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Abstract. The creation of functional muscles/muscle tissue
from human stem cells is a major goal of skeletal muscle tissue
engineering. Mesenchymal stem cells (MSCs) from fat/adipose
tissue (AT-MSCs), as well as bone marrow (BM-MSCs)
have been shown to bear myogenic potential, which makes
them candidate stem cells for skeletal muscle tissue engi-
neering applications. The aim of this study was to analyse
the myogenic differentiation potential of human AT-MSCs
and BM-MSCs cultured in six different cell culture media
containing different mixtures of growth factors. The following
cell culture media were used in our experiments: mesenchymal
stem cell growth medium (MSCGM)™ as growth medium,
MSCGM + 5-azacytidine (5-Aza), skeletal muscle myoblast
cell growth medium (SkGM)-2 BulletKit™, and 5, 30 and
50% conditioned cell culture media, i.e., supernatant of human
satellite cell cultures after three days in cell culture mixed
with MSCGM. Following the incubation of human AT-MSCs
or BM-MSCs for 0, 4, 8, 11, 16 or 21 days with each of the
cell culture media, cell proliferation was measured using the
alamarBlue® assay. Myogenic differentiation was evaluated
by quantitative gene expression analyses, using quantitative
RT-PCR (qRT-PCR) and immunocytochemical staining (ICC),
using well-defined skeletal markers, such as desmin (DES),
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myogenic factor 5 (MYF5), myosin, heavy chain 8, skeletal
muscle, perinatal (MYHS8), myosin, heavy chain 1, skeletal
muscle, adult (MYH1) and skeletal muscle actin-al (ACTALI).
The highest proliferation rates were observed in the AT-MSCs
and BM-MSC:s cultured with SkGM-2 BulletKit medium. The
average proliferation rate was higher in the AT-MSCs than
in the BM-MSCs, taking all six culture media into account.
gRT-PCR revealed the expression levels of the myogenic
markers, ACTA1, MYHI1 and MYHS, in the AT-MSC cell
cultures, but not in the BM-MSC cultures. The muscle-specific
intermediate filament, DES, was only detected (by ICC) in
the AT-MSCs, but not in the BM-MSCs. The strongest DES
expression was observed using the 30% conditioned cell
culture medium. The detection of myogenic markers using
different cell culture media as stimuli was only achieved in the
AT-MSCs, but not in the BM-MSCs. The strongest myogenic
differentiation, in terms of the markers examined, was induced
by the 30% conditioned cell culture medium.

Introduction

The formation of functional skeletal muscles/muscle tissue
utilising the differentiation potential of stem cells is the
intention of skeletal muscle tissue engineering. Due to the
myogenic differentiation potential of human mesenchymal
stem cells (MSCs), these cells are new candidate stem cells for
tissue engineering applications, which bear certain advantages
over previously utilised stem cells, such as satellite cells (1).
MSCs can be extracted from various sources, such as bone
marrow (1), adipose tissue (2), umbilical cord blood (3) or the
placenta (4), and therefore multiple harvesting methods are
possible. MSCs derived from fat/adipose tissue (AT-MSCs)
or bone marrow (BM-MSCs) are characterised, in contrast to
other stem cells, by their high potential for replication without
losing their differentiation ability (5). Thus, greater amounts
of neo-tissue could be generated by smaller donor cell popu-
lations. Moreover, MSCs can be transplanted autologously
and can enhance tissue regeneration due to immunomodula-
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tion (6,7). These attributes make MSCs ideal stem cells for
tissue engineering.

The myogenic differentiation of MSCs can be initiated with
different growth factors, such as basic fibroblast growth factor
(bFGF), platelet-derived growth factor (PDGF), the amino acid,
L-glutamine, and 5-azacytidine (5-Aza), which can all be added
to the growth medium (5,8). The exact molecular mechanisms
associated with the intracellular signalling cascades which
control the differentiation process remain unclear (9). The influ-
ence of growth factors on cell differentiation and proliferation
varies according to the type, strain and origin of the MSCs (10).
Another important factor is the degree of activation of the
Rho GTPase, which can control the differentiation in myogenic
or adipogenic cell lines (11). Therefore, in this study, we evalu-
ated the proliferation and myogenic differentiation potential
of human AT-MSCs and BM-MSCs cultured in six different
culture media with different growth factor compositions, in
order to detect possible differences between the two stem cell
types. In this context, we used the following cell culture media:
mesenchymal stem cell growth medium (MSCGM)™ by
Lonza® as growth medium, MSCGM + 5-Aza, skeletal muscle
myoblast cell growth medium (SkGM)-2 BulletKit™, and 5,
30 and 50% conditioned cell culture media, i.e., supernatant
of human satellite cell cultures after three days in cell culture
mixed with MSCGM.

During the transformation from mononucleated myoblasts
into multinucleated myofibers, multiple muscle-specific genes
are switched on and can therefore act as specific markers
of the different stages of myogenesis. As an early marker
of differentiation, we investigated the transcription factor,
myogenic factor 5 (MYF5), as it acts as promoter of multiple
muscle-specific genes, controls the fusion of multinucleated
myofibers (12), and is upregulated during the early stages of
myogenesis (13,14). Genes of the contractile apparatus served
as late markers of differentiation. Myosin heavy chain (MYH)
is part of the hexameric myosin complex, which consists of
four light chains and two heavy chains and constitutes up
to 50% of the total protein content of adult skeletal muscle
tissue (14,15). MYH participates in the contraction processes
and exists in multiple isoforms [myosin, heavy chain 8, skel-
etal muscle, perinatal (MYHS) and myosin, heavy chain 1,
skeletal muscle, adult (MYH1)], which can serve as markers
of differentiation (14,16). As a marker of the terminal stages
of myogenesis, actin-al (ACTA1) is an important protein
of the contractile apparatus in skeletal muscle tissue (14). In
order to evaluate the effects of culture with six different cell
culture media on the proliferation of human AT-MSCs and
BM-MSCs, we performed alamarBlue® proliferation assays
from day O to day 21. In order to analyse the effects of the
different cell culture media on the myogenic differentiation
of AT-MSCs and BM-MSCs, quantitative reverse transcrip-
tion polymerase chain reaction (QRT-PCR) was performed
to determine the gene expression levels of MYF5, MYHS,
MYHI and ACTAL. As a prerequisite, suitable reference genes
for qRT-PCR experiments needed to be identified. Therefore,
we evaluated the expression stability of f-actin (ACTB),
-2-microglobulin (B2M), glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), peptidylprolyl isomerase A (PPIA),
TATA-box binding protein (TBP) and ribosomal protein,
large, PO (RPLPO) in human MSCs using two different

software programs, geNorm and NormFinder. Additionally,
immunocytochemistry (ICC) was performed to determine the
expression of desmin (DES), MYF5 and ACTAL, to verify
myogenic differentiation.

Thus, our study presents novel data on the myogenic differ-
entiation potential of human MSCs derived from bone marrow
and adipose tissue, utilising six different cell culture media
with different growth factor compositions.

Materials and methods

Collection and isolation of human MSCs derived from bone
marrow. Human MSCs were isolated from adult bone marrow
as previously described by Goessler et al (17). Bone marrow
was collected from the femoral shaft of patients undergoing
total hip replacement at the Orthopaedic Department of the
University Hospital Mannheim, Mannheim, Germany. The
study protocol was approved by the Ethics Committee of the
Mannheim Medical Faculty of the University of Heidelberg,
Heidelberg, Germany. Bone marrow aspirates were diluted 1:5
with PBS/2 mM EDTA (Nexell, Baxter, Unterschleissheim,
Germany and Merck, Darmstadt, Germany) and carefully
loaded into Ficoll-Hypaque solution (Amersham, Freiburg,
Germany). Mononuclear cells (MNCs) were isolated after
density gradient centrifugation at 435 x g for 30 min at room
temperature. The MNCs were then removed from the inter-
phase, washed two to three times with PBS/EDTA and set
in culture at a density of 1x10° cells/cm?. Cell counts were
performed using an automated cell analyser (Cell-Dyn 3200,
Abbott, Wiesbaden, Germany). Cells were grown in MSCGM
BulletKit, Cambrex, St. Katharinen, Germany). Non-adherent
cells were removed by the complete exchange of culture
medium every three to four days. The flasks were screened
continuously to access developing colonies of adherent cells.
Fibroblastoid cells were recovered between days seven and
ten after initial plating using 0.04% trypsin/0.03% EDTA
(PromoCell, Heidelberg, Germany) and termed bone marrow-
derived fibroblastoid adherent cells (BM-FACs). Recovered
cells were plated at a density of 4,000-5,000 cells/cm? as
passage 1 cells, as previously described (17).

Collection and isolation of human MSCs derived from adipose
tissue. Lipoaspirates were obtained from patients undergoing
liposuction procedures in accordance with the standard of
ethics of the local ethics committee. The raw lipoaspirates
(50-100 ml) were processed as described previously by
Goessler et al (17). To isolate the stromal vascular fraction
(SVF), lipoaspirates were washed with PBS and digested with
an equal volume of 0.075% collagenase type I (Sigma-Aldrich,
St. Louis, MO, USA) for 30-60 min at 37°C. The collagenase
activity was blocked with DMEM-Ig containing 10% FCS and
the lipoaspirates were centrifuged at 1,200 x g for 10 min to
harvest a SVF pellet. The pellet was re-suspended in MSCGM
and filtered through a 100 gm nylon cell strainer (BD Falcon,
Franklin Lakes, NJ, USA). The filtered cells were centrifuged
at 1,200 x g for 10 min. The SVF cell suspension was plated
at a density of 1x10%cm? into T75 or T175 culture flasks.
Non-adherent cells were removed after 12-18 h by PBS wash-
ings. The resulting fibroblastoid adherent cells were termed
adipose tissue-derived fibroblastoid adherent cells (AT-FACs).
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AT-FACs were harvested at approximately 70% confluence
using trypsin. On the second pass, cells were replated at a
mean density of 1.8+3.1x10%/cm?.

Cultivation of human MSCs derived from bone marrow and
adipose tissue in different culture media

MSCGM by Lonza®. MSCGM (Lonza, Verviers, Belgium)
is a growth medium, which was designed for the cultivation
of MSC:s. This cell culture medium is purchased as a kit and
contains the amino acid, L-glutamine, and mesenchymal stem
cell growth supplement (MSCGS). The precise composition is
only known to the manufacturer.

MSCGM + 5-Aza. 5-Aza (Sigma-Aldrich, Irvine, UK) was
added at a concentration of 10 ymol/l. Additionally, 10 ug/1
human, recombinant fibroblast growth factor (thFGF) (Lonza)
was appended.

SkGM-2 BulletKit. The SkGM-2 BulletKit (SKM, Lonza)
is a commercial basal medium for MSCs, which includes
pro-myogenic factors that induce myogenic differentiation.
The constituents of the medium are: Skm-medium, FBS,
L-glutamine, dexamethasone, rhFGF and GA-1000 (genta-
mycin/amphotericin 1:1,000).

Conditioned cell culture medium. The conditioned cell
culture medium contains the supernatant of human satellite
cells under differentiation conditions using serum cessation,
which were grown in Ham's F10 culture medium. The super-
natant was removed after three days, filtered for sterility and
mixed to 5, 30 and 50% concentrations with growth medium.

alamarBlue proliferation assay. AT-MSCs and BM-MSCs
were cultured in 0.2% gelatine-coated 96-well plates at a
density of 5,000 cells/well in MSCGM, MSCGM + 5-Aza,
SkGM-2 BulletKit, 5, 30 and 50% conditioned cell culture
medium. Proliferation was assessed by measurement of the
fluorescence at wavelength of 540 nm and emission was moni-
tored at 590 nm on days 0, 4, 8, 11, 16 and 21.

RNA isolation. The RNeasy mini kit (Qiagen, Hilden, Germany)
was used according to the manufacturer's instructions to isolate
total RNA. RNA purity and concentration were determined
by measurements at A260 and A280 nm (A260/A280, 1.7-2.0)
using a NanoDrop 8000 Spectrophotometer (Thermo Scientific,
Schwerte, Germany). RNA integrity was determined using a
2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany).

cDNA synthesis and gRT-PCR. cDNA synthesis and qRT-PCR
were performed as previously described (18). An aliquot of
0.5 pg total RNA was treated with 1 unit DNase (Fermentas,
St. Leon-Rot, Germany) for 30 min at 37°C. Reverse transcrip-
tion of RNA (0.5 ug) was performed using oligo(dT),,.,s primer
and 200 units of SuperScriptII (Invitrogen, Karlsruhe, Germany)
and 24 units of RiboLock™ RNase inhibitor (Fermentas) for
1 h at 42°C. The cDNA was used for qRT-PCR analysis. All
cDNA probes were analysed for MYF5, NM_002479; ACTAI,
NM_001100; MYHI1, NM_005963; and MYH8, NM_002472;
as well as the reference genes: ACTB, NM_001101; B2M,
NM_004048; GAPDH, NM_002046; PPIA (cyclophilin A),
NM_203430; RPLPO, NM_001002; and TBP, NM_003194.
The QuantiTect/PrimerAssays were purchased from Qiagen.
c¢DNA was amplified with Brilliant® II SYBR®-Green
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gRT-PCR Master Mix (Stratagene-Agilent Technologies,
Waldbronn, Germany). The thermal profile consisted of
1 cycle at 50°C (2 min) followed by 1 cycle at 95°C (2 min),
45 cycles at 95°C (15 sec) and 60°C (1 min). Amplification was
performed using the Mx3005P™ QPCR System (Stratagene).
For relative quantification, a serial dilution of the cDNA was
used to perform a standard curve in every individual run. The
data were analysed using the relative standard curve method.
For each unknown sample, the relative amount was calculated
using linear regression analysis from their respective standard
curves. Data were analysed using Mx3005P analysis software
(Stratagene-Agilent Technologies). The efficiencies of all genes
of interest, including the reference genes were calculated for
each individual run.

Analysis of expression stability. Expression stability was
calculated as previously described (18). The qRT-PCR data
were analysed using the Mx3005P QPCR System (Stratagene).
For stability comparisons of candidate reference genes within
sample groups, the software geNorm (19), version 3.4 (Visual
Basic application tool for Microsoft Excel), was used according
to the developer's recommendations.

GeNorm uses a gene-stability measurement, M, which
is defined as the average pair wise variation between a
particular gene and all other control genes. It calculates the
optimal number of genes required for the normalisation of
a target gene and combines them into a normalisation factor
(NF) (19,20). The expression of the genes of interest was
normalised to the NF.

Immunocytochemistry (ICC). Immunocytochemical character-
isation was carried out as previously described (18). The cells
were grown on chamber culture slides (BD Falcon). To indicate
the differentiation of the MSCs, the cells were incubated with
antibodies directed against: DES (Dako, Hamburg, Germany),
MYF5 (Santa Cruz, Biotechnology, Heidelberg, Germany)
and ACTA1 (Zymed Laboratories, Invitrogen, Karlsruhe,
Germany). The antibodies were used according to the manufac-
turer's instructions, followed by a corresponding biotinylated
secondary antibody and streptavidin, horseradish peroxidase
(HRP) conjugate. The peroxidase reaction was performed using
aminoethylcarbazole (Dako) as a chromogen. Endogenous
peroxidase was blocked with 0.3% hydrogen peroxide (30 min).
Sections were washed with PBS and incubated with normal
sheep serum in PBS (3 min, room temperature) to block non-
specific antibody reaction. Nuclei were counterstained with
Harris haematoxylin. Light microscopic investigations were
performed using a Zeiss Axiophot microscope (Carl Zeiss,
Jena, Germany).

Results

Proliferation of human AT-MSCs cultured in different cell
culture media. Cell proliferation was measured using the
alamarBlue proliferation assay from day O to day 21 (Fig. 1).
No cytotoxic effects were observed during cultivation in any
of the cell culture media (data not shown). AT-MSCs grown
in the SkGM-2 BulletKit showed the highest proliferation rate
compared with those grown in the other cell culture media
analysed (Fig. 1). The fluorescence units (FU) increased by
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Figure 1. alamarBlue proliferation assay of human mesenchymal stem cells (MSCs) derived from fat/adipose tissue (AT-MSCs), which were nourished in

different cell culture media. Cond. Med., conditioned medium.
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Figure 2. alamarBlue proliferation assay of human mesenchymal stem cells (MSCs) derived from bone marrow (BM-MSCs), which were nourished in different

cell culture media. Cond. Med., conditioned medium.

approximately 20-fold from 7.27+0.29 on day O continuously
to the maximum of 138.2+1.66 on day 16. After this time
point, the proliferation almost remained on this high level on
day 21 and was approximately 2-2.5-fold higher than that of
the AT-MSCs cultured in one of the other five media (Fig. 1).

The conditioned cell culture media showed, independent of
their concentration (5, 30 and 50%), almost identical rates of
cell proliferation. The FU level began at 7.27+0.29 on day 0 and
continuously increased to a maximum level on day 21 (Fig. 1).
After21 daysof cell culture,the FU values for the conditioned cell
culture media were similar: 70.71+1.88 (5%), 67.78+2.07 (30%)
and 64.61+2.26 (50%), and thus, were increased by 9-10-fold in
comparison to day O (Fig. 1). The stimulation of AT-MSCs with
MSCGM + 5-Aza showed an 8-fold increase in the FU value
from day O to day 11, followed by a 35% decrease on day 16 and
arenewed increase to a maximum level on day 21 (Fig. 1). After
21 days of cell culture, the FU values were 46.09+2.39 for the
AT-MSCs incubated with MSCGM and 64.81+5.2 following
stimulation with MSCGM + 5-Aza, and were thus increased by
9-fold in comparison to day O (Fig. 1).

Proliferation of human BM-MSCs cultured in different cell
culture media. BM-MSCs incubated with the SkGM-2 BulletKit
medium revealed the highest proliferation rates compared with
those grown in the other cell culture media (Fig. 2). The initial FU
value on day 0 was 6.36+0.05 and increased by approximately
9-fold, reaching the maximum value on day 16 (FU, 57.88+1.26)
with the exception of a slight decrease on day 8 (Fig. 2).

Following culture with MSCGM, the BM-MSCs showed a
steep 8.4-fold increase in proliferation, represented by an FU
value of 53.51+1.23 until day 8, followed by a steady decline
of cell turn over on days 11 and 16 until day 21 (-25%), repre-
sented by a final FU value of 40.47+5.43 (Fig. 2).

During the cultivation of BM-MSCs in the different
conditioned (5, 30 and 50%) cell culture media, different
cell proliferation rates were measured, depending on the
concentration of the medium. The FU value of cells grown in
5% conditioned cell culture medium increased by approximately
7-fold until day 8 to an FU value of 44.33+0.33, followed by a
marginal decline (-12%) of the FU value to 39.07+0.79 on day 11
and an increase (24%) in proliferation until day 21 with an FU
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Figure 3. Average expression stability values of the reference candidate genes examined. The gene expression stability of six candidate reference genes was
calculated using geNorm software to select the most stable gene for normalisation in human mesenchymal stem cells (MSCs). The average expression stability,
M, was calculated by the software. The x-axis from left to right indicates the ranking of the genes according to their M-value.

value value of 48.57+1.64 (Fig. 2). In the BM-MSC cultures nour-
ished with 30 or 50% conditioned cell culture medium, a similar
time-dependent increase in proliferation was detected (Fig. 2).
The proliferation rate increased steadily by approximately 7-fold
from day O to day 21. The FU value was 10.03+0.15 (30% condi-
tioned cell culture medium) and 10.80+0.10 (50% conditioned
medium) on day 4 and 19.85+0.25 (30% conditioned medium)
and 20.26+1.19 (50% conditioned medium) on day 8. The FU
value increased further to 46.11+1.23 on day 21 in the cells
cultured in 30% conditioned medium and 42.52+2.16 in those
cultured in 50% conditioned medium (Fig. 2).

Identification of valid reference genes for gRT-PCR experi-
ments. To identify the most stable reference gene for the
normalisation of gene expression in qRT-PCR measurements,
the following genes were analysed during the cultivation of
the human AT-MSCs/BM-MSCs using the different culture
media: ACTB, B2M, GAPDH, PPIA, TBP and RPLPO. The
expression stability was calculated using the geNorm and
NormFinder software.

geNorm. The geNorm program calculated that B2M and
ACTB are the most robust reference genes. The results of the
expression stability measurements are illustrated in Fig. 3.

NormFinder. The NormFinder software identified B2M
and ACTB as the most stable reference genes (Table I).

Gene expression analyses using gRT-PCR. In the human
AT-MSCs, only the expression of the myogenic markers,
ACTA1,MYHS8 and MYHI could be detected using qRT-PCR.
However, the expression of myogenic markers examined could
not be detected in the human BM-MSCs.

ACTAI. The incubation of AT-MSCs with MSCGM + 5-Aza
led on day 4 and on day 8 to an 1.2- and 2-fold increase in
ACTAI gene expression, respectively, compared with the cells
cultured with MSCGM alone, followed by a decrease of 50%
on day 11 and another 1.6-fold increase on day 16 (Fig. 4). On
day 21, ACTA1 expression was almost similar to that found
in the cells incubated with MSCGM alone (Fig. 4). The cells
cultured with SkGM-2 medium showed a 2.3-fold increase

Table I. Stability measurements of the candidate reference genes
in human MSCs.

Gene name Stability value Standard error
RPLPO 1.996 0.260
TBP 0.355 0.100
GAPDH 0.496 0.104
B2M 0.307 0.101
ACTB 0.288 0.102
PPIA 0.467 0.103

Measurements were calculated by the NormFinder software. ACTB
was identified as the most stable gene, where B2M ranked second.
MSCs, mesenchymal stem cells; RPLPO, large ribosomal protein PO;
TBP, TATA-box binding protein; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; B2M, [(-2-microglobulin; ACTB, f-actin;
PPIA, peptidylprolyl isomerase A.

in ACTA1 expression on day 8 and a 1.6-fold increase on
day 16 compared with the cells cultured with MSCGM alone.
Incubation with 30% conditioned medium led to the highest
relative expression compared to incubation with MSCGM,
with an 3.8- and 1.9-fold increase on day 8 and on day 16,
respectively. In the AT-MSCs nourished with 50% conditioned
medium, the maximum ACTAI1 expression was measured on
day 4 with a 1.4-fold increase compared with the MSCGM-
cultured cells (Fig. 4).

MYHS. Gene expression analysis detected MYHS in each
of the six evaluated groups of human AT-MSCs cultured
with the different cell culture media. Measured values
showed very heterogeneous results in each culture medium.
Trends were not observed. The highest gene expression was
measured on day 21 with a concentration-dependent effect of
the conditioned medium with a maximum 200-fold increase
using the 50% conditioned cell culture medium (Fig. 5).
The highest MYH 8 gene expression for the cells cultured
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Figure 4. Expression analyses (QRT-PCR) of the skeletal muscle actin-al (ACTA1) gene in human mesenchymal stem cells (MSCs) derived from fat/adipose
tissue (AT-MSCs). Gene expression is presented relative to the expression in human AT-MSCs incubated in growth medium (MSCGM). The genes were
normalised using the normalisation factor (NF) calculated by geNorm software. MSCGM, MSCGM growth medium (GM); 5-Aza, MSCGM + 5-azacytidine
(5-Aza); SkGM-2, SKGM-2 BulletKit; 5, 30, 50% conditioned cell culture media, supernatant of human satellite cell cultures after three days in cell culture
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Figure 5. Expression analyses (QRT-PCR) of the myosin, heavy chain 8, skeletal muscle, perinatal (MYHS) gene in human mesenchymal stem cells (MSCs)
derived from fat/adipose tissue (AT-MSCs). Gene expression is presented relative to the expression in human AT-MSCs incubated in MSCGM. The genes
were normalised using normalisation factor (NF) calculated by geNorm software. MSCGM, MSCGM growth medium (GM); 5-Aza, MSCGM + 5-azacytidine
(5-Aza); SkGM-2, SKGM-2 BulletKit; 5, 30, 50% conditioned cell culture media, supernatant of human satellite cell cultures after three days in cell culture

mixed with MSCGM. Cond. Med., conditioned medium.

in MSCGM + 5-Aza was detected on day 8 with a 2.7-fold
increase compared with the MSCGM-nourished cells (Fig. 5).
The maximum values for cells cultured in SkGM-2 was
measured on day 21 (2.7-fold higher compared with MSCGM-
cultured cells).

MYHI. The expression of MYHI in the human AT-MSCs
also showed very diverse results with the different culture
media. The highest levels of expression of MYH1 were
detected in the AT-MSCs nourished with SkGM-2 BulletKit
(57-fold increase), as well as in those cultured with 5, 30 and
50% conditioned medium (7.7-, 115- and 112-fold increase,
respectively) on day 16 (Fig. 6).

Immunocytochemistry. To evaluate the myogenic differen-
tiation of the human MSCs, immunocytochemical staining
with antibodies directed against DES, MYF5 or ACTAI was
performed.

First of all, there was no ACTAl immunoreactivity
found in the human AT-MSCs incubated with each of the six
media examined. However, the human AT-MSCs grown in
conditioned cell culture media showed positive staining for
the myogenic markers, DES and MYF?5, after day 4 in cell
culture (Fig. 7). The percentage of DES- and MYF5-positive
AT-MSCs (Table II) increased in a time-dependent manner
following culture in the 5% conditioned cell culture medium.
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Table II. Immunocytochemical evaluation of the muscle-specific differentiation markers, DES and MYFS5, in human AT-MSCs

and BM-MSCs grown in different cell culture media.

Staining methods Day 0 Day 4 Day 8 Day 11 Day 14
Anti-DES staining of MSCs
MSCGM - + ++ ++ ++
SkGM-2 BulletKit - -+ -/+ - -
5-Aza - -/+ ++ ++ ++
Contidioned medium
5% - -/+ +/++ ++/+++ ++/+++
30% - + ++/+++ ++/+++ ++/+++
50% - + ++ ++ ++
Anti-MYFS5 staining of MSCs
MSCGM - +/++ + ++ ++
SkGM-2 BulletKit - + -++ ++ /-
5-Aza - + -/++ +++ ++
Contidioned medium
5% - - -/+ ++ ++H/+++
30% - + -/+ ++ ++/+++
50% - + -/+ +/++ ++

The percentage of cells stained by the monoclonal antibodies is symbolised by ‘++++’ (70-100%), ‘+++’ (50-70%), ‘++’ (30-50%), ‘+’ (1-30%)
and ‘- (no staining). DES, desmin; MYF5, myogenic factor 5; MSCs, mesenchymal stem cells; AT-MSCs, MSCs derived from fat/adipose
tissue; BM-MSCs, MSCs derived from bone marrow; 5-Aza, 5-azacytidine.
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Figure 6. Expression analyses (QRT-PCR) of the myosin, heavy chain 1, skeletal muscle, adult (MYH]1) gene in human mesenchymal stem cells (MSCs) derived
from fat/adipose tissue (AT-MSCs). Gene expression is presented relative to the expression in MSCGM. The genes were normalised using the normalisation
factor (NF) calculated by geNorm software. MSCGM, MSCGM growth medium (GM); 5-Aza, MSCGM + 5-azacytidine (5-Aza); SkGM-2, SkGM-2 BulletKit;
5, 30, 50% conditioned cell culture media, supernatant of human satellite cell cultures after three days in cell culture mixed with MSCGM. Cond. Med.,

conditioned medium.

Following culture in the 30% conditioned cell culture medium,
the amount of DES-positive cells increased to a maximum
level on day 8 and remained at this level during the following
days (Table II). The percentage of MYF5-positive cells, on
the other hand, constantly increased in a time-dependent
manner in cell culture. The human AT-MSCs nourished

with 50% conditioned cell culture medium showed lower
percentages of DES- and MYF5-positive cells, compared
with those cultured with 5 and 30% conditioned cell culture
media, and these levels did not increase (Table II). Analyses
of the immunocytochemical staining of the human AT-MSCs
cultured in MSCGM, MSCGM + 5-Aza or SkGM-2 BulletKit
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Figure 7. (A) Desmin (DES) and (B) myogenic factor 5 (MYF5) immunoreactivity in human AT-MSCs incubated with 30% conditioned cell culture medium
on day 8. (A) Several DES-immunoreactive human AT-MSCs are shown with immunoreactivity localised in the cytoplasm (arrows indicate DES-positive cells),
whereas (B) MYF5 immunoreactivity is localised in the nuclei (arrows indicate MYF5-positive nuclei).

media showed immunoreactive cells, beginning on day 4 of
culture. The percentage of immunoreactive AT-MSCs was
similar during culture in the three different media. However,
the percentage of immunoreactive AT-MSCs was lower than
that observed in the cells cultured in 5 and 30% conditioned
cell culture media (Table II).

During the cultivation of BM-MSCs in the different cell
culture media, only MYFS5 was sporadically detected.

Discussion

Human MSCs represent a promising alternative stem cell
source for skeletal muscle tissue engineering applications, as
these cells do not lose their differentiation capacity after cell
expansion (5). The myogenic differentiation potential of MSCs
has been demonstrated by several research groups; however,
it remains unclear whether all cells or only a subpopulation
of MSCs can differentiate into skeletal muscle tissue (21,22).
MSCs can be isolated from a variety of tissues, which differ
in phenotype, differentiation potential and proliferation
capacity (10). Several research groups have demonstrated that
BM-MSCs, regardless of whether they are injected intrave-
nously or directly into muscle, participate in the regeneration
of damaged skeletal muscle in vivo (23,24). However, it should
be noted that the detected cell number in the damaged muscle
was extremely low (25). These results suggest that a fraction
of MSCs are involved in muscle regeneration in vivo and thus,
appear promising for in vitro generation of functional skeletal
muscle (25). Otherwise, characterised by their high number of
pluripotent stem cells, AT-MSCs represent an alternative source
of stem cells (26). In addition, AT-MSCs have been detected in
skeletal muscle tissue after transplantation into damaged muscle
tissue (27), supporting the hypthesis that AT-MSCs contribute to
muscle regeneration. The determination of which particular cell
line MSCs differentiate into is controlled by multiple factors
and extracellular signals, which can be influenced by culture
conditions and growth factor compositions. Growth factors
and chemical signals that can induce myogenic differentiation
in MSCs are bFGF, PDGF, the amino acid, glutamine, and
5-Aza (5,10,28). The underlying mechanisms and pathways have
not yet been fully deciphered and are still the subject of investi-
gations. MSCs isolated from different donor sites show similar
characteristics in terms of phenotype; however, the ability to
differentiate in response to growth factor stimulation differs

between MSCs (8,10). De la Garza-Rodea et al demonstrated
that myogenic differentiation varied between human MSCs
depending on their origin (10). Therefore, in this study, we
investigated the myogenic differentiation potential of AT-MSCs
and BM-MSCs cultured in different cell culture media with
different growth factor compositions in order to detect possible
differences in their response to the different cell culture media.

The induction of myogenic differentiation can be initiated
using different methods. One method consists of the stimulation
of MSCs with 5-Aza, a DNA methyltransferase inhibitor, which
leads to the expression of the muscle-specific protein, DES, via
the stochastic hypomethylation of random DNA residues (29).
However, the myogenic effect of 5-Aza on MSCs remains in
question due to findings of other studies (30) and it appears
that the effect of 5-Aza depends on cell origin and species (10).
The stimulation of myogenic differentiation was achieved in
MSC:s derived from bone marrow in rats (29), human menstrual
blood (31) and the synovial membrane (32). It should be noted
that the mode of action and the effect of 5-Aza has not yet been
fully elucidated.

Another method of initiation of the myogenic differentiation
is the exposure of MSCs to a myogenic environment (33). Due
to paracrine secreted cytokines and/or the extracellular matrix,
differentiation can be induced in MSCs, although the underlying
mechanisms are not yet fully understood. Myogenic differentia-
tion can also be initiated by co-cultivation with myoblasts and
the utilisation of conditioned cell culture media in vitro (5). For
this reason, we evaluated the effect of the conditioned medium
obtained by cultures of human satellite cells grown for three
days in MSCGM on the expression of myogenic differentiation
markers in human AT-MSCs and BM-MSCs. Furthermore, we
evaluated the commercially available MSC culture medium,
SkGM-2 BulletKit, which is able to induce myogenic differen-
tiation, which contains the myogenic additives, dexamethasone,
FGF and L-glutamine. The exact composition of the medium is
known to the manufacturer. MSCGM is a basal growth medium
which contains MSCGS and L-glutamine.

To determine the effects of growth factors and media
supplements on cell proliferation, an alamarBlue proliferation
assay was performed on the human AT-MSC and BM-MSC
cultures. In the AT-MSCs, the highest proliferation rates were
obtained using the SkGM-2 BulletKit (Fig. 1). The proliferation
rate was 3-fold higher compared with the other cell culture
media examined. One reason for this effect may be the higher
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concentration of the epidermal growth factor (thEGF) in the
culture medium, which is known to exert a proliferative effect
on cells of mesodermal and ectodermal origin (34). This effect
was also detected in the human BM-MSCs, where SkGM-2
BulletKit-treated cells had the highest proliferation rates from
day 11 (Fig. 2). Higher rates of cell proliferation were detected
in the human AT-MSCs (maximum, 138.2+ 1.66 FU on day 16)
compared with the BM-MSCs (maximum, 57.88+1.26 FU
on day 16) following culture in SkGM-2 BulletKit medium.
These results support the data of De la Garza-Rodea et al, who
demonstrated that AT-MSCs have higher proliferation rates
than BM-MSCs (10). This result appears to be consistent in
other species, since Nakanishi et al also demonstrated a higher
proliferation capacity of AT-MSCs compared with BM-MSCs
in rats (35). It should be mentioned that other growth factor
compositions were utilised in our experiments. The addition of
the DNA methyltransferase inhibitor, 5-Aza, to MSCGM led
only to a marginal increase in the proliferation rate of AT-MSCs
in comparison to the cells that were cultured in MSCGM. This
effect is surprising, since 5-Aza has a cytostatic effect by the
demethylation of DNA and RNA. We hypothesised that the
cytostatic effect occurs at higher concentrations in human
MSCs than the 10 ymol/l that was used, since no apoptotic cells
were detected at any time in our preliminary investigations.
This result could also not be detected in the BM-MSC. In our
study, 5-Aza led to a slight decrease in the proliferation rate.
Cytotoxic effects, i.e., cell death, were not detected at any time
point. This finding supports the data of Yang et al who demon-
strated higher proliferation rates of AT-MSCs compared with
BM-MSC:s following stimulation with 5-Aza (36) and supports
the higher proliferation capacity of human AT-MSCs compared
with BM-MSCs.

Beier et al demonstrated the possible myogenic differentia-
tion of MSCs by co-cultivation with myoblasts in rats, verifying
the possible paracrine influences on myogenesis (5). Therefore,
in this study, we evaluated the effects of conditioned cell
culture media, which induced a steady increase in the prolif-
eration rate of AT-MSCs; the concentration (5, 30 and 50%) of
the conditioned medium had no effect on the cell proliferation
rate. Thus, it can be deduced that the proliferative effects of the
growth factors in the conditioned media cannot be enhanced
by increasing the concentration. Similar results were obtained
in human BM-MSCs, which also showed no significant
difference in proliferation with the different conditioned cell
culture media, with the exception of the rate on day 8. These
data present the first results on the proliferation capacity of
human AT-MSCs and BM-MSCs, investigating the paracrine
influences of human myoblasts by different concentrations of
conditioned cell culture media.

Using qRT-PCR, we detected the expression of the
myogenic marker genes, MYHS8, MYHI1 and ACTALI, in human
AT-MSCs. MYHS8 and MYHI expression was heterogeneous in
all the analysed cell culture media with the highest expression
values observed in the cells nourished with conditioned media.
These results can be explained by the fact that the AT-MSCs
represent a heterogeneous group of cells, and not all subpopu-
lations can be driven into the myogenic cell line by medium
stimulation (26). Moreover, we detected ACTA1 expression in
human AT-MSCs following incubation with each of the six cell
culture media examined. The highest expression was measured
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following culture in 30% conditioned medium on day 8. An
expression tendency could not be deduced from the expres-
sion levels. These results are in accordance with the findings
of De la Garza-Rodea et al who also detected a large variety
of gene expression of myogenic markers in AT-MSCs (10),
supporting the fact that the level of myogenic differentiation
is low.

Immunocytochemical staining revealed that the muscle-
specific intermediate filament, DES, had the highest expression
in human AT-MSCs cultured in conditioned media. The highest
expression rate was measured following culture in 30% condi-
tioned medium. Interestingly, DES could only be detected by
ICC at very low concentrations in the cells nourished with
the commercially available cell culture medium, SkGM-2
BulletKit, which indicates the low degree of myogenic differ-
entiation. This finding underlines the antagonism between
proliferation and myogenic differentiation, even in MSCs.
Thus, the high proliferation rates seem to be responsible for the
lower myogenic differentiation of MSCs.

Moreover,in human BM-MSCs, none of the myogenic differ-
entiation markers were detected, underscoring the low degree
of myogenic differentiation of the cells. Immunocytochemical
staining of human BM-MSCs revealed no expression of
myogenic markers on the protein level and support the gene
expression results. These results are in accordance with data
of others who also did not detect myogenic differentiation in
human adult BM-MSCs following stimulation with 5-Aza (30).
The pro-myogenic effect of 5-Aza was achieved in MSCs of
rodents and rabbits (29,37) and in human synovial-membrane
derived MSCs (32), which provides evidence that MSCs from
other species and cell origins respond differently to chemical
stimuli, leading to differences in the myogenic differentiation
capacity. Chan et al also demonstrated that only in human fetal
MSCs, but not in adult BM-MSCs, myogenic differentiation was
initiated by cultivation with conditioned cell culture media (30).
These data are in accordance with our findings, concerning the
absence of myogenic differentiation in BM-MSCs following
stimulation with different concentrations of conditioned cell
culture media from human satellite cell cultures. According
to the data of others, BM-MSCs have been shown to differ-
entiate into functional skeletal muscle only by fusing with
pre-determined muscle cells; these data are supported by our
results, since in our experiments, no co-cultivation with satel-
lite cells was performed (38). Moreover, it has been shown that
adult BM-MSCs cannot form myotubes following implantation
into blastocysts, which indicates that these cells are not capable
of tissue formation without reprogramming (38).

The induction of myogenic differentiation in human
AT-MSCs succeeds only to a certain degree by stimulation
with culture media. This conclusion can be derived from our
results of gene expression analyses and immunocytochemical
investigations, which revealed that the myogenic markers, DES,
MYF5,MYH1/8 and ACTA1, were detected in human AT-MSC
cultures. The strongest expression of myogenic markers was
found in the cells nourished with 30% conditioned medium.
However, it should be noted that the expression of each marker
examined could not be detected and no formation of myofibrils
was observed.

Our results concerning human AT-MSCs may be explained
by the findings of others, who observed that only a small
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subpopulation of MSCs can spontaneously differentiate into
skeletal muscle (26), which explains why such heterogeneous
results were detected in terms of differentiation marker
analysis. According to data of Di Rocco er al, the myogenic
phenotype of AT-MSCs can be increased by co-culture with
satellite cells (26), providing evidence that the secretion of
paracrine growth factors and signalling by muscle precursor
cells is a prerequisite for the myogenic differentiation of
MSC:s. This conclusion is supported by our observation that
the highest percentage of cells positive for myogenic markers
was found in human AT-MSCs nourished with conditioned cell
culture media. Chan et al also observed myogenic differentia-
tion in human fetal MSCs cultured with conditioned cell media
in a small population of cells (1-2%) (30). Moreover, Di Rocco
et al also observed that no formation of myofibrils was detected
if no cell-cell contacts between muscle cells and MSCs are
present (26). Thus, functional skeletal muscle in the sense of
multinucleated myofibrils can only be generated by AT-MSCs
by fusion with already differentiated myofibrils (26).

In conclusion, it can be stated that SkGM-2 BulletKit led
to the highest proliferation rates in AT-MSCs and BM-MSCs
and the different concentration of the conditioned cell culture
medium had no significant effect on the proliferation of
MSCs, regardless of their origin. Furthermore, the evalua-
tion of the effects of six different cell culture media on the
myogenic differentiation of human AT-MSCs and BM-MSCs
led to the following findings: the myogenic differentiation of
human BM-MSCs failed, despite stimulation with different
cell culture media and therefore, no myogenic markers (gene
expression/protein expression) could be detected. In the
human AT-MSCs, myogenic differentiation was initiated to
a lower extent following culture in conditioned cell culture
media, where the highest expression of the analysed myogenic
markers was detected following culture in 30% conditioned
cell culture medium.
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