKM) markers including (panel f) α-actinin, (panel g) TNNI1, and (panel h) myogenin. (Panel a) CD34 and (panel b) Pax7 were not expressed at any stage 
of the differentiation process from T-MSC-derived myoblasts into T-MSC-derived myocytes. (C) T-MSC‑derived myocytes exhibited an increased expression of 
(panels c to h) myogenic and SKM cell markers compared with T-MSC-derived myoblasts and formed multinucleated myotubes. FITC, fluorescein isothiocyanate; 
TRITC, tetramethylrhodamine isothiocyanate. Original magnification, x200.

Figure 3. Detection of myogenic markers in tonsil-derived mesenchymal stem cell (T-MSC)-derived myogenic cells. (A) Determination of the mRNA expression 
levels of pluripotent and myogenic markers. mRNA was isolated from (lane a) undifferentiated T-MSCs, (lane b) T-MSC-derived myoblasts cultured in replating 
medium as rosette-like spread spheres, and (lane c) terminally differentiated T-MSC-derived myocytes and the cells were examined by RT-PCR. (B) Protein 
expression levels of myogenic markers in T-MSCs during the process of myogenic induction (lane a, T-MSCs; lane b, T-MSC-derived myoblasts; lane c, T-MSC-
derived myocytes). The levels of GAPDH were measured as a loading control. Band intensities were quantified using ImageJ software. Data are the means ± SEM 
of experiments performed in triplicate. *P<0.05; **P<0.01. Klf4, Krüppel-like factor 4; Pax7, paired box 7; Myf6, myogenic factor 6; α-SMA, α-smooth muscle actin; 
TNNI1, troponin I type 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  37:  1209-1220,  2016 1215

8 weeks post-transplantation. The muscles of the injured mice 
and the PBS-injected (vehicle-treated) control mice exhibited 
no expression of α-SMA (green) at 2 days to 4 weeks (Fig. 7A, 
B, E, F, I and J); however, α-SMA was expressed at a low level 
at 8 weeks (Fig. 7M and N) post-transplantation. A high expres-
sion of α-SMA was observed at 1-8 weeks in the muscles of 
mice injected with the T-MSC-derived myocytes (Fig. 7H, L 
and P), whereas the expression of α-SMA in the T-MSC‑injected 
muscles was low at 4-8 weeks (Fig. 7K and O) post-transplan-
tation. There was a minimal expression of dystrophin (red) 
in the muscles of the injured mice and the vehicle-treated 
mice (Fig.  7A, B, E, F, I, J, M and N), whereas dystrophin 
expression was detected as early as 2 days post-transplantation in 
the muscles of mice injected with T-MSCs and T-MSC-derived 
myocytes (Fig. 7C, D, G, H, L, O and P). Dystrophin is a protein 
located between the sarcolemma that supports muscle fiber 

strength, and the absence of dystrophin reduces muscle stiff-
ness (35). These results demonstrated that the T-MSC‑derived 
myocytes enhanced the generation of newly formed myofibers, 
which expressed α-SMA and dystrophin from 1 week post-
transplantation. In addition, the expression of TNNI1 (red), the 
human SKM troponin gene, was increased post-transplantation 
concomitantly with the regeneration process (Fig. 8C, D, G, H, 
K, L, O and P). Particularly, more intense staining for TNNI1 
was observed post-transplantation with the T-MSC-derived 
myocytes than with the T-MSCs (Fig. 8D, H, L and P). Similarly 
to α-SMA and dystrophin, TNNI1 was minimally expressed in 
the muscles of the injured and the vehicle-treated mice (Fig. 8A, 
B, E, F, I, J, M and N).

Attenuation of motor deficits following the transplantation of 
T-MSC-derived myocytes in mice with a partial myectomy of the 
gastrocnemius muscle. To determine whether the engraftment 
of T-MSC-derived myoblasts or myocytes ameliorates muscle 
function following injury, we measured the stride length of mice 
subsequent to a partial myectomy of the right gastrocnemius 
muscle and T-MSC‑derived myogenic cell engraftment. Gait 
assessment was carried out by footprint analysis, as described 
in the Materials and methods at 1, 2, 3, 4 and 8 weeks post-
transplantation (Fig. 9). The stride distances were markedly 
reduced in the injured and PBS-injected (vehicle-treated) mice 
at 1 week after the myectomy. The stride lengths of the mice 
injected with the T-MSC-derived myocytes were significantly 
increased at 2, 3, 4 and 8 weeks post-transplantation (P<0.01-
0.05). No such improvement in stride distance was observed in 
the injured/vehicle-treated animals. These results indicated that 
the engraftment of T-MSC‑derived myogenic cells improved 
the functional ability of the mice with a partial myectomy of 
the right gastrocnemius muscle.

Restoration of SKM by engraftment of the T-MSC-derived 
myogenic cells. We analyzed the effects of T-MSC engraftment 
in mice to determine whether it elicited the morphological 
regeneration of the injured right muscle at 10 weeks post-trans-

Figure 5. Quantification of immunofluorescence staining confirmed that 
during the process of myogenic differentiation, the expression of the myo-
genic markers, indicating the differentiation potential of T-MSCs to form 
myoblasts. Data are the means ± SEM. For each condition, 4 slides were 
used for quantification. Graphs represent the average of multiple tests from 
3 independent experiments.

Figure 6. Derivation of myogenic cells from human tonsil-derived mesenchymal stem cells (T-MSCs). (A) The expression of myogenic proteins in T-MSCs during 
the process of myogenic induction was evaluated by immunostaining using primary antibodies against paired box protein 7 (Pax7; green) or α-actinin (green). 
The cells were counterstained with DAPI (blue). The samples were analyzed under a fluorescence microscope using appropriate filters. (B) Quantification of 
immunofluorescence confirmed that during the process of myogenic differentiation, the expression of Pax7 and α-actinin was decreased or increased, respec-
tively, indicating the differentiation potential of T-MSCs to form myocytes. Data are the means ± SEM. For each condition, 4 slides were used for quantification. 
Graphs represent the average of multiple tests from three independent experiments, *P<0.05. FITC, fluorescein isothiocyanate. Original magnification, x200.
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Figure 7. Regenerative potential of human tonsil-derived mesenchymal stem cells (T-MSCs) transplanted into myectomized C57BL/6 mice. Forty-eight hours 
after muscle injury, T-MSCs or T-MSC-derived myogenic cells were injected intramuscularly into the midpoint of the damaged part of the gastrocnemius muscle. 
DAPI staining (blue), immunostaining for α smooth muscle actin (α-SMA; green), dystrophin (red); for α smooth muscle actin (α-SMA; green), dystrophin (red); 
yellow-orange colours indicate the merged images of α-SMA and dystrophin. Original magnification, x400.

Figure 8. Skeletal muscle (SKM) regeneration of human tonsil-derived mesenchymal stem cells (T-MSCs) transplanted into myectomized C57BL/6 mice. 
Following muscle injury, T-MSCs or T-MSC-derived myogenic cells were injected intramuscularly and biopsy specimens were obtained at 2 days and 1, 4 and 
8 weeks post-transplantation. Representative images of SKM regeneration showing troponin I type 1 (TNNI1; red) and DAPI (blue) staining on a tissue crosssec-
tion from mice in the injured, vehicle-treated (vehicle) and T-MSC- and T-MSC myocyte-injected groups. Original magnification, x400.
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plantation. The muscles from the injured and the vehicle-treated 
mice (Fig. 10B and C) exhibited signs of injury at 10 weeks, 
whereas the damage at 1  week was severe in the injured 
mice (Fig. 10A). By contrast, no sign of injury was apparent 
in the engrafted mice (Fig. 10D-F) at 10 weeks post-transplan-
tation. Uniquely, the shape of the gastrocnemius muscle mass 
was restored in the T-MSC-injected mice (Fig. 10D); the stride 
length of the T-MSC-injected mice was not measured due to 
no enhancement of regeneration in the immunostaining. These 
changes in the shape of the gastrocnemius muscle confirmed 
the results of immunostaining and the gait assessment analysis, 
demonstrating that the T-MSC-derived myogenic cells 
promoted the regeneration of SKM.

Discussion

Adult stem cells derived from older individuals have a reduced 
ability to proliferate, migrate and secrete cytokines or growth 
factors than stem cells derived from young individuals (18,36). 
Therefore, there is a need to obtain cells from alternative sources, 
such as the tonsils which are removed from younger individuals 
and are subsequently discarded. Recent studies have also 
demonstrated that T-MSCs not only readily differentiate into 
mesodermal tissue cells, including adipocytes, osteocytes and 
chondrocytes (17,21), but also into hepatocytes (20), endothelial 
cells (24) and dermal fibroblasts (37). T-MSCs may differentiate 
into cells of all 3 germ layers, namely the endoderm, mesoderm 
and ectoderm. In this study, we demonstrated that undifferenti-
ated T-MSCs possess pre-existing characteristics of myosatellite 

cells and a high capacity to differentiate into skeletal myocytes. 
For these reasons, we suggest that T-MSCs are a more suitable 
source of cells for myogenesis and the regeneration of SKM 
than other types of MSCs.

TGF-β profoundly influences the differentiation of many cell 
types of mesenchymal origin, including preadipocytes (38,39), 
osteoblasts (40) and myoblasts (41). In previous studies on cultured 
myoblasts, TGF-β was shown to inhibit the expression of muscle-
specific genes, as well as myotube formation without affecting 
cell proliferation (42,43). Due to these findings, in our study, 
1 ng/ml TGF-β was only added to the medium in order to induce 
the differentiation of the cells into myoblasts (Fig. 2C). During 
vertebrate embryogenesis, mesodermal progenitors give rise to 
distinct mesenchymal lineages, including skeletal myocytes, 
osteocytes, chondrocytes and adipocytes. The commitment and 
subsequent differentiation of an MSC toward a particular lineage 
is regulated by the coordinated action of several extracellular 
signals, some of which, for example IGF1, are shared by adipo-
cytes and myocytes and may promote the production of one or the 
other cell type (44). Insulin may also bind to the IGF1 receptor 
and IGF1 may bind to the insulin receptor; furthermore, IGF1/
insulin hybrid receptors are present in SKM. However, insulin is 
particularly important in glucose homeostasis, whereas IGF1 is 
principally involved in muscle growth (45). The systemic admin-
istration of IGF1 results in increased muscle protein content 
and reduced protein degradation (46). The stimulatory effect of 
IGF1 on the proliferation of myofibroblasts and the deposition of 
extracellular matrix may interfere with the ability of this growth 
factor, even at high concentrations, to promote muscle healing 

Figure 9. Assessment of gait by footprint analysis. (A) Parameters measured in footprint analysis are shown, with dotted lines representing the direction of progres-
sion. Footprinting of normal (n=8) and injured (n=8), sham (n=8), and myocyte-injected mice (n=8) evaluated at 1, 2, 3, 4 and 8 weeks post-transplantation for 
the measurement of stride length (cm). (B) Histograms represent differences in stride length among the normal, injured and vehicle-treated mice as well as mice 
injected with T-MSC-derived myocytes. Graphs represent the average of multiple tests from three independent experiments, *P<0.05, **P<0.01. TP, transplantation.
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following injury (47). In this study, 10 ng/ml IGF1 was used in 
the myogenic induction medium in order to induce terminal 
myogenic differentiation (Fig. 2D).

To induce the myogenic differentiation of T-MSCs, two steps 
of differentiation procedures, differentiation into myoblasts and 
myocytes, were used with different media, respectively. The 
expression of myogenic markers, such as myogenin, dystrophin, 
α-actinin, and TNNI1 indicated that a substantial proportion 
of the T-MSCs in the culture were committed to the myogenic 
differentiation pathway. The T-MSC-derived myoblasts fused to 
form partial myotubes in vitro. As the T-MSC derivatives were 
shown to express myogenic markers both before (as myoblasts) 
and after their incorporation into myotubes, we assume that 
the inductive signals exist both outside and inside myotubes. In 
addition, when these cells were transplanted, they supported a 
complete process of myogenesis, allowing the regeneration of 
myofibers. Following transplantation, only a small percentage 
of T-MSC derivatives expressed human‑specific markers such 
as human nuclei (HN; data not shown). The reason for the lack 
of HN expression in the majority of T-MSC derivatives remains 
unclear.

To examine the process of muscle regeneration in a 
controlled and reproducible way, it was necessary to develop 
an experimental model of muscle injury (26). A number of 
studies using various experimental models of injury, including 
the injection of myotoxic agents  (9), crush injury  (48), 
ischemia (12), denervation (49) and muscular dystrophy (13), 
have demonstrated the unique ability of SKM to regenerate, 
irrespective of the precise method used to induce the initial 
injury (50). In this study, we performed a surgical myectomy to 
establish a novel mouse model of SKM injury in order to mimic 
a severe loss of muscle mass.

As evidenced by this study, the T-MSC-derived myogenic 
cells were capable of restoring injured SKM tissue and regen-
erating the muscle. The defect was either repaired or a gradual 
remodeling occurred, such that the original defect area was 
difficult to define by 10 weeks post-transplantation. However, 
repair of the injury was apparent in the mice transplanted with 
T-MSC‑derived cells (Fig. 10D-F) at 10 weeks post-transplanta-
tion. In another study using MyoD-transduced human amniotic 
fluid stem cells which were transplanted into the injured tibialis 
anterior muscle of mice, the muscle tissue area was found to be 
larger than that of injured untreated mice or or PBS-injected 
control mice (14). Furthermore, Merritt et al (51) demonstrated 
the ability of a muscle extracellular matrix to support muscle 
and blood vessel regeneration; however, but full recovery 
of function does not occur after 42 days (51). In our study, 
we demonstrated that the transplantation of T-MSC-derived 
myogenic cells promoted the regeneration of the injured SKM. 
However, further studies are warranted to determine whether 
functional recovery also occurs and the number and size of the 
myofibers also needs to be measured to fully determine the 
functional outcome.

A number of studies have exploited ES/iPS cells and 
muscle stem cell therapy in order to promote SKM regenera-
tion (4,6,7,9,10). Although ES/iPS cells have potential, they are 
associated with inherent limitations, including histocompat-
ibility and ethical concerns. Moreover, although muscle stem 
cells may be isolated from adult and prenatal tissue, the number 
of cells that may be harvested is limited. Therefore, adult stem 
cells, such as MSCs are a suitable source of cells for stem 
cell therapy, and may be used to promote the regeneration of 
damaged SKM. In a number of studies, stem cells derived 
from bone marrow, adipose tissue, the placenta, amniotic fluid, 

Figure 10. Morphology of the gastrocnemius muscle in mice. The shape of the muscle changed following engraftment. Photographs showing the muscles of 
the injured mice at (A) 1 week and (B) 10 weeks post-transplantation. Photographs showing the muscles of a (C) vehicle-treated mouse, (D) tonsil-derived 
mesenchymal stem cell (T-MSC)-injected mouse, (E) T-MSC-derived myoblast-injected mouse, and (F) T-MSC-derived myocyte-injected mouse at 10 weeks 
post-transplantation.
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umbilical cord blood and urine have shown potential to promote 
SKM regeneration (1,11‑14,18). However, the degree of regen-
eration obtained when using these cells may be insufficient 
when the injury or damage is severe (1,11‑14,18). T-MSCs may 
therefore be an excellent choice due to their availability and 
their myogenic differentiation capacity. Our data demonstrated 
that T-MSCs have a remarkable capacity for efficient SKM 
regeneration at 8 weeks post-transplantation, as demonstrated 
by a gait assessment test.

In conclusion, in this study, we demonstrated that myoblasts 
may be derived from human T-MSCs and can differentiate into 
myocytes in vitro. This myogenic differentiation was accompa-
nied by the ability to induce an improvement in stride length 
of mice with injured SKM, as shown by a gait assessment test. 
T-MSCs have myogenic potential and may thus promote muscle 
regeneration through either direct de novo muscle differentia-
tion or by a paracrine mechanism. The functional improvements 
afforded by the T-MSC-derived myogenic cells are potentially 
useful in the treatment of human SKM injuries and for damage 
caused by other degenerative disorders, including congenital 
defects, trauma, or tumor removal.
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