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Abstract. The results of surgical repair of extensive muscle 
tissue defects are still of primary concern, leaving patients 
with residual cosmetic and functional impairments. Therefore, 
skeletal muscle tissue engineering attempts to grow functional 
neo‑tissue from human stem cells to promote tissue regen-
eration and support defect closure. Despite intensive research 
efforts, the goal of stable induction of myogenic differentia-
tion in expanded human stem cells by using clinically feasible 
stimuli, has not yet been reached to a sufficient extent. 
Therefore, the present study investigated the differentiation 
potential of static magnetic fields (SMFs), using co‑cultures 
of human satellite cells and human mesenchymal stem cells 
(MSCs). It has previously been demonstrated that SMFs may 
act as a promising myogenic stimulus. Tests were performed 
on co‑cultures with and without SMF exposure, using growth 
medium [high growth factor concentrations (GM)] and 
differentiation medium [low growth factors concentrations 
(DM)]. AlamarBlue® assay‑based cell proliferation analysis 
revealed no significant difference between co‑cultures with, 
vs. without SMF stimulation, regardless of growth factor 
concentrations in the cell culture medium. To determine the 

degree of differentiation in co‑cultures under stimulation with 
SMFs, semi‑quantitative gene expression measurements of the 
following marker genes were performed: Desmin, myogenic 
factor 5, myogenic differentiation antigen 1, myogenin, adult 
myosin heavy chain 1 and skeletal muscle α1 actin. In neither 
GM nor DM was a steady, significant increase in marker 
gene expression detected. Verifying the gene expression 
findings, immunohistochemical antibody staining against 
differentiation markers revealed that SMF exposure did not 
enhance myogenic maturation. Therefore, SMF treatment of 
human satellite cell/MSC co‑cultures did not result in the 
desired increase in myogenic differentiation. Further studies 
are required to identify a suitable stimulus for skeletal muscle 
tissue engineering.

Introduction

The Repair of tissue defects following trauma or tumor 
ablation is one of the major challenges surgeons face today. 
Especially in anatomical regions where a lesion results in 
significant impairment of organ function or socially stigma-
tizing disfiguration, plastic reconstruction with autologous 
material is appropriate and necessary. The unsatisfactory 
outcomes of previous attempts to repair muscle defects, e.g., 
with flaps, triggered the development of alternative treatment 
approaches, such as tissue engineering (1).

The aim of skeletal muscle tissue engineering is to 
obtain autologous tissue by isolating and growing stem cells 
capable of myogenic differentiation. This engineered tissue 
is then used for tissue reconstruction. However, the induc-
tion of complete differentiation in these stem cells is still 
challenging and virtually only achieved in immortalized cell 
lines, such as C2C12 (mouse) or L6 (rat), but not in primary 
human stem cells (2). Since other studies have shown that 
human myoblast/mesenchymal stem cell (MSC) co‑cultures 
resulted in an increased degree of differentiation and 
stimulation with static magnetic fields resulted in enhanced 
maturation (3,4), the aim of this study was to investigate the 
effect of statistic magnetic fields (SMFs) on the growth of 
human myoblast/mesenchymal stem cell (MSC) co‑cultures. 
Satellite cells, also called myoblasts, and human mesenchymal 
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stem cells (MSCs) are the preferred stem cells for growing 
skeletal muscle tissue since their extraction is easily real-
ized by tissue biopsies and are capable of stable myogenic 
differentiation (5). Their ability to replicate without losing 
the ability of differentiation is an advantage of MSCs (3), 
enabling the generation of larger numbers of cells from a 
smaller population. In addition, MSCs are suitable for autolo-
gous grafting and can improve tissue regeneration by means 
of immunomodulation (6,7). For this reason, combining the 
two types of stem cells to increase the degree of myogenic 
differentiation appears to be a promising approach. Studies 
on MSC/myoblast co‑cultures showed a significant increase 
in myoblast proliferation and up‑regulation of the expres-
sion of Notch‑1, both as mRNA and as protein, indicating 
myoblast activation (8). Beier et al demonstrated that rats' 
MSCs/myoblasts form hybrid myotubes as well as an upregu-
lation of the myogenic marker MEF2 (myogenic enhancer 
factor 2) and α‑sarcomeric actin, representing indicators of 
myogenic differentiation in MSCs (3). Since the effects of 
static magnetic stimulation on myoblasts and MSCs are not 
yet fully understood and heterogeneous in terms of prolifera-
tion and differentiation, depending on cell type and strength 
of the magnetic field, it is necessary to undertake further 
studies in this field. Eldashev et al showed that shielding 
of the earth's magnetic field and thus reduction to 0.3 mT 
resulted in the inhibition of proliferation and maturation of 
newborn rat satellite cells, while 60‑160 mT magnetic fields 
had a stimulatory effect (9). Sakurai et al demonstrated that 
strong SMFs of 10T induced the formation of orientated 
myotubes in immortalized C2C12 mouse myoblast cell 
cultures (10). Coletti et al found that in immortalized rat 
myoblasts (L6) 80 mT SMFs increased the degree of differ-
entiation, resulting in elevated actin and myosin levels and 
the formation of myotubes (4). However, it was not possible 
to apply this finding to human myoblasts. Our working group 
demonstrated that the effect of magnetic stimulation on 
human myoblasts correlates to the serum concentration in 
the cell culture medium (11). Myoblasts cultivated in growth 
medium (GM) under stimulation of SMF showed a higher 
fusion index, indicative of a higher degree of differentiation, 
compared to myoblast cell cultures exposed to additional 
stimulation with a differentiation medium (DM). Likewise, 
the additional stimulation of human myoblasts with SMFs 
und hepatocyte growth factor (HGF) did not result in the 
assumed increase in myogenic differentiation (12). While 
an increase in marker gene expression in human myoblast 
cultures under SMF and by adding insulin‑like growth 
factor (IGF) was detected, no contractile skeletal muscle was 
found (13).

To determine the degree of differentiation in co‑cultures 
under stimulation with SMFs, semi‑quantitative gene 
expression measurements of the following marker genes 
were performed: myogenic factor 5 (MYF5), myogenic 
differentiation antigen 1 (MYOD1), myogenin (MYOG), 
adult myosin heavy chain 1 (MYH1), and skeletal muscle 
α1 actin (ACTA1). Transcription factor MYF5 is along 
with MYOD1 and MYOG part of the myogenic regulatory 
factors. As promoters of numerous muscle‑specific genes, 
they control the fusion of mononucleatd muscle fibers (14). 
MYF5 promotes myoblast proliferation and is activated 

together with MYOD1 in the early stage of myogenesis and 
thus regarded as an early differentiation marker. MYOD1 
promotes the exit from the cell cycle and induces myogenesis 
via positive regulation of cell‑cycle inhibitors, such as p21 
and Rb. In addition, it inhibits cell cycle activators, such as 
cyclins and cyclin‑dependent kinases (15). MYOG acts at a 
later stage than MYOD1 and more specificly on the forma-
tion of myofibrils (16). The myosin heavy chain (MYH) is 
a component of the contractile protein myosin, a hexamer 
consisting of four light chains and two heavy chains. Myosin 
produces a muscle contraction by transforming chemical 
energy, derived from the hydrolysis of ATP, into mechanical 
force. MYH accounts for almost 50% of the total protein 
content in skeletal muscle fibers and occurs in at least 10 
different isoforms, which are used for the characterization 
of skeletal muscle fibers in fast‑twitch and slow‑twitch fibers. 
During myogenesis, MYH occurs in embryonic, perinatal 
and adult isoforms. The expression patterns of the MYH 
isoforms are controlled in a development‑specific manner 
and can thus act as differentiation markers (17). In this study, 
the adult isoform was used as a differentiation marker. As a 
further late differentiation marker, ACTA1, a key component 
of the contractile apparatus, was analyzed. In their studies, 
Coletti et al showed that in rat myoblasts the stimulation with 
SMFs resulted in an accumulation of ACTA1 in myotubes (4). 
For this reason, we conducted proliferation, gene and protein 
expression studies in human myoblast/MSC co‑cultures with 
and without stimulation by an 80 mT SMF and cultivated in 
GM and DM to potentially identify a new adequate myogenic 
stimulus.

Materials and methods

Cell culture. Following the approval of the Ethics 
Committee II of the Medical Faculty Mannheim, University 
of Heidelberg (Mannheim, Germany)‑valid for the collection 
of all cell lines‑stem cells were obtained by skeletal muscle 
biopsies during head and neck surgeries. The biopsy‑derived 
primary human myoblasts were pooled and expanded for three 
passages. The degree of purity of the satellite culture was 
determined to be more than 80% by testing the muscle‑specific 
intermediate filament desmin, using immunohistochemical 
staining. For myoblast cultivation, cell culture flasks with 0.2% 
gelatin coating (culture medium: Ham's F10 Medium + 10% 
fetal bovine serum + 2 mM L‑glutamine+penicillin/strepto-
mycin/fungizone [PSF]) were used. Cells were cultivated in 
an incubator at 37˚C, 95% relative humidity and 5% CO2 in 
growth medium.

Isolation and cultivation of mesenchymal stem cells 
from bone marrow. Isolation and cultivation of human 
mesenchymal stem cells from adult bone marrow of the 
femoral shaft was carried out as already described by 
Stern‑Straeter (18) by diluting the aspirate with PBS/2 mM 
EDTA on a Ficoll‑Hypaque solution. Cell counting was 
performed after density gradient centrifugation (30 min, 
435 g, seeded at a concentration of 1x106 cells/cm2) of the 
mononuclear cell (MNC) fraction (bone marrow monocytic 
cells). After specification as ‘bone marrow‑derived fibroblas-
toid adherent cells’, these cells were cultivated in MSCGM 
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or DMEM‑lg plus 10% MSC growth supplements. Once 
confluence between 70 and 90% was reached, the FACs were 
cultivated and passaged.

Co‑culture of satellite cell cultures and MSCs. The satellite 
cell cultures (myoblasts) and MSC cultures were mixed in a 
ratio of 1:1 and cultivated in three cultures in a growth medium 
(GM) [Ham's F‑10, 1% penicillin/streptomycin/fungizone 
(PSF), 2 mM L‑glutamine (PromoCell GmbH, Heidelberg, 
Germany) and 10% fetal bovine serum (PAA Laboratories, 
Linz, Austria)] or a differentiation medium (DM) [minimal 
essential medium (PromoCell GmbH), 2% horse serum (PAA 
Laboratories), 2 mM L‑glutamine, and PSF]. Supernatants 
were pooled together later. GM and DM were changed every 
72 h and cells were cultivated in an incubator at 37˚C, 95% 
relative humidity and 5% CO2 in growth medium.

Use of static magnetic fields for cell stimulation. As described 
by Coletti et al, a magnetic field of 80±5 mT was set underneath 
the cell culture containers (distance cell layer‑magnet: 1 mm; 
magnetic field axial to the magnet's north pole). A control 
group of cell cultures treated in the same way (see above) was 
not exposed to this magnetic field.

Immunohistochemistry. The cells cultured on the chamber 
slides were immunohistochemically characterized to deter-
mine the degree of differentiation of the cells with greater 
accuracy. For this purpose, staining with primary antibodies 
[peroxidase‑producing AB, concentration 1:50 (except for 
desmin with 1:100, MYH1 1:20) against MYF5, MYOG, 
desmin, MYH1, and ACTA1] was carried out.

Corresponding biotinylated antibodies were used as 
secondary antibodies based on a peroxidase reaction and 
immunologically bound via IgG. For the actual peroxidase 
reaction, amino‑ethylcarbazole (Dako, Glostrup, Denmark) 
was used as the chromogen.

The slides were washed with PBS and incubated in sheep 
serum dissolved in PBS for 30 min at room temperature to 
prevent unspecific antibody reactions. Harris' hematoxylin was 
used for counterstaining the cell nuclei. For the final assess-
ment of the immunohistochemical stainings, a Zeiss Axiophot 
light microscope was used.

Proliferation analysis. The proliferation analysis was carried 
out using the alamarBlue® assay (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). In the first batch, cells were fed 
with growth medium and differentiation medium and prolif-
eration was measured on the days 0, 2, 6, 8, and 12 followed 
by incubation with alamarBlue® for 24 h and measured via 
florescence at a wave length of 540 nm. In the second batch, 
the effect of the SMF was determined. Here, myoblast prolif-
eration was measured under magnetic field stimulation on the 
days 0, 2, 6, 8, and 12.

RNA isolation. In accordance with the manufacturer's instruc-
tions, total RNA was isolated, using the RNeasy mini kit 
(Qiagen GmbH, Hilden, Germany).

RNA concentration, integrity and degree of purity was 
measured at A260 and A280 nm (A250/A280=1.7‑2.0) using 
the NanoDrop 8000 spectrophotometer (Thermo Fisher 

Scientific, Inc.) and the Agilent 2100 bioanalyzer (Agilent 
Technologies, Inc., Santa Clara, CA, USA).

cDNA synthesis and semi‑quantitative PCR. For cDNA 
synthesis, total RNA was used and treated with 1 U DNAse 
for 30 min at 37˚C. Reverse transcription of the RNA (0.5 µg) 
was carried out using the oligo(dT)‑primed first‑strand 
cDNA synthesis kit (Roche Diagnostics GmbH,, Mannheim, 
Germany) for 1  h at 42˚C. Using Taq DNA polymerase 
(Amersham Pharmacia Biotech, Buckinghamshire, UK) and 
using 2‑5 µl from each reverse‑transcription products, all 
cDNA samples were tested for the following genes: MYOG, 
ACTA1, MYF5, MYOD1, desmin, MYH1, and GAPDH. 
Therefor a Primus 96 Plus thermal cycler (MWG Biotech, 
Freiburg, Germany) was used.

Electrophoresis and analysis. Electrophoresis was run in 
2% agarose gel with added ethidium bromide. Subsequently, 
images of the PCR products were displayed under UV light. 
Using GAPDH as a standard, relative gene expression was 
calculated with the software ImageJ (National Institutes of 
Health, Bethesda, MD, USA).

Results

Proliferation analysis from satellite cell/MSC co‑cultures 
with and without static magnetic field (SMF) stimulation. The 
proliferation behavior was determined using the alamarBlue® 
proliferation assay from day 0 to day 12 in human satellite 
cell/MSC co‑cultures, cultivated in growth medium (GM) or 
differentiation medium (DM). In addition, these co‑cultures 
were stimulated with SMFs. Cell cultures without SMF stimu-
lation served as controls. The proliferation behavior of the 
co‑culture showed in both GM and DM without SMF stimula-
tion continuously increasing proliferation rates. For details see 
Table I. The measured fluorescence units (FUs) increased from 
a baseline value of 15,81 at the start of the cell culture to values 
of 21,66 in GM and 24.92 in DM on day 6 to values of 41.77 
on day 12 in GM and 49.75 in DM. Thus, FUs in DM‑treated 
co‑culture were at all points slightly above those measured in 
GM‑cultivated co‑cultures. Under additional stimulation with 
SMFs, no significant change in proliferation rates neither in 
DM‑cultivated co‑cultures nor in GM‑treated co‑cultures was 
overserved. In this group as well, the proliferation rate showed 
a steady increase. On day 6, FUs of 21.86 were measured in 

Table I. alamarBlue® proliferation assay results in FU of the of 
human MSC/MB co‑cultures on GM and DM without SMF.

	 Day 0	 Day 2	 Day 6	 Day 8	 Day 12

GM	 15.87	 17.09	 21.86	 28.36	 44.29
DM	 15.87	 21.79	 23.17	 28.19	 49.27

FU, fluorescence unit; MSC, mesenchymal stem cell; MB, myoblast; 
GM, growth medium, high growth factor concentrations; DM, 
differentiation medium, low growth factors concentrations; SMF, 
static magnetic field.
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GM+SMF and FUs of 23.17 in DM+SMF. On day 12, the FUs 
were 44.29 in GM+SMF and 49.27 in DM+SMF. Figs. 1 and 2 
provides graphical interpretation.

Gene expression analysis
MYF 5. Gene expression analysis of the early myogenic 
differentiation marker MYF5 showed positive findings in all 
tested co‑cultures. On day 2, the relative expression values, 
both in GM and in DM, were lower in the co‑cultures stimu-
lated with SMF compared to the non‑stimulated cultures. On 
day 6 and on day 8, however, the relative expression rates in 
co‑cultures treated with SMF, both in GM and in DM, were 
above those in non‑stimulated co‑cultures. On day 12, MYF5 
expression of non‑stimulated co‑cultures was slightly higher 
in GM, whereas in DM a significantly higher expression rate 
was found in stimulated cells. For graphical interpretation see 
Fig. 3.

MYOD1. As shown in Fig. 3, during the first days of the cell culture, 
MYOD1 expression analysis showed initially low expression 
rates, both in SMF‑stimulated and non‑SMF‑stimulated 

co‑cultures. On day 2 and day 6, the expression rates found 
in both SMF‑stimulated and non‑SMF‑stimulated co‑cultures 
were almost identical, regardless of the culture medium. On 
day 8, relative expression of MYOD1 significantly increased 
in SMF‑stimulated co‑cultures cultivated in DM. The highest 
expression rates were detected on day  12. Here, relative 
expression in co‑cultures growing in GM were higher in 
SMF‑stimulated cells compared to non‑SMF‑stimulated cells. 
In DM‑cultivated co‑cultures, by contrast, higher expression 
rates were detected in non‑SMF‑stimulated cells. In the gene 
expression analysis of MYOD 1, the initially similarly low 
values are noteworthy, then, strikingly, there was a high value 
for cell proliferation in the differentiation medium under the 
influence of the magnetic field on day 8, while on day 12 these 
values were below those in the growth medium with and 
without SMF and in the DM without SMF.

MYOG. Gene expression measurement of myogenin showed 
a mild time‑dependent increase in all groups examined; the 
highest expression was detected on day 12 in SMF‑stimulated 
co‑cultures cultivated in DM. For details see Fig. 3.

ACTA1. On day 2, ACTA1 expression initially showed slightly 
lower values for SMF‑stimulated co‑cultures compared to the 
non‑SMF‑stimulated groups. On days 6, 8 and 12, however, 
the expression values of SMF‑treated cultures, both in GM and 
DM cultivated cells, were above those in non‑SMF‑stimulated 
cells. The highest expression was detected on day 12 in 
SMF‑stimulated co‑cultures cultivated in DM (Fig. 3).

MYH1. Gene expression measurement of MYH1 as a terminal 
differentiation marker showed significantly higher expression 
values on day 8 compared to days 2 and 6. Non‑SMF‑stimulated 
co‑cultures demonstrated higher expression rates compared to 
SMF‑stimulated ones. On day 12, however, MYH1 expression 
in stimulated co‑cultures was higher compared to non‑stim-
ulated co‑cultures cultivated in GM. In SMF‑stimulated 
co‑cultures cultivated in DM, MYH1 expression was markedly 
depressed (Fig. 3).

Desmin. Expression analysis of desmin showed a continuous 
rise in expression with increasing cultivation length. Starting 
from day 6, the expression values of SMF‑stimulated 
co‑cultures were higher compared to those of non‑stimulated 
cells, regardless of the cell culture medium used (Fig. 3).

Immunohistochemistry. To validate mRNA measurements and 
to identify conceivable differences to the protein form, immu-
nohistochemical stainings using monoclonal antibodies against 
desmin, MYOD1, MYOG, and ACTA1 were performed. Stain 
distribution is shown in GM at Table II and in DM in Table III. 
Fig. 4 provides examples of immunohistochemical stainings.

Desmin. Immunohistochemical staining of MSC/satellite 
cell co‑cultures to the muscle‑specific intermediate filament 
desmin was detected at all points in time in both GM and 
DM cultivated cells. In co‑cultures cultivated with GM, SMF 
stimulation did not result in any difference in expression rate 
until day 8. On day 12, the proportion of desmin measured in 
non‑SMF‑stimulated co‑cultures was higher compared to the 

Figure 2. alamarBlue® proliferation assay of human mesenchymal stem 
cells (MSC)/myoblast (MB) co‑cultures on growth medium (GM) and 
differentiation medium (DM) with static magnetic field (SMF) exposure. FU, 
fluorescence unit.

Figure 1. alamarBlue® proliferation assay of human mesenchymal stem cells 
(MSC)/myoblast (MB) co‑cultures on growth medium (GM) and differen-
tiation medium (DM) without static magnetic field (SMF). FU, fluorescence 
unit.
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stimulated co‑cultures. By contrast, in cultures cultivated with 
DM, no difference between stimulated and non‑stimulated 
co‑cultures was detected.

MYOG. Immunohistochemical staining to the transcription 
factor MYOG in co‑cultures cultivated in GM revealed a trend 
towards higher detection rates in non‑SMF‑stimulated cultures 
compared to stimulated cultures. Without SMF stimulation, 
the detection rates on days 2 and 6 were higher than on days 8 
and 12. In DM, myogenin as an early differentiation marker 
was only detected on the first days of cell culture, regardless of 
with or without SMF stimulation.

ACTA1. As a component of the contractile apparatus, the late 
differentiation marker ACTA 1 was detected in non‑SMF‑stim-
ulated cell cultures cultivated in GM, starting from day 2 of 
the cell culture. The highest detection rates in this group were 

achieved on day 12. Under the influence of SMFs, ACTA1 
detection in the GM group declined and only on day 6 expres-
sion rates were the same. At all other times, the detection rates 
were below those found for non‑SMF‑stimulated MSC/satel-
lite cell co‑cultures. ACTA1‑positive cells were reduced by 
using DM and only detectable without SMF stimulation on 
days 2 and 6. With additional SMF stimulation, ACTA1 was 
solely detected on day 12.

Discussion

Induction of stable myogenic differentiation in human stem 
cells is a basic requirement for skeletal muscle tissue engi-
neering intended to generate adequate amounts of tissue for 
the repair of skeletal muscle defects, resulting from injuries 
or tumor ablation procedures. Given their muscle origin and 
stable myogenic differentiation potential, satellite cells are 

Figure 3. Relative gene expression analyses of MYF5, MYOD1, ACTA1, MYH1, Desmin and myogenin in human mesenchymal stem cells (MSC)/myoblast 
(MB) co‑cultures on growth medium (GM) and differentiation medium (DM) with (+) and without (‑) static magnetic field (SMF) exposure. GAPDH served 
as a reference gene.
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the most promising and most often used primary cells for the 
cultivation of skeletal muscle (19). However, satellite cells loose 
their differentiation ability. Therefore, the production of large 
volumes of muscle tissue sufficient to meet today's clinical 
demand is still a very challenging task (20). One reason for 

the loss of differentiation ability is the heterogeneity in the 
satellite cell population (21).

Mesenchymal stem cells (MSCs) are regarded as an 
alternative, promising cell type, because they do not loose 
their differentiation potential following expansion (3) and can 
be extracted from a variety of tissue types, including bone 
marrow, adipose tissue, umbilical cord blood, and placental 
tissue. However, whether all types of MSCs or only subpopu-
lations can be differentiated into skeletal muscle, remains 
unclear (18,22,23). The phenotype and myogenic differentia-
tion potential of the different MSCs vary with the respective 
tissue from which the cells originate (24). It was shown that 
MSCs from bone marrow were capable of supporting muscle 
regeneration in vivo (5,25) and thus appeared to be suitable 
for tissue engineering. However, attempts to achieve myogenic 
differentiation of human MSCs of bone marrow origin solely 
by stimulation with cell culture media failed (18). Thus, it was 
assumed that paracrine factors, such as cytokines, and the 
extracellular matrix play an important role in the process of 
myogenic differentiation. Another way to accomplish myogenic 
differentiation of MSCs is to grow them in co‑culture with 
satellite cells. Beier et al showed that rat MSCs in co‑culture 
with myoblasts formed myotubes (3). Likewise, Di Rocco et al 
demonstrated that a co‑culture combining adipose mouse 
MSCs and myoblasts boosted the myogenic phenotype (26). 
However, there is a lack of studies investigating human satel-
lite cell/MSC co‑cultures, even though such data are crucial 

Table III. Stain distribution of Desmin, Myogenin and ACTA1 in human MSC/MB co‑cultures on DM with and without SMF 
exposure.a

	 DM without SMF	 DM with SMF
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Antibodies	 Day 0	 Day 2	 Day 6	 Day 8	 Day 12	 Day 0	 Day 2	 Day 6	 Day 8	 Day 12

Desmin	 ++	 +	 +	 +	 +	 ++	 +	 +	 +	 +
Myogenin	 ++	 ++	 neg	 neg	 neg	 ++	 ++	 +	 neg	 neg
ACTA1	 neg	 +	 +	 neg	 neg	 neg	 neg	 neg	 +

aPercentage of cells stained with monoclonal antibodies shown as follows: ‘++++’ (70‑100%), ‘+++’ (50‑70%), ‘++’ (30‑50%), ‘+’ (1‑30%) and 
‘neg’ (no staining). GM, growth medium, high growth factor concentrations; DM, differentiation medium, low growth factors concentrations; 
MSC, mesenchymal stem cell; MB, myoblast; SMF, static magnetic fields; ACTA1, skeletal muscle α1 actin.

Table II. Stain distribution of Desmin, Myogenin and ACTA1 in human MSC/(MB) co‑cultures on GM with and without SMF 
exposure.a

	 GM without SMF	 GM with SMF
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Antibodies	 Day 0	 Day 2	 Day 6	 Day 8	 Day12	 Day 0	 Day 2	 Day 6	 Day 8	 Day 12

Desmin	 ++	 +	 ++	 ++	 ++	 ++	 +	 ++	 ++	 +
Myogenin	 ++	 ++	 ++	 +‑++	 +‑++	 ++	 neg	 ++	 +	 +
ACTA1	 neg	 +	 +	 +	 +‑++	 neg	 +	 neg	 +

aPercentage of cells stained with monoclonal antibodies shown as follows: ‘++++’ (70‑100%), ‘+++’ (50‑70%), ‘++’ (30‑50%), ‘+’ (1‑30%) and 
‘neg’ (no staining). GM, growth medium, high growth factor concentrations; DM, differentiation medium, low growth factors concentrations; 
MSC, mesenchymal stem cell; MB, myoblast; SMF, static magnetic fields; ACTA1, skeletal muscle α1 actin.

Figure 4. Example of the immunohistochemical staining with/without static 
magnetic fields (SMF) exposure of (A) Desmin on day 2 in differentia-
tion medium (DM) with SMF; (B) Desmin on day 2 in DM without SMF; 
(C) Myogenin on day 2 in DM with SMF; and (D) Myogenin on day 2 in DM 
without SMF.
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for tissue engineering. To gain a better understanding, we 
conducted this study. Static magnetic fields are another 
myogenic differentiation stimulus that has the potential to be 
clinically useful. For example, Coletti et al showed that in the 
L6 rat cell line SMFs promoted actin and MYH1 formation, 
indicative of increased differentiation (4). However, studies 
with human satellite cells, the preferred stem cell for skel-
etal muscle tissue engineering, found that the effect of SMF 
stimulation depends on the growth factor concentration in the 
cell culture medium and that a combination of differentiation 
medium (low growth factor concentration) and SMF did not 
result in the desired increase in the degree of differentia-
tion (11). For this reason, it is of interest to investigate the effect 
of SMF stimulation on human MSC/satellite cell co‑cultures 
and to assess its impact on myogenic differentiation potential.

To determine the effect of SMFs on proliferation behavior 
in co‑cultures, alamarBlue® cell proliferation assays were 
performed. These showed that 80 mT SMF stimulation had no 
effect on proliferation behavior in these co‑cultures, regardless 
of the growth factor concentration in the cell culture medium. 
This result is in line with our data from human satellite cell 
cultures. It is also confirmed by data obtained from myoblast 
cultures derived from other species, showing that SMFs of this 
strength do not influence the proliferation behavior of the cells 
studied (4,11). That the proliferation rate in DM were slightly 
higher compared to those of the co‑cultures in GM, is an 
unexpected finding, since in cultures with only satellite cells 
the high growth‑factor concentration resulted in increased 
proliferation (11). Apparently, this effect does not occur in 
human MSC/satellite cell co‑cultures‑a new insight. Given the 
continued proliferation of MSCs cultured under low growth 
factor conditions, MSC proliferation capacity is apparently to 
some extent independent of growth factor concentrations in 
the cell culture medium used. This phenomenon appears to 
offset the inhibited proliferation capacity of human satellite 
cells, as the proliferation measurements in MSC/satellite cell 
co‑cultures yielded comparable proliferation rates for growth 
medium and differentiation medium (high and low growth 
factor concentrations). This confirms the results of our previous 
studies where we showed that the percentage of growth factor 
in cell culture medium had no significant effect on the prolif-
eration capacity of human MSCs derived from adipose tissue 
or bone marrow (18). Analysis of quantitative gene expression 
measurements of the early myogenic marker genes MYF5, 
MYOD1 and myogenin revealed a rise in expression rates 
in the co‑culture with advancing cell culture duration. The 
highest expression rates of MYF5, MYOD1 and myogenin 
were detected on day 12. However, neither in co‑cultures culti-
vated in GM nor in those cultivated in DM, a repeated effect of 
SMF stimulation was detectable. At all points of measurement, 
the muscle, specific intermediate filament desmin, which, 
due to its early expression during myogenesis, is an early 
myogenic marker (27), was detected. As with MYF5, MYOD1 
and myogenin, the highest expression rates were detected on 
day 12. This shows that myogenic differentiated cells were 
present in the co‑cultures at all points in time and that the 
degree of differentiation increased with time. However, no 
evidence of a significant, continuous effect of SMF stimula-
tion, independent of growth factor concentrations in the cell 
culture medium, was found.

For myogenic markers indicative of late myogenesis, such 
as ACTA1 and MYH1, increased expression values were 
measured during the later days of cell culture monitoring. 
However, for these markers too, no significant effect of SMFs 
on myogenic differentiation behavior, in terms of an increase 
in marker gene expression, was detected. Therefore, the cells 
of the co‑culture do undergo myogenic differentiation with 
advancing cell culture duration, but this differentiation process 
is not enhanced by SMF exposure, regardless of the growth 
factor concentration in the cell culture medium. Consequently, 
the results obtained for SMF stimulation of human satellite 
cell monocultures are not consistent with those obtained for 
human MSC/satellite cell co‑cultures. For monocultures we 
demonstrated that the SMF‑induced pro‑myogenic stimula-
tion effect was dependent on growth factor concentration (11). 
We found that only cultures grown in GM showed increased 
fusion as an indicator of myogenic maturation, but not satel-
lite cells cultured in DM. Since we could not demonstrate this 
effect in the co‑culture, it represents a new research finding. 
While the exact mechanism underlying the effect of SMFs 
remains unclear, we know that it is influenced by cell type and 
cell origin. Contrary to our expectations, this study did not 
find a pro‑myogenic effect of SMFs in human MSC/satellite 
cell co‑cultures. Another factor which may explain the differ-
ence between our results and those of Beier et al is their use 
of rat myoblasts and rat MSCs as well as other stimulating 
agents (basic fibroblast growth factor; dexamethasone) (3). 
This shows that the results obtained in studies using cells 
from other species cannot always be applied to human stem 
cells‑an insight which is of fundamental importance for tissue 
engineering.

Overall, the analysis revealed marked heterogeneity in 
the expression rates of the analyzed markers. This can be 
explained by the fact that MSCs represent a heterogeneous 
group of cells with diverse myogenic differentiation potential. 
Similarly, the studies by Di Rocco et al found significant vari-
ability in the analyzed myogenic markers (26). The results 
of the quantitative gene expression measurements are partly 
confirmed by the results of the immunohistochemical 
examinations. Immunohistochemical staining succeeded in 
detecting myogenic markers in the co‑culture, regardless of 
the growth factor concentration in the cell culture medium. 
However, here again, SMF stimulation did not result in any 
significant increase in myogenic markers, such as desmin 
and ACTA1. Overall, immunohistochemical staining showed 
high variability in the measurements of the myogenic markers 
which is explained by the heterogeneity of the MSCs.

In conclusion, 80 mT SMF stimulation had no pro‑myogenic 
effect on human satellite cell/MSC co‑culture, regardless of 
the growth factor concentrations in the cell culture medium.
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