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Abstract. Coronary heart disease is major cause of mortality 
worldwide and several risk factors have been shown to play 
a role in its pathogenesis, including smoking, obesity, hyper-
tension and hypercholesterolemia. A number of therapeutic 
methods have been developed to improve the quality of patients' 
lives, including stem cell therapy using mesenchymal stem 
cells (MSCs). Perinatal sources, including the placenta (PL) 
and umbilical cord (UC), are rich sources of MSCs and have 
been identified as a potential source of cells for therapeutic 
use. Their role in cardiogenic differentiation is also of contem-
porary medical interest. The present study demonstrated the 
induced differentiation of MSCs obtained from the UC, PL 
and Wharton's jelly (WJ) into cardiomyocytes, using 10 µM 
5‑azacytidine. The characteristics of the MSCs from each 
source were studied and their morphology was compared. An 
immunofluorescence analysis for the cardiac‑specific markers, 
GATA4 and Troponin T (TnT), was performed and tested 
positive in all sources. The expression of the cardiac‑specific 
genes, Nkx2.5, α‑cardiac actin and TnT, was analyzed by 
real‑time RT‑PCR and presented as fold change increases. The 
expression of each of the markers was observed to be higher 
in the 5‑azacytidine‑treated MSCs. The differences in expres-
sion among the sources of treated MSCs was as follows: TnT 
had the highest level of expression in the bone marrow (BM) 
MSCs; α‑cardiac actin had the highest level of expression in 

the PLMSCs; and all the genes were expressed at significantly 
high levels in the WJMSCs compared with the control group. 
The present study showed the ability of alternative perina-
tally‑derived MSCs to differentiate into cardiomyocyte‑like 
cells and how this affects the therapeutic use of these cells.

Introduction

Mesenchymal stem cells (MSCs) are a type of adult stem cell 
that have attracted significant attention due to their unique 
properties. The first source of human MSCs was identified and 
isolated from bone marrow (BM) (1). The BMMSCs showed 
capacity for self‑renewal and multipotent differentiation. The 
potential uses of MSCs have been studied extensively in vitro 
and in animal models (2‑4). MSCs are hypothesized to have a 
high potential for use in tissue engineering and regenerative 
medicine (5,6). However, the availability of BMMSCs is limited 
due to the location of the cells. BM aspiration, or biopsy, is an 
invasive surgery, and the the differentiation capacity varies rela-
tive to the age of the donor (7). Optional MSC sources have been 
identified, including adipose tissue (8), umbilical cord blood (9) 
and peripheral blood (10) and Wharton's jelly (WJ) (11). The 
most noteworthy source of MSCs is the perinatally‑derived 
stem cells i.e., stem cells from the placenta (PL), amniotic fluid 
and umbilical cord (UC). These stem cells have a number of 
advantages, including their ability to be easily obtained, a low 
immunogenicity and lack of ethical concerns (12). MSCs may 
be isolated and cultured from the UC, PL and WJ (13).

Coronary heart disease is the third leading cause of 
mortality worldwide. A number of risk factors have been 
revealed to play a role in the pathogenesis of this disease, 
including smoking, obesity, hypertension and hypercholestero
lemia. The main mechanism is the blockage of blood flow 
through the heart leading to myocardial infarction (the death 
of cardiac muscle cells). Cell therapy is one of a number of 
therapeutic methods developed to improve the quality of life 
of patients suffering from heart problems. Various cell types 
have been studied extensively to determine the most effective 
outcome. Adult stem cells are one of the candidates for cell 
therapy. MSCs are the best option due to three important 
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properties; multilineage differentiation, possible autologous 
sources and their immunoregulatory role. The transdifferen-
tiation of MSCs has been studied extensively and it is widely 
accepted that MSCs are multipotent. The role of MSC differ-
entiation into cardiomyocyte‑like cells has been demonstrated 
in animal models and in vitro studies (14‑16). The present 
study analyzed the cardiomyocyte differentiation ability of 
MSCs from perinatal sources in comparison with BMMSCs.

Materials and methods

Perinatal cell culture. The present study was approved by 
the Siriraj Institution Review Board (SIRB). Human UCs and 
PLs were collected from full‑term deliveries and immersed 
in sterile phosphate‑buffered saline (PBS) supplemented with 
100 U/ml penicillin and 100 µg/ml streptomycin under sterile 
conditions. The WJ, PLs and UCs were stored and processed 
separately. The samples were washed twice using PBS prior 
to their preparation into 2‑3‑cm2 sections. Perinatal tissues 
were collected in 15 ml centrifugal tubes containing PBS and 
then washed twice under centrifugation at 984 x g for 5 min. 
The pellets from the washing procedure were digested using 
0.5% trypsin‑EDTA at 37˚C for 30 min and placed in 25‑cm2 
tissue culture flasks in Dulbecco's modified Eagle's medium 
(DMEM; Gibco‑BRL, Carlsbad, CA, USA) supplemented 
with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 
100 µg/ml streptomycin. The tissues were incubated under 
5% CO2 until MSC outgrowth occurred from the explant. The 
complete medium was changed twice a week. Subpassaging 
was performed using 0.5% trypsin‑EDTA to expand the quan-
tity of cells used in the experiment.

BMMSCs. BM aspirations were obtained from healthy donors 
following written informed consent. The BM aspiration was 
collected in 5,000 IU sodium heparin and diluted by PBS at a 
1:1 ratio prior to the isolation of mononuclear cells. Following 
the method of Boyum (17), the cell suspension was layered 
on Ficoll‑Hypaque at a 1:1 ratio followed by centrifugation at 
984 x g for 30 min. Mononuclear cells were harvested from 
the interphase layer into new centrifugal tubes for 2 cycles of 
washing. The cells were seeded in T25 flasks using DMEM 
supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/
ml streptomycin. The culture supernatant was removed 5‑7 days 
later and the adherent cells were maintained at 37˚C with 5% 
CO2. The BMMSCs from passages 2‑5 were used in this study.

MSC characterization
Criteria. The cells from the BM and perinatal sources were 
characterized as MSCs based on the following criteria: plastic 
adherence, positive and negative specific cell surface markers 
and multi‑potential differentiation (13).

MSC surface markers. The cell surface markers for the 
MSCs were examined using a flow cytometer (FACSCalibur™, 
Becton‑Dickinson, Franklin Lakes, NJ, USA). The immuno-
phenotype of the MSCs was characterized using the following 
mouse monoclonal antibodies: cluster of differentiation 
CD34‑PE, CD45‑FITC, CD73‑PE (all purchased from BD 
Pharmingen, San Diago, CA, USA), CD90‑FITC, CD105‑FITC 
and CD106‑PE (all purchased from AbD SeroTec, Raleigh, NC, 
USA). The MSCs between passages 2 and 5 were harvested 

using 0.5% trypsin‑EDTA. A 5x105 cell suspension (50 µl) was 
incubated at 4˚C for 30 min in the dark with mouse anti‑human 
antibodies. Following incubation, the cells were washed twice 
with cold PBS and centrifuged at 984 x g for 5 min at 4˚C. The 
cells were then fixed with 300 µl 1% paraformaldehyde prior to 
analysis by a flow cytometer (Becton‑Dickinson).

Osteogenic and adipogenic differentiation of MSCs. The 
MSCs from passages 2‑5 were cultured in Advance STEM 
Osteogenic Differentiation medium (OsteoDiff) for osteoblast 
differentiation (Hyclone Laboratories, Inc., Logan, UT, USA) 
and Advance STEM Adipogenic Differentiation medium 
(AdipoDiff; Hyclone Laboratories) for adipocyte differentia-
tion. The MSC cells were seeded at a density of 1x105 cells/ml 
and maintained in each differentiation medium. The media 
were changed twice a week. The differentiated conditioned 
MSCs were maintained for 3  weeks, at which time their 
osteogenic and adipogenic properties were evaluated using 
immunocytochemical staining with alkaline phosphatase and 
Oil Red O (Sigma‑Aldrich, St. Louis, MO, USA).

In vitro treatment with 5‑azacytidine. The MSCs obtained 
from the BM, UC, PL and WJ during passages 2‑5 were used 
in this experiment. The MSCs were seeded at densities of 
1x105 cells in DMEM supplemented with 10% FBS, 100 U/ml 
penicillin and 100 µg/ml streptomycin for 24 h. The treatment 
group was treated with 10 µM 5‑azacytidine (Sigma‑Aldrich) 
in complete medium for 24 h subsequent to which it was 
changed into complete medium for 3 weeks. The morphology, 
growth rate and viability were then observed.

RNA preparation and real‑time RT‑PCR. RNA was collected 
from the control and 5‑azacytidine‑treated groups at weeks 1 
and 3. The total RNA was isolated from the cells using TRIzol 
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) and 
quantified by spectrophotometry at 260 nm. The total RNA 
(2 µg) was used for reverse transcription with the first‑strand 
cDNA synthesis kit (Invitrogen Life Technologies). Real‑time 
PCR was performed for 40  cycles using the ABI 7500 
real‑time PCR system (Applied Biosystems, Bedford, MA, 
USA) and analyses for cardiac‑ and myogenic‑specific genes 
were performed using the following primers: α‑cardiac actin 
(260  bp), sense 5'‑TCTATGAGGGCTACGCTTTG‑3' and 
antisense 5'‑GCCAATAGTGATGACTTGGC‑3'; Troponin T 
(TnT; 225 bp), sense 5'‑ AGAGCGGAAAAGTGGGAAGA‑3' 
and antisense 5'‑CTGGTTATCGTTGATCCTGT‑3'; Nkx2.5 
(136  bp), sense 5'‑CTGCCGCCGCCAACAAC ‑3' and 
antisense 5'‑CGCGGGTCCCTTCCCTACCA‑3'; and glyce
raldehyde 3‑phosphate dehydrogenase (GAPDH; 139  bp) 
sense 5'‑GTCAACGGATTTGGTCGTATTG‑3' and anti-
sense 5'‑CATGGGTGGAATCATATTGGAA‑3'. Each cycle 
consisted of denaturation at 95˚C for 10 sec, annealing at 
60˚C for 10 sec and extension at 72˚C for 40 sec. The products 
were quantified by the comparative Ct method. Samples were 
compared with the control group, normalized against GAPDH 
and presented as fold change increases.

Immunofluorescence staining. The MSCs from passages 2‑5 
were cultured on chamber slides (Lab‑Tek, Thermo Fisher 
Scientific, Rochester, NY, USA) at 1x105  cells/well with 
DMEM supplemented with 10% FBS, 100 U/ml penicillin and 
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100 µg/ml streptomycin. The 10 µM 5‑azacytidine treatment 
and control groups from days 3 and 7 were used for immuno-
fluorescence analysis. The cells were washed twice with PBS 
prior to fixation using 4% paraformaldehyde in PBS at 4˚C for 
30 min. Non‑specific binding was blocked using 4% bovine 
serum albumin (BSA), followed by incubation with purified 
goat polyclonal TnT and mouse monoclonal GATA4 primary 
antibodies (both Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA, USA). The samples were then washed twice with PBS and 
overlaid with rabbit anti‑mouse FITC‑ (Millipore, Billerica, 
MA, USA) and donkey anti‑goat PE‑conjugated secondary 
antibodies (Santa Cruz Biotechnology, Inc.) for 30 min at 
4˚C in the dark. The samples were washed twice, followed 
by DAPI counterstaining and mounting using ProLong Gold 
Antifade (Invitrogen Life Technologies).

Statistical analysis. The data were analyzed using SPSS 
version 11.5 (SPSS, Inc., Chicago, IL). Data are expressed as 
the mean ± SEM. The significance was analyzed using the 
Mann‑Whitney U test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Morphology and characterization of perinatal MSCs. The 
UCMSCs, PLMSCs and WJMSCs were observed to exhibit 
different morphologies following tissue culture for 1 week. 
There were limited morphological differences between the 
tissue sources (Fig. 1A-C). The cells continued to grow and 
reached confluence within week 2 of the primary culture. 
Subpassages of MSCs grown in complete medium revealed a 
spindle‑shaped cell morphology (Fig. 1D-F). The MSCs from 
passages 3 and 4 were characterized for osteogenic‑adipogenic 
differentiation capacity and cell surface markers. Following 
culture of the MSCs in adipogenic and osteogenic media for 
3 weeks, cell‑specific cytochemical staining was performed. 
The UCMSCs, PLMSCs and WJMSCs were positive for Oil 
Red O (Fig. 1G-I) and alkaline phosphatase staining (Fig. 1J-L). 
The MSCs were shown to be positive for MSC surface markers 
CD73, CD90 and CD105 and negative for hematopoietic cell 
surface markers CD34 and CD45 (Fig. 2).

Effect of 5‑azacytidine on the MSCs. The UCMSCs, WJMSCs 
and PLMSCs from passage 3 were used at this stage of the 
study. The MSCs were treated with 10 µM 5‑azacytidine for 
24 h and maintained in complete medium for 3 weeks. The 
morphology, cell number and percent viability from week 1 
were observed and compared against the control group. The 
viability of all the MSC sources following treatment with 
5‑azacytidine was 94‑100% in the UCMSCs; 84‑100% in the 
WJMSCs and 93‑100% in the PLMSCs. The morphology of 
the treated cells revealed similarities with the control group in 
all MSC sources subsequent to being cultured for 6 days (data 
not shown). The cell numbers in the 5‑azacytidine‑treated 
group were lower than those of the control group during the 
initial days in all the MSC sources.

Immunofluorescence study of cardiomyocyte markers during 
MSC differentiation. The UCMSCs, WJMSCs, PLMSCs and 
BMMSCs from passages 3‑5 were used at this stage of the 

Figure 2. Cell surface markers of MSCs. UCMSCs, WJMSCs, PLMSCs and 
BMMSCs were found to be positive for the MSC markers CD105, CD90 and 
CD73 and negative for the hematopoietic markers CD34 and CD45. MSCs, 
mesenchymal stem cells; UC, umbilical cord; PL, placenta; WJ, Wharton's 
jelly; BM, bone marrow; CD, cluster of differentiation.

Figure 1. Morphology and characterization of perinatal MSCs. Perinatal 
MSCs from the tissues were observed to be spindle‑shaped; (A) UCMSCs, 
(B)  WJMSCs and (C)  PLMSCs. Following subpassaging of all MSC 
sources, the morphology was fibroblast‑like; (D) UCMSCs, (E) WJMSCs 
and (F) PLMSCs. Following culturing of perinatal MSCs in adipogenic 
medium for 3 weeks, the cells were stained with Oil Red O and small 
fat droplets were revealed in the cytoplasm; (G) UCMSCs, (H) WJMSCs 
and (I) PLMSCs. Alkaline phosphatase staining was used to characterize 
osteogenic differentiation and all MSC sources showed positive staining; 
(J) UCMSCs, (K) WJMSCs and (L) PLMSCs (magnification, x100). MSCs, 
mesenchymal stem cells; UC, umbilical cord; PL, placenta; WJ, Wharton's 
jelly.
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study. The MSCs were treated with 10 µM 5‑azacytidine for 
24 h and then changed into complete medium for 7 days. The 
cardiac‑specific markers, GATA4 and cardiac TnT, were exam-
ined by immunofluorescence staining. The treated and control 
MSCs revealed GATA4 expression in the nucleus, green in 
Fig. 3E‑H. The cardiac TnT in the cytoplasm is presented 
in red in Fig. 3M‑P. The expression of the two markers was 
higher in the treated cells compared with the control.

Expression of cardiomyocyte‑specific genes following 
treatment with 5‑azacytidine. The mRNA expression of 
the cardiomyocyte specific markers Nkx2.5, α‑cardiac 
actin and cardiac TnT, was examined in the BMMSCs, 

UCMSCs, PLMSCs and WJMSCs following treatment with 
10 µM 5‑azacytidine for 24 h and maintenance in culture 
for 1‑3 weeks. The quantitative analysis of the expression of 
the cardiac‑specific markers was performed by real‑time 
RT‑PCR and reported as a fold increase of the control. The 
cardiac‑specific markers showed a higher expression level than 
that of the controls in the samples treated with 5‑azacytidine for 
24 h and cultured for 1 week (Fig. 4). The expression decreased 
in samples maintained for 2 and 3 weeks (data not shown).

Discussion

BMMSCs have been studied extensively and a number of prom-
ising medicinal applications have been reported. However, at 
present, the clinical utilization of BMMSCs is limited due 
to the invasiveness of the harvesting procedure (18). A new 
source of MSCs has been identified that demonstrates a 
similar potential to BMMSCs (8,9,11). MSCs from perinatal 
tissue (amniotic membrane, UC and PL) were identified as 
potential sources of MSCs due to their immunogenic prop-
erty, non‑invasive sourcing and absence of ethical issues (11). 
Moreover, the unlimited differentiation potential of perinatal 
MSCs has been identified and extensively studied (19,20).

The present study aimed to develop cardiomyocyte‑like 
cells from perinatal MSCs and compare them with BMMSCs. 
The UC, WJ and PL were isolated and explants of each were 
cultured for their residing MSCs. The MSCs were treated with 
the hypomethylating agent, 5‑azacytidine, and the cardio-
myocyte characteristics were evaluated. Expression of the 
cardiomyocyte markers was analyzed by real‑time RT‑PCR 
and an increased expression of Nkx2.5, TnT and α‑cardiac 
actin was observed in the 5‑azacytidine‑treated MSCs 

Figure 4. Expression of the cardiac‑specific genes Nkx2.5, α-cardiac actin 
and cardiac TnT was determined by real-time RT-PCR. Expression of each 
cardiac‑specific genes from all MSC sources was compared with the control 
as fold changes. Data were obtained from three independent experiments 
and presented as the mean ± SEM. *P<0.05, 5-azacytidine‑treated vs. control 
cells. TnT, Troponin T; MSC, mesenchymal stem cell.

Figure 3. Immunofluorescence images of MSCs labeled with the cardiac‑specific antibodies (A‑H) GATA4 (green) and (I‑P) cardiac TnT (red). The 5‑azacyti-
dine treated (E and M) UCMSCs, (F and N) WJMSCs, (G and O) PLMSCs and (H and P) BMMSCs revealed a marked expression when compared with (A‑D 
and I‑L) the controls following 1 week of culturing. The nuclei were counterstained with DAPI (magnification, x100). TnT, Troponin T; MSCs, mesenchymal 
stem cells; UC, umbilical cord; PL, placenta; WJ, Wharton's jelly; BM, bone marrow.
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compared with the controls. However, the cardiomyocyte 
gene expression patterns varied depending on the source of 
the MSCs. These observations may be due to variations in the 
capacity and fate of each MSC source (21), which is deter-
mined by the epigenetic state of the cells (22,23).

The effect of 5‑azacytidine in the present study was consis-
tent with previous studies (18,24,25). However, the mechanism 
of this hypomethylating agent yielded a non‑specific pattern and 
remains undefined. In addition, a reduction in cardiac‑specific 
marker expression was identified following 5‑azacytidine treat-
ment for 2‑3 weeks. The transient expression of these markers 
may be a limitation of using 5‑azacytidine as a differentiation 
initiation factor. The combination of 5‑azacytidine with other 
factors may be more successful for improving the properties of 
cardiomyocyte‑differentiated MSCs.

The role of MSCs in the regeneration of damaged tissue 
remains controversial. The mechanisms include the role of 
MSCs in neoangiogenesis (26,27), transdifferentiation (28), 
anti‑inflammatory responses (29) and as a protective factor (30). 
The success of transplantation may be due to various aspects 
that play a concerted role in tissue regeneration. A clinical 
trial of MSCs in the treatment of cardiac ischemia revealed 
a reduced efficacy in the engraftment rate and functional 
capacity (31). The majority of studies concerning BMMSCs 
have revealed that these cells are autologous and allogeneic. 
The allogeneic origin of MSCs from other sources may be 
optional and is particularly true of perinatal MSCs due to their 
potential role in growth and neonatal development and their 
availability. However, further studies are required to ensure 
the proper use of these MSCs for stem cell transplantation.
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