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muscle-derived stem cells for bone tissue engineering
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Abstract. The purpose of this study was to investigate the
isolation and culture of muscle-derived stem cells (MDSCs)
and their capability to differentiate into osteoblasts in vitro.
Skeletal muscle tissue was obtained from double hind limbs of
New Zealand white rabbits under sterile conditions and isolated
by collagenase digestion. Following passages in basic medium,
the primary cells were desmin (+), myosin (+) and CDI05 (+).
Differentiation of MDSCs was induced by osteogenic medium.
Using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide assay, the differentiated cell population was found
to proliferate faster than the undifferentiated. Alkaline phos-
phatase staining and alizarin red staining revealed that the
differentiated cells were mineralized in vitro. Quantitative
polymerase chain reaction assays also showed increased
mRNA expression of osteogenic genes in differentiated cells. In
conclusion, stem cells were successfully isolated and cultured
from rabbit skeletal muscle tissue and were able to differentiate
into osteoblasts following induction. These observations may
indicate an ideal stem cell source for tissue engineering.

Introduction

In previous years, with the rapid development of molecular
biology and tissue engineering, novel strategies on bone repair
from basic research to clinical applications have been highly
emphasized, in particular the role of the somatic stem cell. At
present, studies of stem cells focus largely on bone marrow
mesenchymal stem cells (BMSCs). In vitro and in vivo studies
have confirmed that BMSCs have the ability to differentiate
into osteoblasts, chondrocytes, adipocytes and neurons, as
well as numerous other cell types (1,2), which indicates a wide
application prospect in tissue engineering. However, tradi-
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tional bone marrow acquisition requires anesthesia and often
causes pain on puncture point, as well as harm to the physical
and psychological health of patients. The in vitro purification
rate of BMSCs is low at ~1x10 cells/30 ml bone marrow (3).
Numerous research groups have devoted their studies to the
identification of a novel type of stem cell to replace BMSCs
for bone repair. Skeletal muscle-derived stem cells (MDSCs)
are a type of pluripotent stem cell with multiple differentiation
potential and self-renewal ability. In addition, these stem cells
are abundant, easy to acquire and rapidly amplified (4). The
current study aimed to investigate the isolation and culture of
MDSCs, as well as to verify their osteogenic potential in vitro.
The results are likely to provide a basis for future clinical
applications to promote bone healing in vivo.

Materials and methods

Isolation and culture of primary cells. The medial muscles
from the hind limbs of New Zealand white rabbits were
dissected (~5.0 g) under sterile conditions (5). The study
was approved by the ethics committee of the First Affiliated
Hospital of Soochow University (Suzhou, China). Following
careful removal of the surrounding connective tissue, adipose
tissue and capillaries, the muscles were then sliced and
ground into small sections using a scalpel blade. The minced
muscles were then thoroughly washed three times with sterile
phosphate-buffered saline (PBS) and digested with 2 g/l type I
collagenase (Invitrogen Life Technologies, Carlsbad, CA,
USA) for 1 h at 37°C with 5% CO, and 85% humidity, as well
as 2.5 g/l trypsin (Invitrogen Life Technologies) for 40 min.
Following digestion, the cell suspension was centrifuged
with an AllegraX-12R centrifuge (Beckman Coulter, Brea,
CA, USA) at 200 x g for 10 min. The cells were then filtered
with 70- and 40-um cell strainers to successively break down
any remaining cell clusters. Following further centrifugation
(200 x g for 10 min), the cell suspension was re-suspended in
Dulbecco's modified Eagle's medium (DMEM,; Invitrogen Life
Technologies) containing 10% fetal bovine serum (FBS), 10%
horse serum and 2% penicillin/streptomycin, prior to being
plated onto a dish. Each dish was coded and cultured for 1 h in
an incubator at 37°C with 5% CO, and 85% humidity. Since the
cells that adhered rapidly within this one-hour incubation were
predominantly fibroblasts, the supernatant was withdrawn and
gently transferred to a new dish. This serial replating of the
supernatant was repeated ~5 times. In order to prevent cell
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differentiation, cultures were maintained at semi-confluence
and sub-cultured every 4-5 days with daily medium changes
until adequate cell numbers were obtained.

Identification of MDSCs. Cells were seeded in 12-well culture
plates and cultured in DMEM for 24 h. When the cells had
stretched, they were fixed with cold acetone for 5 min at -20°C.
Following rinsing with PBS three times, the cells were incu-
bated for 1 h at 37°C. Anti-desmin (Sigma, St Louis, MO, USA)
and anti-myosin antibodies (Invitrogen Life Technologies)
were used as primary antibodies and were diluted in PBS. A
secondary antibody was applied for 1 h at room temperature.
Cells were rinsed with PBS and incubated at room tempera-
ture with Hoechst 33342 fluorescent solution (Thermo Fisher
Scientific Pierce, Rockford, IL, USA) for 5 min, followed
by visualization using fluoroscopy (AXIOVERT 40C; Carl
Zeiss AG, Oberkochen, Germany). Positive cells were visual-
ized in green, while the nucleus was visualized in blue.

Cells (5x10°) were re-suspended and incubated at 4°C for
30 min with 100 xl PBS containing 2 pl anti-CD105-phyco-
erythrin antibody (Sigma-Aldrich). Following the washing
process, unconjugated primary antibodies were incubated
with a secondary goat anti-mouse IgG-FITC (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) for an additional 15 min
at 4°C. The cell suspension was then washed with PBS and
labeled cells were analyzed by flow cytometry (AllegraX-12R;
Beckman Coulter). Control samples were incubated with PBS
instead of primary antibody, followed by incubation with
secondary antibody.

Osteogenic differentiation. MDSCs were seeded in 6-well
plates at a density of 10° cells/well and cultured in osteo-
genic medium containing DMEM with 20% FBS, 0.1 mM
dexamethasone, 0.05 mM ascorbic acid-2-phosphate, 10 mM
[B-glycerolphosphate, 100 U/ml penicillin and 100 U/ml strep-
tomycin. The cells cultured in basic medium served as control
and culture medium was changed every three days.

Assessment of cell proliferation. Cell proliferation was quanti-
tatively evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay. MDSCs were seeded in
96-well plates in medium containing 10% FBS at a density of
5,000 cells/well. The MTT assay was performed in triplicate.
MTT (20 pl) was added to a final concentration of 5 mg/ml and
the reaction mixture was incubated for 4 h at 37°C. The super-
natant was removed and 150 ¢l DMSO was added to each well
to solubilize the water-insoluble purple formazan crystals. The
absorbency was measured at a wavelength of 590 nm.

Alkaline phosphatase (ALP) assay. MDSCs were seeded in
12-well plates and covered with medium. Following 48 h, the
medium was removed and ALP staining was performed. All
steps were performed in accordance with the manufacturer's
instructions (Jiancheng Biotech, Guangzhou, China). The
staining was observed via microscope following four, eight, 12
and 16 days of differentiation. The ALP-positive cells stained
brown. For each experiment, a minimum of three plates were
counted and the experiments were repeated three times.
MDSCs were also seeded in 48-well plates and incubated
in medium. ALP activity was measured following four,
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eight, 12 and 16 days of differentiation by the ALP assay kit
(BioVision, Inc., San Francisco, CA, USA). The cells were
harvested with lysis buffer. Total protein concentrations of
supernatant were determined by the Bradford method. An
aliquot (10 pl) of supernatant was added to 100 Il 50 mM
p-nitrophenylphosphatase hexahydrate containing 1 mM
MgCl, and the mixture was incubated at 37°C for 30 min.
Absorption at 405 nm was measured with a spectrophotometer.
ALP activity per total protein (ug) represented the millimoles
of p-nitrophenol released following 30 min incubation at 37°C.

Assay of mineralization. The mineralization of MDSCs was
determined in 12-well plates using Alizarin red staining
(ScienCell Research Laboratories, Carlsbad, CA, USA)
following four, eight, 12 and 16 days of differentiation.
Following two PBS washes, the cells were fixed with ice-cold
70% ethanol for 10 min and stained with 0.1% Alizarin Red
in Tris-HCI buffer solution (adjusted to pH 8.3) for 30 min at
37°C. Following staining, MDSCs were rinsed three times
with distilled water followed by 70% ethanol.

Evaluation of osteogenic potential by quantitative polymerase
chainreaction (gPCR). Osteogenic gene expression (osteocalcin
and osteopontin) was quantified by qPCR. Total RNA was
extracted with TRIzol reagent (Invitrogen Life Technologies)
from MDSCs, according to the manufacturer's instructions.
cDNA synthesis was performed with 2 ug total RNA. qPCR
was performed using the ABI Prism 7500 sequence-detection
system (Applied Biosystems, Foster City, CA, USA) with
SYBR-Green, according to the manufacturer's instructions. For
each sample of DNA, two test runs were performed; one used
the osteogenic gene primers and the other used the GAPDH
gene primers (Table I). Each running sample was composed
of 3 ul cDNA, 1 pul forward primer, 0.25 ul reverse primer
and 5 ul SYBR-green. Each cycle (40 cycles in total) included
denaturation at 50°C, annealing at 95°C and elongation at 60°C.
Relative gene expression was normalized against GAPDH
expression and the data were presented as the fold change using
the formula 2"22°T, as recommended by the manufacturer.

Results

Characterization of MDSCs. The number of adhered
MDSCs was reduced within two to three days. The cells
assumed a spindle-shaped fibroblastic appearance, prolifer-
ated rapidly and became confluent at one week of culture.
Immunohistochemical staining demonstrated that the
majority of detected cells expressed myogenic markers
(desmin and myosin; Fig. 1). Expression of desmin is ubiqui-
tous throughout the whole cell except for the nucleus, while
the expression of myosin is localized in the nucleus. Flow
cytometric analysis also demonstrated that the majority of
cells were positive for the MSC marker, CD105 (Fig. 2). When
plated and cultured in osteogenic medium, MDSCs changed
from an elongated fibroblastic appearance to a more rounded,
cuboidal shape and formed an extensive network of dense,
multilayered nodules.

Assessment of cell proliferation. Based on the MTT assay,
growth curves of differentiated and undifferentiated MDSCs
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Table I. Primers used in quantitative polymerase chain reaction.
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Gene Primer sequence

Osteocalcin Forward: 5'-CCGGGAGGAGATCTG;TGAAA-3'
Reverse:5'-CTGCCTTCTTCCACAATTTTATCC-3'

Osteopontin Forward: 5'-GCCAGTTGCAGCCTTCTCA-3'
Reverse: 5-GCCATGCCCAAGAGACAAAA-3'

GAPDH Forward: 5'-CGGACACGGACAGGATTGAC-3'

Reverse: 5'-CCAGACAAATCGCTCCACCA-3'

Antibody

Con

Desmin

Myosin

Nucleus

Figure 1. Immunohistochemical staining of desmin and myosin in muscle-derived stem cells (magnification, x400). Green fluorescence displayed the signals
of corresponding protein expression. Blue fluorescence displayed a nucleus counterstained by Hoechst 33342. Dilution ratios: Desmin, 1:100; myosin, 1:25.
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Figure 2. Flow cytometric analysis of CD105 in muscle-derived stem cells.
The majority of cells were positive for CD105.

presented an ‘S’ shape. The lag phase occurs at ~24 h, followed
by the logarithmic phase of growth and a growth-arrested
phase. No significant difference was observed on day four
following osteogenic differentiation. However, between
days eight and 16, the cell proliferation rate of differentiated
MDSCs was significantly higher than that of undifferentiated
MDSCs (P<0.05). This growth curve shows significantly
higher cell growth rates in the differentiated MDSC group
than in the undifferentiated MDSC group (P<0.05; Fig. 3),
indicating that the differentiated MDSC population prolifer-
ated faster than the undifferentiated MDSCs population.

ALP assay. The differentiated MDSCs stained positive for
membrane-bound ALP on day four and the staining became
stronger at day 16 (Fig. 4). Results indicated that osteogenic
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Figure 3. MTT assay for cell proliferation. The differentiated MDSC population underwent proliferation faster than the undifferentiated MDSC population.
MDSC, muscle-derived stem cell; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.

Figure 4. Alkaline phosphatase staining (magnification, x100). Undifferentiated MDSCs at (A) four, (B) eight, (C) 12 and (D) 16 days. Differentiated MDSCs
at (E) four, (F) eight, (G) 12 and (H) 16 days. MDSC, muscle-derived stem cell.
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Figure 5. Assay of ALP activity. Quantitation of ALP activity demonstrated that the ALP activity of undifferentiated MDSCs was lower than that of cor-
responding differentiated MDSCs. ALP, alkaline phosphatase; MDSC, muscle-derived stem cell.
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Figure 6. Alizarin red staining (magnification, x100). Undifferentiated MDSCs at (A) four, (B) eight, (C) 12 and (D) 16 days. Differentiated MDSCs at (E) four,
(F) eight, (G) 12 and (H) 16 days. MDSC, muscle-derived stem cell.
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Figure 7. qPCR evaluation of mRNA expression during MDSC differentiation. Relative mRNA levels were normalized against GAPDH levels. Osteogenic
genes in the differentiated cells increased gradually and attained significantly higher levels of (A) osteocalcin and (B) osteopontin. MDSC, muscle-derived

stem cell; qPCR, quantitative polymerase chain reaction.

differentiation stimulated the MDSCs to undergo osteogenic
differentiation, as judged by the production of ALP (an
early osteogenic marker) in response to osteogenic differen-
tiation. By contrast, undifferentiated MDSCs predominantly
showed negative reactions to ALP staining at any time point,
demonstrating that undifferentiated MDSCs did not undergo
osteogenic differentiation. Quantitation of ALP activity
demonstrated that the ALP activity of undifferentiated MDSCs
was significantly lower than that of corresponding differ-
entiated MDSCs. ALP activities of differentiated MDSCs
increased between days four and 12. As time progressed, the
activity was higher, reaching a peak at day 16. By comparison,
the activities of undifferentiated MDSCs remained stable at a
low level (Fig. 5).

Mineralization assay. The well-defined mineralization
nodules stained by alizarin red staining were observed in
differentiated MDSCs. Between days four and 12, Alizarin
red (+) nodules increased constantly. At ~day 16, the progress
of matrix mineralization significantly step by step diffusely
spread. However, no marked mineralization nodules were
found in undifferentiated MDSCs at any time point (Fig. 6).

Analysis of the mRNA expression of osteocalcin and osteo-
pontin. Osteogenic differentiation had a clear positive effect
on the expression of two bone-associated proteins, osteocalcin
and osteopontin, in MDSCs and this expression was markedly
increased over time. The synthesis and secretion of osteocalcin
and osteopontin from differentiated MDSCs increased gradu-
ally and attained a significantly higher level at day 16, while
the secretion of undifferentiated MDSCs was quite low and
stable at each time point (Fig. 7).

Discussion

Skeletal muscle has been extensively investigated as a poten-
tial source for isolation of several stem cells over the past few
years (6). Satellite cells located beneath the basal lamina of
mature skeletal muscle fibers, often referred to as ‘muscle
stem cells’, have long been considered monopotential stem
cells capable of only giving rise to cells of the myogenic
lineage (7). MDSCs, which may represent a predecessor of the
satellite cell, are considered to be distinct in that they may not
be restricted to the myogenic lineage or mesenchymal tissues
and are able to differentiate into multiple lineages (8).

Several studies have hypothesized that there are at least
two types of stem cells in skeletal muscle tissue; the typical
spindle muscle satellite cells and round MDSCs (9). Muscle
satellite cells are myogenic precursors, which are capable of
regenerating skeletal muscle and demonstrate self-renewal
properties; however, they are considered to be committed to
the myogenic lineage (10). MDSCs are precursors of muscle
satellite cells and have a stronger capacity to proliferate and
broader potential of differentiation compared with muscle
satellite cells. These cells may differentiate into more special-
ized cells with morphological and phenotypic features of cells
including neurocytes, hepatocytes, endotheliocytes, neuroglio-
cyte, skeletal muscle cells. MDSCs not only differentiate into
mesodermal cells, but also endodermal cells. By breaking the
limit of the germ layers, these cells exhibit wide application
prospects (11,12).

Primary culture methods of MDSCs include the tissue
block method and digestion methods, of which the enzyme
digestion culture method is the most commonly used (8-10).
In the present study, mechanical shearing and enzyme diges-
tion was used to break the MDSC membrane and remove
the connective tissues interfering with cell growth. MDSCs
dispersed into monocellular suspension contribute to nutrient
absorption and excretion of metabolites from the medium.
Since the mechanism of action and the optimal condition
of various types of digestive enzymes are not all the same,
stepwise digestion was performed using collagenase combined
with trypsin, which yielded 80-90% MDSCs. In addition,
MDSCs were purified by removing muscle fiber fragments
and nonmyogenic components in cell suspension liquid, in
order to meet the requirements for the next step. A suitable
centrifugation method (200 x g; 3 min) was used to precipitate
the muscle fiber fragments. If the centrifugal force is too large
or the centrifugation time is too long, MDSCs are likely to be
damaged and cell yield decreased. However, if the centrifu-
gation time is too short, nonmyogenic components mix with
cells. In addition, cell strainers of various sizes were also used
to filter muscle fiber fragments. For removal of the nonmyo-
genic components in mixed cell suspension, the preplate
technique was mainly utilized, which isolates cell popula-
tions based on their differential adhesion characteristics. The
adherent ability of nonmyogenic components is stronger than
that of the MDSCs and the majority of early adherent cells
are nonmyogenic cells. Non-adherent cell suspensions were
removed and seeded in novel culture dishes and this preplate
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procedure was repeated until MDSCs were pure. Regardless
of certain disadvantages, for example a time consuming (five
to seven days for adherence) and complex procedure, as well as
a high possibility of pollution, cell damage is minimal and cell
purity may reach >80% using this technique (13).

There is no generally established specific marker for
identification of multipotential stem cells from skeletal
muscle. Markers commonly used are expressed in various
tissues and with the prolongation of cell culture time, the cell
behaviors and surface markers are likely to have changed;
thus rendering the identification of MDSCs difficult. In the
present study, a combination of specific generally accepted
molecular markers, including stem cells and myogenic cells,
was optimized to identify MDSCs. CDI105, a characteristic
glycoprotein expressed on stem cells, has frequently been used
as a relatively specific marker for the identification of mesen-
chymal stem cells. Desmin is a major essential intermediate
filament protein, as well as a specific marker for muscle tissue
and is used to distinguish between myogenic and nonmyogenic
tissues (14). The positive rate of desmin may reach 90% in
MDSCs, while in fibroblast and smooth muscle cells, the rate
of desmin-positive cells is only 15% (15). Myosin is the most
common protein in muscle cells and is a globulin responsible
for the elastic and contractile properties of muscle, combining
with actin to form actomyosin. It forms the thick filament of
myofibrilla and is the most abundant protein expressed in skel-
etal muscle, making up ~25% of the total protein database (16).
Based on this combination, preliminary identification may be
performed successfully.

MDSCs differentiated into multinucleated myotubes and
muscle fibers autonomously without any induction; in the
myoblast differentiation medium, they differentiated into
myogenic cells, including skeletal muscle cells, smooth muscle
cells and cardiocytes (17-20). Jackson et al (21) injected
MDSC:s to six lethally irradiated mice. Following 12 weeks,
all mice showed high-level engraftment of muscle-derived
cells representing all predominant adult blood lineages. This
indicated that cells derived from skeletal muscle generate the
major hematopoietic lineages. In the present study, following
culture with osteogenic differentiation medium, MDSCs
were positive for ALP and mineralized nodule staining.
Immunohistochemical staining and flow cytometric analysis
showed that desmin, myosin and CD105 were also positive in
the differentiated MDSCs, indicating that MDSCs had differ-
entiated into osteogenic cell lines. Although the mechanism of
differentiation is not yet clear, it may be that MDSCs directly
differentiate into osteogenic precursor cells or there were
other stem cells in skeletal muscle that differentiated into other
osteoblasts. When these precursor cells are mature, they may
express various specific markers of bone tissues. Following
osteogenic differentiation, the MDSCs in the present study
gradually changed in morphology and eventually formed
round cells with a large body. In addition, expression of ALP,
osteocalcin and osteopontin was noted in these cells. ALP is
one of the early marker enzymes of maturity of extracellular
matrix and hydrolyzes organic phosphatase, increases the local
concentration of phosphoric acid, destroys inhibitors of calci-
fication and initiates the calcification process for promoting
mineralization of the extracellular matrix. ALP expression
was detected four days following osteogenic differentiation in
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the present study and expression was significantly increased
following day 16. Osteopontin is a key factor of maturity of
the extracellular matrix and is associated with hydroxyapatite
deposition of extracellular matrix; it is important in mineral-
ization metabolism and reconstruction of bone. Osteocalcin
is a type of noncollagenous bone matrix protein secreted by
mature osteoblasts. It regulates the speed and direction of
calcium deposition, as a key factor of bone formation. In the
present study, the mRNA expression of these two proteins was
less in undifferentiated MDSCs; however, when the cells were
cultured in the osteogenic differentiation medium, expression
was higher than previously observed. This indicated that
MDSCs had differentiated into osteoblasts.

In the present study, MDSCs were successfully isolated
and cultured from rabbit skeletal muscle tissues, and in vitro
analyses indicated that the cells were capable of differentiating
into osteoblasts. Since the concept of cell therapy has already
been introduced into the clinical setting, MDSCs which repre-
sent a valuable source of osteoprogenitors, exhibit the potential
for the repair of skeletal damage due to injury or disease.
Further studies are required in order to identify optimization
of cell isolation and expansion, as well as the control of cell
differentiation and transformation in various environments.
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