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Despite their paracrine activites, cardiomyogenic differentiation of bone marrow (BM)-derived mesenchymal
stem cells (MSCs) is thought to contribute to cardiac regeneration. To systematically evaluate the role of dif-
ferentiation in MSC-mediated cardiac regeneration, the cardiomyogenic differentiation potential of human MSCs
(hMSCs) and murine MSCs (mMSCs) was investigated in vitro and in vivo by inducing cardiomyogenic and
noncardiomyogenic differentiation. Untreated hMSCs showed upregulation of cardiac tropopin I, cardiac actin,
and myosin light chain mRNA and protein, and treatment of hMSCs with various cardiomyogenic differenti-
ation media led to an enhanced expression of cardiomyogenic genes and proteins; however, no functional
cardiomyogenic differentiation of hMSCs was observed. Moreover, co-culturing of hMSCs with cardiomyocytes
derived from murine pluripotent cells (mcP19) or with murine fetal cardiomyocytes (mfCMCs) did not result in
functional cardiomyogenic differentiation of hMSCs. Despite direct contact to beating mfCMCs, hMSCs could be
effectively differentiated into cells of only the adipogenic and osteogenic lineage. After intramyocardial trans-
plantation into a mouse model of myocardial infarction, Sca-1 + mMSCs migrated to the infarcted area and
survived at least 14 days but showed inconsistent evidence of functional cardiomyogenic differentiation. Neither
in vitro treatment nor intramyocardial transplantation of MSCs reliably generated MSC-derived cardiomyocytes,
indicating that functional cardiomyogenic differentiation of BM-derived MSCs is a rare event and, therefore,
may not be the main contributor to cardiac regeneration.

Introduction

In the last decades there has been no significant break-
through in either the surgical/interventional or pharma-

cological treatment of acute or late phase myocardial
infarction [1–3]. These conventional therapeutic strategies fail
to achieve a complete regeneration of the infarcted, necrotic,
and finally scarred remodeled myocardial tissue. Intensive
investigations on cardiac cell biology resulted in a shift from
the paradigm of the heart as a terminally differentiated
postmitotic organ to a self-renewing organ [4,5]. Despite the
impressive intrinsic regenerative properties of the heart me-
diated by, for example, resident adult cardiac progenitor cells
(CPCs) [6–9], the clinical observation of fatal outcome after

myocardial infarction suggests that endogenous CPCs do not
effectively respond in all cases to ischemic injury. Re-
organization of the damaged myocardium obviously repre-
sents the best repair mechanism; however, the natural
remodeling processes of the postinfarcted heart may lead to
undesired changes in the ultrastructure of the myocardium on
the ionic/genomic level, the cellular level, and the extracel-
lular matrix level [10]. Therefore, it is reasonable to assume
that the transplantation of cells that are able to home to the
damaged or surrounding area and contribute to the formation
of a regenerative tissue that is functionally superior to the
remodeled cardiac tissue will be a significant step toward
therapy of cardiac diseases. To date, various animal studies
and clinical studies have shown evidence that the application
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of bone marrow (BM)-derived mesenchymal stem cells
(MSCs) can improve cardiac function after myocardial in-
farction [11,12]. The mechanisms of their beneficial effects on
the cardiac tissue are still insufficiently elucidated. Con-
sidering MSC plasticity, these cells may have the potential to
differentiate into cardiomyocytes, a lineage also belonging to
the mesodermal germ layer. The host myocardium and, in
particular, the (peri)infarcted zone may be sufficient to induce
in vivo differentiation of MSCs into cardiomyocytes. In vitro
and in vivo differentiation of MSCs into functional cardio-
myocytes has been reported but is still controversial [13–17].
To evaluate the role of differentiation in MSC-mediated car-
diac regeneration, we have systematically investigated the
cardiomyogenic differentiation potential of human MSCs
(hMSCs) and murine MSCs (mMSCs) in vitro and in vivo by
comparing 7 different approaches of cardiomyogenic differ-
entiation with a noncardiomyogenic differentiation approach,
and assessed survival and cardiomyogenic differentiation
after intramyocardial transplantation.

Materials and Methods

Isolation and culture of BM-derived hMSCs
and mMSCs

The study was approved by the local institutional review
board (ethical committee) and animal welfare committee.
Human BM (hBM) was obtained with informed consent from
randomly chosen donors without metabolic or neoplastic
disease (n = 4; 3 male, 1 female; age 36.25 – 9.74 years stan-
dard deviation) (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertonline.com/scd)
under sterile conditions during orthopedic operations. From
each donor, the MSCs were isolated, characterized, and in-
cluded as a separate MSC population into the study. hMSCs
from whole BM were isolated using the density gradient
technique as described previously [18], split at subcon-
fluency, and replated at subsequent passages at a density of
1,500 cells/cm2. mMSCs were isolated from the BM of female
C57/black6 mice (age, 6 weeks) by plastic adherence of
whole BM mononuclear cells and were cultured with a-MEM
(BioWhittaker) supplemented with 10% fetal calf serum
(FCS; Lonza) and antibiotics/antimycotics (containing
100 U/mL Penicillin, 100 mg/mL streptomycin sulfate, and
0.25 mg/mL amphotericin B) from Sigma.

Characterization of hMSCs and mMSCs by in vitro
differentiation and fluorescence-activated cell
sorting analysis

MSCs are functionally characterized by in vitro differen-
tiation assays [19]. Basic characterization included the eval-
uation of the differentiation potential into 3 mesenchymal
lineages at passage 2 and 4: specifically into the adipogenic,
osteogenic, and chondrogenic lineages as described previ-
ously [20]. The differentiated MSCs were stained with Oil
Red O for adipogenesis, alkaline phosphatase for osteogen-
esis, and with Alcian Blue for chondrogenesis. Flow cyto-
metric analysis was performed with a FACScan (BD
Biosciences) using BD CellQuest Pro software and (second-
ary) phycoerythrin (PE)-labeled antibodies (anti-human
CD10, CD29, CD34, CD44, CD45, CD71, CD73, CD90,
CD105, CD106, CD243, CD309, GD2 and anti-mouse CD4,

CD8a, CD9, CD11b, CD11c, CD14, CD29, CD31, CD34,
CD43, CD44, CD45, CD71, CD80, CD86, CD105, CD106,
CD117, CD135, CD140a, CD140b, CD144, CD184, CD195,
and Sca-1) were used. All antibodies were from BD except
for anti-human CD243 (Millipore) and anti-mouse CD34
(Serotec).

Cardiomyogenic differentiation assays

To evaluate the cardiomyogenic differentiation potential
of hMSCs in vitro, 2 strategies were used.

Treatment of the hMSCs with 6 cardiomyogenic differentiation
protocols. hMSCs were treated at passage 1 with cardio-
myogenic differentiation media according to the following
protocols: (1) exposure to 10 mM 5-azacytidine for 48 h [21]
followed by culturing in normal medium ( = AZA), (2) con-
tinous exposure to 5 ng/mL fibroblast growth factor 2
(FGF2) + 10 ng/mL platelet-derived growth factor + 10 ng/
mL vascular endothelial growth factor [22] ( = VEGF), (3)
continuous exposure to Dulbecco’s modified Eagle’s medium
(DMEM) containing 1 mg/mL bovine insulin + 0.55 mg/mL
human transferrin + 10 - 4 M l-ascorbic acid + 10 - 9 M dexa-
methasone + 0.47 mg/mL linolic acid + 50 mg/mL bovine se-
rum albumin + 0.5 mg sodium selenite in 38% MCDB-solution
and 60% DMEM-low glucose [23] ( = ITAD), (4) exposure to
1 ng/mL FGF2 + 0.2 ng/mL bone morphogenetic protein 2
(BMP2) for 72 h followed by culturing in normal medium
[24] ( = FGF + BMP), (5) exposure to 2% dimethylsulfoxide
(DMSO) for 96 h followed by culturing in normal medium
( = DMSO), and (6) exposure to 150 ng/mL noggin for 72 h
[25] followed by culturing in normal medium ( = noggin).

Co-cultivation of hMSCs with cardiomyocytes derived from
murine pluripotent cells (mcP19) or murine fetal cardiomyoctes.
For co-cultivation with hMSCs, murine pluripotent embry-
onic carcinoma mP19 cells were purchased from ATCC
(CRL-1825�) and cardiomyogenic differentiation was per-
formed as described previously [26]. Briefly, mP16 cells were
cultivated in 2% DMSO in Petri dishes. Embryoid bodies
were transferred to 24-well plates (Corning Life Sciences)
and cardiomyogenic differentiation was assessed by spon-
taneous beating of cardiomyocytes derived from murine
pluripotent cells (mcP19) (Supplementary Video S1). After
the development of beating cell clusters, mcP19 were mi-
totically inactivated by treatment with 10 mg/mL mitomycin
c for 1 h, then trypsinized, and seeded in 6-well plates in a
density of 2 · 104 cells/cm2. hMSCs were added to the mcP19
at a density of 1 · 103 cells/cm2. hMSCs were also cultivated
in monoculture under the same conditions. Both, mono- and
co-cultures were cultivated for 10 days until fixation and
immunocytochemical staining for cardiomyogenic differen-
tiation.

Murine fetal cardiomyocytes (mfCMCs) were isolated as
previously described with a few modifications [27]. Timed
pregnant C57BL/6 mice were sacrificed 14 days after fertil-
ization (E14) and the fetal mice were removed and decapi-
tated. The fetal hearts were cut into small pieces and
incubated in 0.2% (w/v) papain (Sigma) and 0.05% (w/v)
DNase I (Sigma) in DMEM/F-12 medium (PAA) for 1 h at
37�C. The enzyme reaction was blocked with FCS [final
concentration 10% (v/v)] and tissue was disrupted by trit-
uration using a fire-polished tip. The cell suspension was
washed twice in Hank’s balanced salt solution by

2458 SIEGEL ET AL.



centrifugation at 200 g at room temperature, and the cell
pellet was resuspended in culture medium containing a-
MEM supplemented with 10% (v/v) FCS. For co-culture
experiments, dissociated cardiomyocytes (40,000 cells/cm2)
were seeded together with hMSCs (10,000 cells/cm2) on
collagen I precoated 12-well culture plates. Cardiomyogenic
differentiation was assessed after 7 days of co-culturing and
after 10 days of co-culturing, adipogenic or osteogenic dif-
ferentiation was induced on the co-cultures and MSC-
monocultures (control) for 21 more days before fixation and
staining for cardiomyogenic and noncardiomyogenic differ-
entiation. Before fixation, the mono- and co-cultures under
adipogenic differentiation were videotaped. In all co-culture
assays, hMSCs were immunocytochemically identified by
anti-human nuclei antibody.

Cell growth kinetics of undifferentiated hMSCs
and hMSCs under cardiomyogenic differentiation

To assess the cell growth kinetics, the population doubling
times (PDTs) of undifferentiated hMSCs and hMSCs treated
with cardiomyogenic media of the same passage were cal-
culated using the following formula: (PDT) tg = log2 * Dt/
logN – logN0 j Dt = t–t0, N0 = plating cell number, N = cell
harvest number [28]. The PDT was determined in quadru-
plicates with the use of CASY�2 Cell Counter and Analyzer
System (Model TT; Innovatis AG).

Surface epitope expression of untreated hMSCs,
untreated mMSCs, and hMSCs treated
with cardiomyogenic differentiation media

To assess their surface epitope expression under differ-
entiation, untreated hMSCs and hMSCs treated with cardi-
omyogenic media of the same passage were analyzed by
flow cytometry using (secondary) PE-labeled antibodies
(anti-human CD10, CD31, CD45, CD71, CD73, CD90,
CD105, CD106, CD243, CD309, and GD2).

In vitro expression of cardiomyogenic mRNA
by hMSCs

To evaluate the cardiomyogenic in vitro differentiation
potential of hMSCs by hMSCs, the mRNA expression of
cardiomyogenic genes (cardiac troponin I, cardiac actin, and
myosin light chain) in untreated hMSCs of the same pas-
sage was analyzed and quantified by quantitative reverse
transcriptase–polymerase chain reaction (qRT-PCR). To
minimize the influence of in vitro culturing time (passage),
the induction of cardiomyogenic genes by the differentiation
media was calculated by relating the expression of cardio-
myogenic genes of treated hMSCs to the expression of car-
diomyogenic genes of untreated hMSCs of the same passage.

RNA isolation and reverse transcription

In each passage 1 · 105 hMSCs were frozen in RLT buffer
and stored at - 80�C for subsequent RNA isolation, which
was performed using the RNeasy Mini Kit (Qiagen), in-
cluding DNA digestion with the RNase-Free DNase Set
(Qiagen). From each sample, 1mg of the total RNA was re-
verse transcribed with the Transcriptor First Strand cDNA
Synthesis Kit (Roche), using anchored-oligo (dT)18 primers.

The resultant cDNA was stored at - 20�C and diluted by 1:10
for subsequent use in qRT-PCR. Total RNA from human
heart (Stratagene) was reverse transcribed and used as pos-
itive control in all TaqMan PCRs.

TaqMan qRT-PCR for quantification
of cardiomyogenic mRNA

For determination of expression of MPGs, TaqMan PCR
assays were established, using the LightCycler� TaqMan�

Master Kit (Roche), variable hydrolysis probes from the
Universal ProbeLibrary (Roche), and the LightCycler In-
strument (Roche), according to the manufacturer’s instruc-
tions. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a housekeeping gene, and primers (high-
performance liquid chromatography quality) were ordered
from Metabion International AG. For detailed descriptions
of primer sequences, probe numbers, and PCR product
lengths, see Supplementary Table S1. The temperature
profile for all targets was 10 s denaturation at 95�C, 20 s
primer annealing at 60�C, and 1 s extension time at 72�C for
45 cycles per run. PCR efficiency and sensitivity for all
targets was assessed by generation of regression lines with
standard dilutions over 8 powers of 10. PCR specificity was
confirmed by running non-RT control samples and by gel
electrophoresis of PCR products, using the FlashGel system
(Lonza) and 2.2% agarose cassettes. For relative quantifi-
cation, the expression of all target genes was normalized to
the expression of GAPDH in the respective sample, in-
cluding efficiency correction [29].

Transplantation of mMSCs into infarcted hearts

Anesthesia and ventilatory support. All protocols are in
accordance with the German guidelines for use of live ani-
mals and were approved by the Institutional Animal Care
and Use Committee of the Tübingen University Hospital and
the local authorities. Transplantation experiments were per-
formed with 6-week-old C57BL/6 female mice. Anesthesia
was induced (70 mg/kg body weight i.p.) and maintained
(10 mg/kg/h) with pentobarbital sodium. Mice were placed
on a temperature-controlled heated table (Effenberger) with
a rectal thermometer probe attached to thermal feedback
controller to maintain body temperature at 37.5�C. After in-
duction of anesthesia, mice were secured in a supine posi-
tion, with the upper and lower extremities attached to the
table with removable tape. The trachea was surgically ex-
posed, and tracheal intubation was performed. Briefly, a
blunt polyethylene cannula (Insyte 22g; Beckton Dickinson)
was inserted into the trachea without direct visualization
of the larynx, while the tongue of the animal was pulled out
by a pair of forceps. Correct tube placement was confirmed
by direct visualization of the cannula within the previously
exposed trachea above the carina. The tracheal tube was
connected to a mechanical ventilator (Servo 900C; Siemens)
with pediatric tubing, and the animals were ventilated by
using a pressure-controlled ventilation mode (peak inspi-
ratory pressure of 15 mbar, frequency 105 breaths/min).
Fluid replacement was performed with normal saline
(0.1 mL/h i.p.).

Technique of coronary artery occlusion. All operations were
performed under an upright dissecting microscope
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(Olympus SZX12) as described previously [30]. After left
anterior thoracotomy, exposure of the heart and dissection
of the pericardium, the mouse was placed on the right side,
and the left foreleg extended in cranial direction. For the
purpose of inducing myocardial ischemia, the left coronary
artery (LCA) was visually identified before ligation by close
inspection of the heart without the microscope from the
side, while applying pressure to the heart using a cotton
stick. Once visually identified, an 8-0 nylon suture (Prolene;
Ethicon) was placed around the LCA. In short, the LCA
suture was threaded through a small piece of plastic tube
(PE-10 tubing) with blunt edges, and 2 small weights (1 g)
were attached to each end. With the weights freely hanging,
the LCA was immediately occluded. The LCA occlusion
was terminated once the weights were supported. Suc-
cessful LCA occlusion was confirmed by an immediate
color change of the vessel from light red to dark violet, and
the change of color of myocardium supplied by the vessel
from bright red to white. During reperfusion, the color
returned to normal when the hanging weights were sup-
ported and the LCA was reperfused. During the entire
procedure, the heart was hydrated with a wet piece of
absorbent cotton.

Administration of mMSCs and postoperative animal care.
mMSCs were trypsinized, labeled with PKH26 as described
previously [31], and kept on ice until transplantation. One
minute before the end of myocardial ischemia (30 min),
0.5 · 106 mMSCs in 50 mL saline were injected intramuscu-
larly into the apex cordis. Thereafter, the reperfusion was
visually verified and the chest was closed by 7.0 suture (PDS
II; Ethicon). Disconnection of the ventilator was performed
after the resumption of normal breathing. The mice were
housed separately in microisolators for 14 days and supplied
with water containing tetracycline (100 mg/L). After 14 days,
the mice were sacrificed and the hearts were flushed with
saline using a plastic catheter inserted into the abdominal
aorta. Thereafter, the hearts were frozen immediately in
Tissue-Tek (Sakura Finetek) at - 80�C.

Evaluation of in vitro and in vivo expression
of cardiomyogenic proteins

The in vitro and in vivo expression of cardiomyogenic
proteins by MSCs was evaluated by immunocytochemical
and immunohistochemical staining.

Cells and 5mm cryosections were fixed in 4% parafor-
maldehyde for 20 min, washed with phosphate-buffered sa-
line (PBS), and incubated over night at 4�C with the
following primary antibodies: mouse antialpha actinin
(1:800; Sigma), mouse anticardiac actin (1:50; Abcam), rabbit
antialpha atrial natriuretic peptide (ANP, 1:400; Chemicon),

mouse antislow muscle myosin (1:400; Chemicon), mouse
antiheavy chain cardiac myosin (1:400; Biozol), mouse an-
ticardiac troponin I (1:400; Chemicon), and mouse anti-
human nuclei (1:200; Millipore) suspended in PBS including
5% FCS and 0.1% Triton · 100 (Sigma) in case of cells or 0.5%
Triton · 100 in case of tissue. After washing with PBS, the
secondary antibodies conjugated to Alexa 594 and 488 fluo-
rochromes (dilution 1:200; Invitrogen) were incubated for 1 h
at room temperature. After washing with PBS and mounting
with mounting medium (VectaShield; Vectorlabs) containing
4,6-diamidino-2-phenylindole, the slides were covered with
cover slips and analyzed using an Axiovert 200 immuno-
fluorescence microscope and Axiovision software (Zeiss).

Real-time video imaging

Real-time video imaging was performed using a digital
camcorder (GR-DVL200; JVC) through the ocular of the mi-
croscope (Axiovert 200) at 800 · total optical magnification.

Statistics/data analysis

Statistical significance was assessed for the mRNA ex-
pression using the Relative Expression Software tool (REST;
www.gene-quantification.de/rest.html). The statistical ana-
lyses of the fluorescence-activated cell sorting experiments
and of the growth kinetics were performed using the 1-way
analysis of variance. The data are presented in mean –
standard error of means, and P < 0.05 was considered
significant (*).

Results

Characterization of hBM-MSCs

All hMSC populations could be effectively differentiated
into the adipogenic, osteogenic, and chondrogenic lineage
(Supplementary Fig. S1A–C). All hMSC populations highly
expressed CD73, CD90, and CD105, whereas the hemato-
poietic markers CD14 and CD34 were not expressed (Sup-
plementary Fig. S1D).

hMSCs upregulate cardiomyogenic mRNA during
in vitro cultivation

Untreated hMSCs showed upregulation of cardiac troponin
I, cardiac actin, and myosin light chain during their in vitro
cultivation in normal medium (intrinsic expression). For each
cardiomyogenic gene, maximal mRNA expression could be
identified at certain points in culture (Fig. 1A, C, E). Treatment
with cardiomyogenic differentiation media led to an enhanced
expression of cardiomyogenic mRNA compared to the un-
treated hMSCs of the respective passages (defined as

FIG. 1. Expression of cardiomyogenic genes in untreated human mesenchymal stem cells (hMSCs) and induction of car-
diomyogenic genes in hMSCs treated with cardiomyogenic differentiation media. Untreated hMSCs showed upregulation of
cardiac troponin I, cardiac actin, and myosin light chain during their in vitro cultivation in normal medium (intrinsic
expression). For each cardiomyogenic gene, distinct passages with maximal mRNA expression could be identified (A, C, E).
Statistically significant differences of mRNA expression compared to P0 are indicated by an asterisk. Treatment with cardi-
omyogenic differentiation media led to an enhanced expression of cardiomyogenic gene mRNA compared to the untreated
hMSCs of the respective passages, which was defined as induction (B, D, F). Statistically significant differences of mRNA
induction compared to the untreated control of the respective passages are indicated by an asterisk. Error bars show standard
error of the mean (SEM); asterisks indicate statistically significant differences (P < 0.05) compared to P0 (expression) or to the
untreated control of the respective passage (induction).

‰
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induction) (Fig. 1B, D, F). Interestingly, treatment with differ-
entiation media not only resulted in induction of cardiomyo-
genic gene mRNA but also decreased the expression of distinct
cardiomyogenic gene mRNA with respect to the time course. In
general, treatment with ITAD resulted in the most effective
induction of cardiomyogenic gene mRNAs in hMSCs.

hMSCs upregulate cardiomyogenic proteins during
in vitro cultivation

Untreated hMSCs showed an increased expression of
cardiac troponin I, ANP, cardiac alpha sarcomeric actin, and
slow muscle myosin protein during their in vitro cultivation
in normal medium (intrinsic expression). Treatment with
cardiomyogenic differentiation media did not have an ob-
vious effect on the expression of cardiomyogenic proteins
compared to the untreated hMSCs (Fig. 2A–D). At passage 4,
slow muscle myosin-positive myotubal-like structures could
be identified in hMSC cultures treated with ITAD (Fig. 2D),
but no beating cells were present.

Treatment with cardiomyogenic differentiation media
does not significantly change the surface
epitope pattern of hMSCs

At the beginning of the in vitro analyses (P1) the hMSCs
were positive for CD10, CD29, CD44, CD71, CD73, CD90,
CD105, CD106, CD243, CD309, and GD2 and negative for
CD34 and CD45 [exempt for 1 MSC population (5.1% CD45 +

cells)]. During the prolonged in vitro culture the surface

epitope expression of treated and untreated hMSCs showed
a similar trend of changes (likely due to donor-to-donor
variations, no statistically significant differences were de-
tectable): the surface expression of GD2 and CD71 de-
creased for treated and untreated hMSCs, whereas the
surface expression of CD73, CD90, CD105, CD106, CD243,
CD309, and CD45 for treated and untreated hMSCs did not
change. A slight but statistically nonsignificant increase of
CD31-positive cells could be observed. Treatment with
ITAD led to an enhanced expression of CD10 and CD105 for
1 hMSC population, whereas the expression of CD10 de-
creased for untreated hMSCs and hMSCs treated with other
differentiation media (Fig. 3A–C).

Treatment with cardiomyogenic differentiation
media does not significantly affect
the growth kinetics of hMSCs

Except for a slight but statistically nonsignificant increase
in the PDT of hMSCs treated with FGF + BMP, no obvious
differences of the growth kinetics of the treated and un-
treated hMSCs could be detected (Fig. 4).

hMSCs do not show functional cardiomyogenic
differentiation in the presence
of cardiomyocytes in vitro

Co-cultivation of hMSCs with cardiomyocytes derived
from murine pluripotent cells (mcP19) or mfCMCs did not
increase the number of cardiac actin-positive hMSCs

FIG. 1. (Continued).
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FIG. 2. Cardiomyogenic phenotype of un-
treated hMSCs and hMSCs treated with car-
diomyogenic differentiation media. Untreated
hMSCs showed an increased expression of
cardiac troponin I (A), atrial natriuretic pep-
tide (ANP) (B), cardiac alpha sarcomeric actin
(C), and slow muscle myosin (D) protein dur-
ing their in vitro cultivation in normal medium
(intrinsic expression) for up to 7 passages.
Lacking passages indicate the growth arrest of
the cells. Treatment with cardiomyogenic dif-
ferentiation media did not have an obvious
effect on the expression of cardiomyogenic
proteins compared to the untreated hMSCs. At
passage 4, slow muscle myosin positive myo-
tube like structures, but no beating cells, could
be identified in hMSC cultures treated with
ITAD (D). Cardiac troponin I, ANP, cardiac
alpha sarcomeric actin, and slow muscle myo-
sin: green; 4,6-diamidino-2-phenylindole (DAPI):
blue; scale bars: 20mm.
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compared to monocultured hMSCs (Fig. 5A). Moreover,
direct contact of hMSCs to mcP19 cells did not promote
the expression of cardiac actin in hMSCs (Fig. 5A1–3). Co-
cultivation of hMSCs with beating mfCMCs did not lead to
expression of alpha actinin or to the formation of contractile
elements in hMSCs (Fig. 5B1–5).

hMSCs co-cultivated with beating mfCMCs could effec-
tively be differentiated into adipogenic and osteogenic line-
age, and no difference of the adipogenic and osteogenic
differentiation capacity of hMSCs in monoculture or in co-
culture with beating mfCMCs could be observed (Fig. 5C1–
4). Even hMSCs with direct contact to beating mfCMCs
showed unimpaired adipogenic differentiation capacity
(Supplementary Video S2).

mMSCs inconsistently show functional
cardiomyogenic differentiation in the
cardiomyogenic environment in vivo

Fourteen days after infarction, the infarcted area (IA)
could be identified by the absence of vital alpha actinin-

positive cardiomyocytes (Fig. 6B, C). Fourteen days after
transplantation of Sca-1-positive PKH-labeled multipotent
mMSCs (Fig. 6A) into the infarcted heart, the PKH-positive
mMSCs could be detected exclusively in the IA, indicating
homing and survival of mMSCs in the IA (Fig. 6B, C). In
most of the analyzed sections, the transplanted mMSCs were
negative for alpha actinin (Fig. 6B); however, few mMSCs
expressed alpha actinin, indicating a possible functional
cardiomyogenic differentiation for only a minority of the
transplanted mMSCs in vivo (Fig. 6C).

Discussion

Given the initial reports of in vitro and in vivo expression
by MSCs of proteins normally expressed by cells committed
to the cardiomyogenic lineage such as ANP, alpha skeletal
actin, beta myosin heavy chain, Nkx2.5, GATA4 [32,33], and
functional adrenergic and muscarinic receptors [34], it was
reasonable to assume that cardiomyogenic differentiation of
MSCs could play a major role in MSC-mediated cardiac re-
generation. Several strategies were pursued to enhance the

FIG. 3. Surface epitope pattern of untreated hMSCs and hMSCs treated with cardiomyogenic differentiation media. The
expression of stem cell associated markers (A), functional receptors (B), and lineage markers (C) on hMSCs was not significantly
changed upon treatment with cardiomyogenic differentiation media compared to normal media. Error bars show SEM.
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cardiomyogenic differentiation potential of MSCs before
transplantation [35]. Although various studies on cardio-
myogenic differentiation of non-hMSCs showed that these
cells display certain properties of cardiomyocytes in vitro,
including typical electrophysiological behavior [32,36], the
goal to generate morphological and functional cardiomyo-
cytes from MSCs in high numbers has not been achieved yet.
Moreover, a previous study showed no evidence that allo-
geneic MSCs provide a significant cardiomyogenic differen-
tiation potential after transplantation into a pig model of
myocardial infarction [37]. A small percentage of hMSCs
engrafted into the myocardium in a mouse model of myo-
cardial infarction showed de novo expression of cardiomyo-
genic proteins like desmin, b-myosin heavy chain, a-actinin,
cardiac troponin T, and phospholamban like the host cardi-
omyocytes, and sarcomeric organization of the contractile
proteins was observed [38]. Recent studies on hBM-MSCs
reported on cardiomyogenic differentiation in vitro [39–42].
However, hBM-MSCs co-cultured with neonatal rat cardio-
myocytes displayed limited cardiomyogenic plasticity [43],
and treatment with 5-azacytidine caused despite the absence
of differentiation of hMSCs into cardiomyocytes, profound
changes in current density [44]. Finally, a recent study could
not provide evidence of functional cardiomyogenic differ-
entiation of murine BM-MSCs [16]. These partially contra-
dictory data raise more questions than eventually answering
them with respect to the role of cardiomyogenic differentia-
tion of MSCs in cardiac regeneration. In the first part of our
study we systematically evaluated the cardiomyogenic dif-
ferentiation potential of hMSCs in vitro: we could not detect

functional hMSC-derived cardiomyocytes after in vitro
treatment of hMSCs with differentiation media or after
co-culture with mcP19 cells or mfCMCs. In our study we co-
cultured hMSCs by direct cell–cell contact with cardiomyo-
cytes (mcP19, mfCMCs) of developmentally early stages, as
co-culturing with adult cardiomyocytes was reported to be
ineffective for cardiomyogenic differentiation of MSCs [45].
Treatment with differentiation media led to an enhanced
expression of cardiomyogenic mRNA and proteins; how-
ever, also untreated hMSCs showed an intrinsic expression
of cardiomyogenic mRNA and proteins. This finding is
consistent with previously reported data [46] indicating that
the expression of cardiomyogenic mRNA and proteins per se
might not exclusively be dedicated to cells of the cardio-
myogenic lineage. The intrinsic expression of cardiomyo-
genic genes is obviously regulated as reflected by the
dynamic changes of expression during in vitro culture. We
hypothesize 2 major mechanisms underlying this observa-
tion: prolonged in vitro culturing of hMSCs might randomly
induce the expression of cardiomyogenic genes as previously
observed for the osteogenic lineage [47]. Alternatively, the in
vitro culture conditions might promote the selection for
hMSC subpopulations with high intrinsic expression of car-
diomyogenic genes. In a recent study investigating BM-
MSCs obtained from coronary artery disease patients, a
phenotype of cells highly expressing Nkx2.5, Tbx5, Mesp-1,
and Mef2C was identified to promote regeneration when
transplanted in a mouse model of myocardial infarction [48].
In our study we did not analyze single cells or MSC sub-
populations. Therefore, we could not address these

FIG. 4. Growth kinetics of
untreated MSCs and MSCs
treated with cardiomyogenic
differentiation media as
shown in population dou-
bling times (PDTs) in days.
Except for a slight but statis-
tically not significant increase
in the PDT of hMSCs treated
with fibroblast growth fac-
tor + bone morphogenetic
protein (FGF + BMP), and no
significant differences of the
growth kinetics of the treated
and untreated hMSCs could
be detected. Error bars show
SEM.
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FIG. 5. Evaluation of cardi-
omyogenic and noncar-
diomyogenic differentiation
of hMSCs in the presence of
cardiomyocytes in vitro. Co-
cultivation of hMSCs with
mcP19 cells did not increase
the number of cardiac actin-
positive hMSCs compared to
monocultured hMSCs (A).
Moreover, direct contact of
hMSCs to mcP19 cells did not
promote the expression of
cardiac actin in hMSCs (A1–3;
cardiac alpha sarcomeric actin:
green; human nuclei: red;
DAPI: blue; shaped arrowheads:
hMSCs expressing alpha sar-
comeric actin, filled arrowheads:
mcP19 cells; scale bars: 20mm).
Co-cultivation of hMSCs with
beating murine fetal cardio-
myocytes (mfCMCs) did not
lead to expression of alpha
actinin by hMSCs (B1–4; alpha
actinin: green, human nuclei:
red, DAPI: blue; B5: micro-
photograph shown in B4 in
black and white; to emphasize
the contrast of mfCMCs to
hMSCs, the nuclei of mfCMCs
are circled in blue using Adobe
Photoshop CS5.1, whereas
hMSCs can be identified
by red fluorescence of hu-
man nuclei; filled arrowheads:
mfCMCs; scale bars: 20mm).
hMSCs co-cultivated with
mfCMCs could effectively be
differentiated into adipogenic
and osteogenic lineage, and no
difference of the adipogenic
and osteogenic differentiation
capacity of hMSCs in mono-
culture or in mfCMC-co-cul-
ture could be observed (C1–4;
fat droplets for adipogenesis
are stained in red, alkaline
phosphatase for osteogenesis
is stained in pink/violet; scale
bars: 100mm).
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questions; however, future investigations using single-cell
PCR or flow cytometric sorting for cells expressing cardio-
myogenic markers within the hMSC preparation are sug-
gested.

In our study the exposure to cardiomyogenic differentia-
tion media or the co-cultivation with cardiomyocytes did not
lead to a functional cardiomyogenic differentiation of hMSCs
in vitro, and notably even prolonged direct cell contact with
cardiomyocytes did not prevent the hMSCs from non-
cardiomyogenic differentiation. This observation correlates
to the study performed by Yoon et al. reporting on severe
unexpected calcifications in the heart after the application of
BM-derived multipotent stem cells [49]. However, a limita-
tion in our approach is that we did not investigate on mul-
tiple variations of the differentiation protocols, for example,
exposing the MSCs at different time points to the same me-
dia reflecting the delicate balance of transcription factors as
like as brachyury, BMP2, BMP4, and noggin during different

time points of cardiomyogenic development [50–53]. In our
study we observed the induction of cardiomyogenic genes in
MSCs by treatment with noggin at higher passages ( > P5).
We therefore hypothesize an indirect impact of noggin via
(multiple) pathways.

In the second part of our study we evaluated the cardio-
myogenic differentiation potential of BM-MSCs in an autol-
ogous mouse model of myocardial infarction: a previous
study reported on functional cardiomyogenic differentiation
of murine c-kit positive BM-derived stem cells in vivo [54]. In
this study, the stem cell population was enriched by c-kit
sorting, whereas in our study the mMSCs were highly pos-
itive for the mMSC marker Sca-1 but only slightly positive
for c-kit indicating a different entity of stem cells. Psaltis et al.
[55] suggested that the reasons for the modest evidence for
in vivo differentiation of MSCs may be (i) the heterogeneity
of the MSC populations and (ii) the low retention of multi-
potent stem cells after ex vivo expansion. It is unavoidable

FIG. 6. Cardiomyogenic differentiation of murine mesenchymal stem cells (mMSCs) in vivo. Flow cytometric analysis
showed that mMSCs are highly positive for Sca-1 (A; line histogram shows isotype-matched rat IgG2a antibody control
staining, filled histogram shows specific anti-Sca-1 antibody staining). mMSCs could be differentiated into adipocytes (fat
droplets stained in red), osteocytes (alkaline phosphatase stained in pink/violet), and chondrocytes (mucopolysaccharides are
stained in blue to bluish-green) (A). Fourteen days after infarction, the infarcted area (IA) could be identified by the absence of
vital alpha actinin-positive cardiomyocytes (B, C). Fourteen days after transplantation of Sca-1 + multipotent mMSCs into the
infarcted heart, the PKH-positive mMSCs could be detected exclusively in the IA indicating homing and survival of mMSCs
in the IA (B, C). In most of the analyzed sections the transplanted mMSCs were negative for alpha actinin (B); however, few
mMSCs expressed alpha actinin, indicating a possible functional cardiomyogenic differentiation of the minority of the
transplanted mMSCs in vivo (C). Alpha actinin: green; PKH26-labeled mMSCs: red; DAPI: blue; shaped arrowheads: mMSCs
expressing alpha actinin; scale bars: 20 mm.
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that isolation of MSC by plastic adherence leads to a con-
tamination of the MSC preparation with undesired cell types
[56]. The hMSCs and mMSCs used in our study were ex-
tensively characterized by flow cytometry and tri-lineage
differentiation; however, a clonal expansion of subpopula-
tion(s) under different culture conditions with varying sus-
ceptibility to the in vitro differentiation stimuli cannot be
excluded. In previous studies, the expression of genes asso-
ciated with pluripotency as like as Oct4, SOX2, and Nanog in
MSCs was reported [57,58]. However, the biological rele-
vance of these findings remains, as like as the plasticity of
BM-MSCs, elusive.

In our study we showed that multiple strategies failed to
induce functional cardiomyogenic differentiation of hBM-
MSCs in vitro. Moreover, even direct co-culture with cardi-
omyocytes could not prevent hBM-MSCs from non-
cardiomyogenic differentiation. Our finding that a small
minority of the transplanted mMSCs show evidence of
functional cardiomyogenic differentiation in vivo may sug-
gest that distinct MSC subpopulations might be more sus-
ceptible to in vivo stimuli inducing cardiomyogenic
differentiation. An important goal of future MSC-based
cardiac therapies will be to avoid undesired non-
cardiomyogenic differentiation and transformation but retain
the paracrine and immunomodulatory capacity of MSCs.
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