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Background and Objectives: Human amniotic fluid-derived mesenchymal stem cells (AF-MSCs) may be a valuable 
source for cardiovascular tissue engineering and cell therapy. The aim of this study is to verify angiotensin II and 
transforming growth factor-beta 1 (TGF-β1) as potential cardiomyogenic differentiation inducers of AF-MSCs. 
Methods and Results: AF-MSCs were obtained from amniocentesis samples from second-trimester pregnant women, 
isolated and characterized by the expression of cell surface markers (CD44, CD90, CD105 positive; CD34 negative) 
and pluripotency genes (OCT4, SOX2, NANOG, REX1). Cardiomyogenic differentiation was induced using different 
concentrations of angiotensin II and TGF-β1. Successful initiation of differentiation was confirmed by alterations in 
cell morphology, upregulation of cardiac genes-markers NKX2-5, TBX5, GATA4, MYH6, TNNT2, DES and main car-
diac ion channels genes (sodium, calcium, potassium) as determined by RT-qPCR. Western blot and immuno-
fluorescence analysis revealed the increased expression of Connexin43, the main component of gap junctions, and 
Nkx2.5, the early cardiac transcription factor. Induced AF-MSCs switched their phenotype towards more energetic 
and started utilizing oxidative phosphorylation more than glycolysis for energy production as assessed using Agilent 
Seahorse XF analyzer. The immune analysis of chromatin-modifying enzymes DNMT1, HDAC1/2 and Polycomb re-
pressive complex 1 and 2 (PRC1/2) proteins BMI1, EZH2 and SUZ12 as well as of modified histones H3 and H4 
indicated global chromatin remodeling during the induced differentiation. 
Conclusions: Angiotensin II and TGF-β1 are efficient cardiomyogenic inducers of human AF-MSCs; they initiate alter-
ations at the gene and protein expression, metabolic and epigenetic levels in stem cells leading towards car-
diomyocyte-like phenotype formation.
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Introduction 

  Cardiovascular diseases are among the leading causes of 
morbidity and mortality in the whole world nowadays. 
Myocardial infarction when the heart muscle tissue is 
damaged due to the impaired supply of blood and oxygen 
is one of them. The traditional treatment (pharmaco-
logical, interventional or operative therapies) is very ex-
pensive and usually ineffective, mostly because of the irre-
versible loss of functional cardiomyocytes and their very 
low regenerative capability. Thus cardiovascular tissue en-
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gineering and cell therapy for cardiac diseases have been 
extensively studied in recent years. Many different types 
of stem cells, from embryonic to bone marrow or induced 
pluripotent (1), were tested for this application and one 
of the alternative sources of stem cells could be human 
amniotic fluid-derived mesenchymal stem cells (AF- 
MSCs). These stem cells are obtained from pregnant wom-
en during amniocentesis procedure and their main fea-
tures are the expression of mesenchymal cell surface 
markers and the ability to differentiate into osteogenic, 
adipogenic and other lineages (2). AF-MSCs were also 
demonstrated to have the potential to differentiate into 
cardiomyocyte-like cells using DNA methyltransferases or 
p53 inhibitors, such as decitabine, zebularine, pifithrin-α 

(3, 4) or other chemical agents, for example, hyaluronic, 
butyric or retinoic acid (5). 
  However, little is known on the use of biomolecules, 
such as angiotensin II and transforming growth factor-β1 
(TGF-β1), as cardiomyogenic differentiation inducers of 
human AF-MSCs and underlying mechanisms. Angioten-
sin II is one of the components of the renin-angiotensin 
system and this signaling pathway plays a pivotal role in 
stem cells and cardiovascular system (6). It was also shown 
that angiotensin II is able to induce cardiomyogenic dif-
ferentiation of rat bone marrow mesenchymal stem cells 
(7) as well as to act synergistically with VEGF-A to en-
hance the differentiation of bone marrow-derived mesen-
chymal stem cells into endothelial cells (8). TGF-β1 is 
a member of cytokines family that participates in many 
biological processes including cardiovascular development 
and regulation of renal renin-angiotensin system (9). It 
has also been assessed in the induction of cardiac commit-
ment, but not the full maturation, of bone marrow stem 
cells (10). What is important, in vitro it was as effective 
as widely used chemical compound 5-azacytidine and even 
more effective than other biomolecules, for example, 
IGF-1, bFGF, dynorphin B, insulin or oxytocin (11). In 
contrast to angiotensin II, TGF-β1 was also investigated 
in vivo by intramyocardial transplantation of differentia-
ted rat bone marrow mesenchymal stem cells into the in-
jured rat heart (12). Also, it was shown that TGF-β1 had 
an effect on the contractile function of adult ventricular 
rat cardiomyocytes in vitro and in vivo by modulating lam-
inin receptor 37/67 dependent regulation of cardiac per-
formance signaling pathway (13). However, to our best 
knowledge, most of the studies investigated the effects of 
these biomolecules at the gene and protein levels but few 
looked into other pivotal processes, such as metabolic or 
epigenetic alterations. 
  In this study, the potential of angiotensin II and TGF-

β1 to induce cardiomyogenic differentiation of human 
AF-MSCs was evaluated in vitro. We detected phenotyp-
ical alterations and upregulation of specific cardiac genes- 
markers (NKX2-5, TBX5, GATA4, MYH6, TNNT2 and 
DES) as well as cardiac ion channels genes (SCN5A, 
CACNA1D, KCNJ12, KCND3, HCN2). In addition, en-
hanced levels of Connexin43 protein, the main component 
of gap junctions, and Nkx2.5, the early cardiac tran-
scription factor, were observed indicating successful ini-
tiation of differentiation with both agents. Moreover, for 
the first time, cellular energetics, metabolic potential and 
the relative expression of genes, associated with metabo-
lism regulation, were assessed demonstrating functional 
changes in induced to differentiate cells. Also, epigenetic 
markers, such as chromatin remodeling proteins and his-
tone modifications keeping the active state of chromatin, 
were investigated. Thus the present work extends the po-
tential use of angiotensin II and TGF-β1 as cardiomyo-
genic differentiation inducers in vitro and expands the 
knowledge of human amniotic fluid-derived mesenchymal 
stem cells functionality at the initial stages of induced 
differentiation.

Materials and Methods

Human amniotic fluid mesenchymal stem cells 
isolation and cultivation
  Amniotic fluid mesenchymal stem cells were isolated 
from amniocentesis samples from second-trimester amni-
otic fluid obtained from healthy women who needed pre-
natal diagnostics but no genetic abnormalities were de-
tected (protocols approved by the Ethics Committee of 
Biomedical Research of Vilnius District, No 158200-123- 
428-122). A two-stage protocol was used as previously de-
scribed (2). Selected and isolated cells were maintained in 
the growth medium AmnioMAX-C100 basal with Amnio-
MAX-C100 supplement (Gibco, Thermo Fisher Scientific, 
NY, USA), 100 U/ml penicillin and 100 μg/ml strepto-
mycin. 

Flow cytometry analysis
  Cell surface markers of AF-MSCs were detected as de-
scribed by Glemžaitė and Navakauskienė (14) using the 
following antibodies: CD44 (Invitrogen, Thermo Fisher 
Scientific, CA, USA), CD34 (Miltenyi Biotec, Bergisch 
Gladbach, Germany) and CD90 (Molecular Probes, Thermo 
Fisher Scientific, OR, USA) – FITC conjugated mouse an-
ti-human, mouse anti-human CD105, labeled with PE 
(Invitrogen, Thermo Fisher Scientific, CA, USA) and 
mouse IgG2A-FITC (Miltenyi Biotec, Bergisch Gladbach, 
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Table 1. Differentiation inducers and conditions

Inducer
Working 

concentration
Induction time Differentiation medium

Reference for 
the applied 

concentration

Decitabine 10 μM 24 h, then medium without inducer every 3 days BMa＋horse serum 3, 4
Angiotensin II 0.1 μM The whole differentiation period, every 3 days BM 7
Angiotensin II 1 μM The whole differentiation period, every 3 days BM 19
TGF-β1 5 ng/ml The whole differentiation period, every 3 days BM 10, 13
TGF-β1 10 ng/ml The whole differentiation period, every 3 days BM 11

BMa: basal differentiation medium; DMEM-low glucose, 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml streptomycin 
(Gibco, Thermo Fisher Scientific, NY, USA).

Germany), IgG1-FITC, IgG2b-FITC (Invitrogen, Thermo 
Fisher Scientific, CA, USA) or IgG1-PE (Molecular 
Probes, Thermo Fisher Scientific, OR, USA) as isotype 
controls. The expression of cell surface markers was meas-
ured using BD FACSCantoTM II flow cytometer and BD 
FACSDIVATM software (BD Biosciences, CA, USA).

Differentiation assay
  Cardiomyogenic differentiation of AF-MSCs was in-
duced using decitabine (Sigma-Aldrich Chemie GmbH, 
Taufkirchen, Germany), two concentrations of angiotensin 
II (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) 
and two concentrations of TGF-β1 (R&D Systems, MN, 
USA). Differentiation conditions are provided in Table 1. 
Differentiation time – 12 days, chosen as the minimum 
time required to achieve the evidence of initiated differ-
entiation according to our previous publication (4). Differ-
entiation of each cell population was performed in 3 repli-
cates and undifferentiated cells were used as a control. 

RNA isolation and RT-qPCR 
  Total RNA from undifferentiated and differentiated 
cells was isolated using TRIzolⓇ reagent (Thermo Fisher 
Scientific, CA, USA). For the gene expression analysis, 
cDNA synthesis was carried out using “Maxima First 
Strand cDNA Synthesis Kit for RT-qPCR” (Thermo 
Fisher Scientific, Vilnius, Lithuania). RT-qPCR was per-
formed with Maxima SYBR Green qPCR Master Mix 
(Thermo Fisher Scientific, Vilnius, Lithuania) and Rotor- 
Gene 6000 system (QIAGEN Instruments AG, Hombre-
chtikon, Switzerland). GAPDH gene was used for normal-
ization of the mRNA amount and ∆∆Ct method (com-
pared to undifferentiated control) was applied to calculate 
the relative gene expression. The list of primers (Metabion 
International AG, Planegg-Steinkirchen, Germany) is pro-
vided in the Supplementary Methods, Supplementary Table 1. 

Total protein isolation and Western blot analysis
  Total proteins from AF-MSCs were isolated as de-
scribed previously (14). Adult mouse heart was washed 
with PBS, homogenized in liquid nitrogen and lysed using 
2X SDS lysis buffer. Proteins from cells and mouse heart 
were fractionated in 7.5∼15% gradient SDS/PAGE gel, 
transferred onto the PVDF membrane and target proteins 
were detected using antibodies against DNMT1, HDAC1, 
HDAC2 (Santa Cruz Biotechnology, Texas, USA), SUZ12 
(Cell Signaling Technology, MA, USA), BMI1, H3K4me3, 
H3K9Ac, H4hyperAc (Millipore, MA, USA), EZH2, 
Connexin43 (Thermo Scientific, IL, USA) and Nkx2.5 
(GeneTex, CA, USA). Antibodies against GAPDH 
(Abcam, Cambridge, UK) were used as a protein loading 
control. Secondary anti-mouse, anti-rabbit and anti-goat 
antibodies (DAKO, Glostrup, Denmark), conjugated with 
horseradish peroxidase, were used and enhanced chem-
iluminescence was detected using ClarityTM Western ECL 
Substrate and ChemiDocTM XRS＋ system with Image 
LabTM Software (Bio-Rad Laboratories, CA, USA). Semi- 
quantitative analysis of blots was performed using Image 
J software (NIH, MD, USA), the relative density of each 
band was normalized to the GAPDH loading control. 

Immunofluorescence
  AF-MSCs were seeded on the coverslips, fixed using 4% 
paraformaldehyde solution in 1X PBS for 15 min RT, 
washed with 1X PBS and permeabilized using 10% Triton 
X-100/PBS for 20 min RT. After washing with PBS, cells 
were blocked with 1% BSA/10% goat serum/PBS for 30 
min at 37°C. Detection of Connexin43: the coverslips were 
incubated with primary rabbit against Connexin43 and 
secondary goat anti-rabbit IgG (H＋L) Highly Cross- 
Adsorbed, Alexa Fluor-488 antibodies (Thermo Fisher 
Scientific, IL, USA) for 1 hour at 37°C each, in a humid 
chamber. F-actin was labeled with Alexa Fluor-594 
Phalloidin (Thermo Fisher Scientific, IL, USA) for 30 min 
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RT in a humid chamber. Detection of Nkx2.5: the cover-
slips were incubated with primary rabbit against Nkx2.5 
and secondary goat anti-rabbit IgG (H＋L) Highly 
Cross-Adsorbed, Alexa Fluor-594 antibodies (Thermo 
Fisher Scientific, IL, USA) for 1 hour at 37°C each, in 
a humid chamber. F-actin was labeled with Alexa Fluor- 
488 Phalloidin (Thermo Fisher Scientific, IL, USA) for 30 
min RT in a humid chamber. After each step coverslips 
were washed with 1% BSA in PBS. 300 nM DAPI (Invi-
trogen, OR, USA) was used for staining the nuclei, 10 min 
RT. Coverslips were mounted using Dako Fluorescent 
Mounting Medium (Agilent Technologies, CA, USA) and 
labeled samples were analyzed using Zeiss Axio Observer 
(Oberkochen, Germany) fluorescent microscope, the 63 X 
objective with immersion oil and Zen BLUE software.

Quantitative evaluation of Nkx2.5 nuclear localization 
  Custom image processing and analysis tools were em-
ployed to perform a quantitative evaluation of the Alexa 
Fluor-594-labelled nuclear-localized Nkx2.5 protein. Nuclear 
quantity (NQ) of Nkx2.5 was computed as a number of 
dots detected in the nucleus region of the immuno-
fluorescent image. Required tools have been implemented 
in MatlabTM environment (The MathWorks, Natick, MA, 
USA). To obtain NQs, it was necessary to segment DAPI 
images (find borders of the nuclei) and sum up all the 
dots detected in Alexa Fluor-594 image that belong to the 
nucleus region. Image segmentation to acquire nuclei re-
gions included image manipulation steps like Gaussian 
image smoothing for noise reduction and thresholding. 
Other minor processing steps were used to ensure the sol-
idity of nuclei regions. Symmetrical feature detection and 
Laplacian of Gaussian (LoG) filtering were performed to 
enhance visible dots in Alexa Fluor-594 image. Symmetri-
cal feature detector generates a map of second order sym-
metries using Johansson method (15), and LoG filter re-
jects non-spot (concave) symmetrical areas. Detection of 
local maxima of dots produces a binary image with 
marked centers of fluorescent dots. Previously detected 
nuclei areas in DAPI images were used as regions of inter-
est (ROIs) for calculations of the total fluorescent dots 
count, expressed as NQ: 

  ∑ ∈ 


  where (x, y) represents pixel coordinates, and 
 is 

a binary image, which contains only centers of fluorescent 
dots marked as single white pixels.
  Wilcoxon rank sum test was used to test the hypothesis 
on the equality of medians of two samples. Statistical sig-

nificance of changes between samples was presented over 
Tukey-style box plots.

Extracellular flux analysis
  Energetic profile of differentiated and control cells was 
determined using Seahorse XFp Extracellular Flux Analy-
zer and Cell Energy Phenotype Test Kit (Agilent Techno-
logies, CA, USA). Mitochondrial respiration was measured 
using Cell Mito Stress Test Kit. Oxygen consumption rate 
(OCR) and extracellular acidification rate (ECAR) were 
measured simultaneously, firstly without inhibitors of the 
electron transfer chain (oligomycin, FCCP, rotenone and 
antimycin A) – the baseline, and then after the addition 
of the above-mentioned inhibitors. After the measure-
ments, cells were collected and lysed using RIPA buffer 
(150 mM NaCl, 10 mM EDTA, pH 8.0, 10 mM Tris, pH 
7.4, 0.1% SDS, 1% deoxycholate, 1% NP-40 in PBS, pH 
7.6). Total protein concentrations were measured using 
DC Protein Assay (BioRad Laboratories, CA, USA) and 
spectrophotometer Infinite M200 Pro (Tecan, Switzer-
land). In all calculations, OCR and ECAR values were 
normalized to the total amount of protein in each well and 
expressed per μg of protein. Cell energy phenotype, 
OCR/ECAR ratio, determined from the normalized OCR 
and normalized ECAR, and the metabolic potential, calcu-
lated as the percentage increase of stressed OCR over 
baseline OCR and stressed ECAR over baseline ECAR, 
were evaluated from the Cell Energy Phenotype Test data. 
Cell Mito Stress Test was used to obtain maximal respira-
tion (the difference between OCR after FCCP injection 
and non-mitochondrial OCR, expressed as fold induction 
over baseline), spare respiratory capacity (the ratio be-
tween maximal respiration and basal respiration, where 
basal respiration reflects only mitochondrial respiration, 
expressed in percent) and ATP production (OCR differ-
ence before and after the addition of oligomycin). More 
details are provided in the Supplementary Methods. 

Statistical analysis
All experiments were performed in triplicates, data were 
expressed as mean values with SDs. One-way ANOVA 
with Tukey post-hoc test in GraphPad Prism software 
(CA, USA) was used for statistical analysis. 

Results

Characterization of human AF-MSCs
  For cardiomyogenic differentiation induction human 
amniotic fluid-derived mesenchymal stem cells, obtained 
from the amniotic fluid of the second-trimester pregnancy, 
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Fig. 1. Characterization of human AF-MSCs. (A) The typical spindle-shaped morphology of human amniotic fluid-derived mesenchymal 
stem cells, cultivated in cell culture. Scale bar=400 μm. (B) The expression of cell surface markers CD44, CD90, CD105 and CD34 
as detected by flow cytometry. Unlabeled ctrl–non-labeled, undifferentiated control cells. Results are presented as mean±SD (n=3). (C) 
The relative expression of pluripotency genes-markers, such as OCT4, SOX2, NANOG and REX1 as determined by RT-qPCR. Data, relative 
to GAPDH, are presented as mean±SD (n=3).

were used. These stem cells have typical spindle-shaped 
morphology (Fig. 1A) and express high levels (over 95%) 
of mesenchymal cell surface markers, such as CD44 (cell 
adhesion molecule), CD90 (Thy-1, thymocyte antigen-1) 
and CD105 (endoglin) but do not express (less than 1%) 
hematopoietic cells marker CD34 (Fig. 1B) as detected by 
flow cytometry. They are also positive for pluripotency 
genes-markers, such as OCT4, SOX2, NANOG, and REX1 
(Fig. 1C) as determined using RT-qPCR. 

Assessment of alterations during the induced 
cardiomyogenic differentiation
  Cardiomyogenic differentiation was induced with two 
concentrations of angiotensin II and two concentrations of 
TGF-β1. Decitabine was used as a positive control be-
cause it was previously demonstrated as the potential dif-
ferentiation inducer (4). All these agents caused morpho-
logical alterations in induced cells (Fig. 2A), cells became 
elongated and grew in a tight fibrous monolayer forming 
junctions between adjacent cells. No differences in mor-
phology were detected between different concentrations of 
angiotensin II and TGF-β1. Then, induced differentiation 
was evaluated at the gene expression level. Firstly, the ex-
pression of three early transcription factors (TF) – 
NKX2-5, TBX5 and GATA4 – regulating the expression 
of structural and functional genes of cardiomyocytes was 
assessed. As shown in Fig. 2B and Supplementary tables, 
obtained from STRING database, NKX2-5 interacts with 
other TFs TBX5 and GATA4 forming the network of tran-
scription factors that cooperate with MYH6 (α-myosin 

heavy chain), TNNT2 (cardiac Troponin T) and DES 
(Desmin) in the early cardiac phenotype induction, heart 
morphogenesis and development. The results revealed that 
the relative gene expression of NKX2-5 as well as of 
GATA4 was upregulated in AF-MSCs induced with all 
agents while the expression of TBX5 increased sig-
nificantly only in decitabine and TGF-β1 differentiated 
cells (Fig. 2C). Angiotensin II caused a very slight upregu-
lation of TBX5. Next, the relative expression of several 
structural genes of cardiomyocytes considered as cardiac 
genes-markers, i.e. TNNT2, MYH6 and DES was deter-
mined. These genes were strongly upregulated after the in-
itiation of differentiation with all agents (Fig. 2C). Decita-
bine caused the highest upregulation of MYH6 and DES 
while TNNT2 increased the most in TGF-β1 treated cells. 
Both concentrations of angiotensin II and TGF-β1 in-
creased the expression of MYH6 and DES to the com-
parable level. Furthermore, several cardiac ion channels 
were observed at the gene expression level: SCN5A – so-
dium voltage-gated channel α-subunit 5, CACNA1D – 
L-type calcium channel, KCNJ12 – the ATP-sensitive in-
ward rectifier potassium channel, KCND3 – the transient 
outward potassium channel and HCN2 – the hyperpolari-
zation-activated cyclic nucleotide-gated channel (Fig. 2D). 
The data indicated that decitabine, angiotensin II and 
TGF-β1 upregulated the expression of assessed ion chan-
nels genes to a different extent: angiotensin II (especially 
1 μM concentration) and decitabine caused the highest 
increase in the expression while TGF-β1 had a smaller 
effect (5 ng/ml of TGF-β1 was slightly more effective 
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Fig. 2. Alterations in morphology and gene expression patterns during decitabine, angiotensin II and TGF-β1 induced cardiac differentiation. 
(A) Assessment of the cell morphology 12 days after the cardiac differentiation initiation. Dec: decitabine, AngII: angiotensin II, TGF-β1: 
transforming growth factor-beta 1. Scale bar=400 μm. (B) The connections between proteins that are considered as cardiomyogenic differ-
entiation markers. NKX2-5, TBX5 and GATA4 are the early transcription markers, initiating the expression of structural proteins of car-
diomyocytes, such as MYH6 (α-myosin heavy chain), TNNT2 (cardiac troponin T) and DES (Desmin). The data was obtained from the 
STRING database. (C) The relative expression of the main cardiac : genes-markers, such as NKX2-5, TBX5, GATA4, MYH6, TNNT2 and 
DES at the days 5 (5 d.) and 12 (12 d.) of induced differentiation. Ctrl–non-differentiated control cells. (D) The relative expression of cardiac 
ion channels genes at the day 12 of differentiation: SCN5A (sodium voltage-gated channel α-subunit 5), CACNA1D (L-type calcium channel), 
KCNJ12 and KCND3 (voltage-gated potassium) and HCN2 (hyperpolarization-activated cyclic nucleotide-gated channel). The relative gene 
expression was determined by RT-qPCR, normalized to GAPDH and presented as a fold change over undifferentiated control. The data 
are presented as mean±SD (n=3), p≤0.05 (*), p≤0.01 (**), p≤0.001 (***), ns: non-significant.
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Fig. 3. Evaluation of Connexin43 (Cx43) and Nkx2.5 levels in induced AF-MSCs. (A) The levels of Cx43, the main gap junction protein, 
and Nkx2.5, an early cardiac transcription factor, as determined by Western blot in non-differentiated cells (Ctrl) and differentiated cells 
at the days 5 and 12. As a positive control mouse heart lysate was used. The relative density of each band was measured using ImageJ 
software (NIH, USA), normalized to the GAPDH loading control and presented as a fold difference over control. The data are presented 
as mean±SD (n=3), p≤0.05 (*), p≤0.01 (**), p≤0.001 (***), ns: non-significant. The blots represent one of three independent experiments 
showing similar results. (B) The distribution of Cx43 in control and induced cells at the 12 day of differentiation as obtained using the 
immunofluorescence assay. The data from each differentiation sample is presented in two images: the left panel–two channels view (blue 
nuclei and green Cx43) and the right panel–the same image in three channels view (blue nuclei, green Cx43 and red F-actin). Samples 
were observed using Zeiss Axio Observer fluorescence microscope, 63X magnification with immersion oil, scale bar=10 μm. (C) The 
immunofluorescence data of Nkx2.5 protein in control and induced cells at the 12 day of differentiation. Nuclei stained blue, Nkx2.5 
– red and F-actin – green. Samples were observed using Zeiss Axio Observer fluorescence microscope, 63X magnification with immersion 
oil, scale bar=10 μm. (D) Quantitative evaluation of Nkx2.5 nuclear localization at the day 12 of differentiation as calculated from the 
Nkx2.5 immunofluorescence images. The nuclear quantity of Nkx2.5 was normalized to the median value of undifferentiated Control (Ctrl) 
and presented as normalized nuclear quantity (NNQ). All NNQs were graphed as Tukey-style box plots with sample size n=66, 31, 57, 
58, 64 and 60. Relative change of medians and the statistical significance of changes are presented above the box plots. Wilcoxon rank 
sum test was used for statistical analysis, p≤0.001 (***).

than 10 ng/ml).
  In addition to the alterations at the gene expression lev-
el, two proteins, vital for the development of the car-

diomyocyte-like phenotype were investigated, i.e. Connexin43 
(Cx43) – the main component of gap junctions and Nkx2.5 
– the early cardiac transcription factor. As the Western



258  International Journal of Stem Cells 2019;12:251-264

Fig. 4. Cell energy phenotype and metabolic alterations during cardiac differentiation of AF-MSCs. (A) Cell energy diagram showing normal-
ized oxygen consumption rate (OCR) and normalized extracellular acidification rate (ECAR) of control and differentiated cells at the basal 
(the hollow points) and stressed conditions (colored points). (B) The ratio of normalized OCR to normalized ECAR in control and induced 
AF-MSCs. (C) Metabolic potential (in percent) of undifferentiated and induced AF-MSCs was calculated from stressed OCR/ECAR over 
Baseline OCR/ECAR. (D) Mitochondrial respiration expressed as normalized OCR of control and differentiated cells after the addition of 
ETC inhibitors oligomycin, FCCP, rotenone and antimycin A. The time in the x-axis represents time points when each measurement was 
done. All calculations of mitochondrial function were done referring to these measurements. (E) Maximal respiration, calculated as normal-
ized OCR fold induction over baseline. (F) Spare respiratory capacity, a derivative from Maximal respiration, was expressed in percent 
for the control and induced cells. (G) ATP production was calculated as the OCR difference between the baseline and after the addition 
of oligomycin. (H) The relative expression of genes, related to the cell metabolism and respiration: PPARGC1A (Peroxisome 
Proliferator-Activated Receptor Gamma Coactivator 1 Alpha), NRF1 (nuclear respiratory factor 1) and HIF1A (hypoxia-inducible factor 1-al-
pha), in control and differentiated cells as determined using RT-qPCR. The data were normalized to GAPDH and presented as a fold change 
over undifferentiated control. The data in A∼G was obtained using Seahorse XFp Extracellular Flux Analyzer (Agilent, USA), “Cell energy 
phenotype test” (parts A∼C) or “Cell Mito Stress Test” kits (parts D∼G) and cells differentiated for 12 days. Results are presented as 
mean±SD. p≤0.05 (*), p≤0.01 (**), p≤0.001 (***), ns: non-significant.
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blot data uncovered, the levels of Cx43 increased in all 
induced AF-MSCs, especially in decitabine and 5 ng/ml 
TGF-β1 treated cells (Fig. 3A). Concomitant with that 
very high levels of Cx43 were detected in the adult mouse 
heart lysate. Immunofluorescence data complemented 
Western blot results and revealed that Cx43 started to mi-
grate towards the boundaries of the cells and accumulate 
at the peripheral of the differentiated cells where it could 
form functional gap junctions channels (Fig. 3B). The lev-
els of Nkx2.5 also increased in all induced to differ-
entiation stem cells, to the rather similar extent, however, 
the upregulation was slightly lesser than Cx43 (Fig. 3A). 
High levels of Nkx2.5 in the mouse heart revealed its im-
portance for the cardiac tissue. Immunofluorescence of 
Nkx2.5 supplemented Western blot data and exhibited 
that it was mainly located in the nuclei (Fig. 3C). Con-
comitant with that, quantitative evaluation of Nkx2.5 lo-
calization in the nuclei from the immunofluorescence im-
ages demonstrated higher nuclear levels of this cardiac 
transcription factor in angiotensin II and TGF-β1 treated 
AF-MSCs compared to undifferentiated control (Fig. 3D).

Evaluation of metabolic changes during the induced 
differentiation
  After the initiation of differentiation was confirmed at 
the gene and protein expression level, cellular energetics 
and mitochondrial function were observed using Seahorse 
extracellular flux analyzer. For the assessment of these pa-
rameters, cells were induced using decitabine, 1 μM of 
angiotensin II and 5 ng/ml of TGF-β1 as these differ-
entiation conditions caused the highest upregulation rate 
of specific genes and proteins (Fig. 2 and 3). Firstly, the 
rates of oxygen consumption (OCR) and extracellular 
acidification (ECAR) were measured simultaneously un-
der basal and induced stressed conditions and the switch 
in cell energy phenotype towards more energetic was ob-
tained in all induced cells while undifferentiated control 
cells remained almost at the same level (Fig. 4A). In addi-
tion, OCR/ECAR ratio at the basal conditions was higher 
in the differentiated cells compared to control cells (Fig. 
4B) indicating that treated cells started using Oxidative 
phosphorylation more than glycolysis for the energy pro-
duction. Under induced stress conditions, mimicking the 
maximal energy demand for the cell, angiotensin II-treat-
ed cells had significantly higher OCR compared to un-
treated cells and it was higher than ECAR at the same 
conditions (Fig. 4C), meaning that these AF-MSCs relied 
more on the mitochondrial respiration. On the other hand, 
decitabine differentiated cells possessed higher stressed 
ECAR than OCR as well as undifferentiated cells suggest-

ing that they may utilize glycolysis more. Interestingly, 
TGF-β1 treated cells had higher stressed OCR than con-
trol cells but the difference between OCR and ECAR un-
der induced stress conditions was insignificant demon-
strating the use of both energetic pathways. In association 
with the upregulated oxidative phosphorylation, mito-
chondrial respiration was analyzed in control and cells, in-
duced to differentiation, measuring OCR after the addi-
tion of electron transfer chain inhibitors (Fig. 4D). It re-
vealed that maximal respiration and its derivative spare 
respiratory capacity, indicating the capability of the cell 
to respond to an energetic demand, were increased in 
AF-MSCs differentiated with all agents, especially in an-
giotensin II-treated cells (Fig. 4E, 4F) in correlation with 
cell energy phenotype data. ATP production also in-
creased in differentiated cells (Fig. 4G). Changes in cell 
metabolism induced changes at the transcriptional level 
too and the relative expression of several genes, related to 
metabolism, was measured (Fig. 4H). Angiotensin II upre-
gulated the expression of PPARGC1A (peroxisome pro-
liferator-activated receptor gamma coactivator 1 alpha), 
NRF1 (nuclear respiratory factor 1) and HIF1A (hypo-
xia-inducible factor 1-alpha) the most, decitabine – to the 
less extent and TGF-β1 only caused a significant upregu-
lation of PPARGC1A. 

Analysis of epigenetic changes during induced 
differentiation
  Global epigenetic changes of chromatin modifying pro-
teins and histone modifications were evaluated using im-
munoanalysis in the cells induced to differentiate with 
decitabine and both concentrations of angiotensin II and 
TGF-β1 (Fig. 5A). The obtained results exhibited the 
downregulation of all studied chromatin remodeling pro-
teins (Fig. 5B). The highest decrease was observed in 
DNA methyltransferase 1 (DNMT1) levels during differ-
entiation compared to undifferentiated control. In addi-
tion, the levels of Polycomb repressive complex 2 compo-
nents EZH2 and SUZ12 as well as Polycomb repressive 
complex 1 component BMI1, were also diminished in in-
duced cells. Histone deacetylases 1 and 2 were also down-
regulated in the treated cells. Decitabine, angiotensin II 
and TGF-β1 caused very similar changes in chromatin 
compaction proteins levels. These results are in accord-
ance with mouse heart lysate control exhibiting small lev-
els of chromatin remodeling proteins. On the other hand, 
variations in histone modifications, associated with tran-
scriptionally active chromatin state, were higher among 
differently induced cells (Fig. 5C). Histone H3 lysine 4 
trimethylation (H3K4me3) was slightly upregulated in all 
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Fig. 5. Epigenetic alterations during induced cardiomyogenic differentiation. (A) Total proteins were extracted from control cells (Ctrl) and 
cells, induced using angiotensin II and TGF-β1 at the days 5 and 12 of differentiation. Alterations in the expression levels of Polycomb 
repressive complex 2 (PRC2) proteins EZH2 and SUZ12, Polycomb repressive complex 1 (PRC1) component BMI1, DNA and histones 
modifying proteins DNMT1, HDAC1 and HDAC2 as well as in histone modifications, considered as the markers of active chromatin state 
(H3K4me3, H3K9Ac and H4hyperAc) are presented as determined by Western blot. Mouse heart lysate was used as a positive control. 
The blots represent one of three independent experiments showing similar results. (B) Relative band density of chromatin remodeling proteins 
and (C) histone modifications, as measured using ImageJ software (NIH, USA) and normalized to the GAPDH loading control. The data 
are presented as mean±SD (n=3), p≤0.05 (*), p≤0.01 (**), p≤0.001 (***), ns: non-significant. 

treated cells. In contrast, only decitabine and TGF-β1 in-
creased the levels of H3K9 acetylation and H4 hyper-
acetylation was upregulated only in decitabine induced 
cells, while other agents downregulated the levels of these 
modified histones. On the other hand, the levels of these 
histone modifications in the mouse heart were high.

Discussion

  Nowadays the field of cell therapy for the treatment of 
cardiovascular diseases is developing very fast as there is 
a high demand for new and effective application of stem 
cells strategies. One of the possible sources of stem cells 
is human amniotic fluid-derived stem cells having car-
diomyogenic capacity in vitro. In this work, differentiation 
was induced using two biomolecules, angiotensin II and 
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TGF-β1, which have a wide pleiotropic effect in different 
cells. They induce various signaling pathways in cardiac 
and renal cells, brain, adipocytes and even immune system 
(16). It was demonstrated that under specific differ-
entiation conditions, these biomolecules can induce multi-
lineage differentiation potential of embryonic or mesen-
chymal stem cells into insulin-producing cells, keratino-
cytes, chondrocytes, smooth muscle cells, osteocytes, neu-
rocytes, immune system cells Th1 or even play a sig-
nificant role in the wound closure (17). However, both 
AngII and TGF-β1 inhibit differentiation into adipocytes 
or skeletal muscle cells (17).
  In this study, these two biological compounds initiated 
alterations in human AF-MSCs leading towards the car-
diac-like phenotype formation, in contrast to Gaafar and 
co-authors study where adipose tissue-derived MSCs were 
used (18). In agreement with previously published studies 
(7, 11, 12, 19, 20), our results demonstrate that angiotensin 
II and TGF-β1, as well as decitabine, that was used as 
a positive control, together with morphological changes, 
upregulated the expression of the main cardiac genes- 
markers: early transcription factors NKX2-5, TBX5 and 
GATA4 as well as structural genes of cardiomyocytes, such 
as MYH6, TNNT2 and DES. Also, the increased ex-
pression of cardiac ion channels (sodium, calcium, potas-
sium) genes observed with decitabine, angiotensin II and 
TGF-β1, to a greater or smaller extent, suggests of gov-
erned cell fate to become functional cardiac myocytes 
upon maturation in vitro or in vivo (21). It was previously 
reported that angiotensin II and TGF-β1 may enhance 
the contractibility of mouse bone marrow MSCs (19); but, 
similarly to our results, no changes in electrophysiological 
characteristics were detected after differentiation induction. 
In addition to that, the enhancement of Connexin43 pro-
tein was inspected in our induced to differentiate AF- 
MSCs. These results confirmed the association between 
Cx43, angiotensin II and TGF-β1 described by Cao et al. 
(22). Connexin43 is the main component of gap junctions 
that mediate electrical and chemical coupling between ad-
jacent cardiomyocytes (23). Despite the fact that Cx43 lo-
calization in the induced AF-MSCs was more unspecific, 
diffusive in the whole cell, the tendency of its accumu-
lation at the boundaries of the cells could be detected. 
This indicates the morphological basis of the intercalated 
discs formation where Cx43 forms gap junctions and 
maintains electrical activity necessary for myocardial 
function. Moreover, the higher nuclear localization of 
Nkx2.5 protein in AF-MSCs treated with angiotensin II 
and TGF-β1 compared to control cells is strongly related 
to Nkx2.5 function upon induced differentiation (24): it 

activates the transcription of various genes participating 
in the cardiac atrium and ventricle morphogenesis, devel-
opment, cardiac muscle cell differentiation and heart de-
velopment (Gene Ontology pathways, STRING database).
  To our knowledge, we were the first to demonstrate cel-
lular energetics and metabolic alterations after AF-MSCs 
treatment with decitabine, angiotensin II and TGF-β1. 
We indicated that undifferentiated MSCs may produce 
ATP either via a tricarboxylic acid cycle or anaerobic gly-
colysis, consistent with Capasso et al. results (25). 
Meanwhile differentiated cells or specialized progenitors 
start utilizing mitochondrial oxidative phosphorylation 
more (26). Here we obtained that decitabine, angiotensin 
II and TGF-β1 shifted AF-MSCs phenotype towards 
more energetic and increased metabolic potential. They al-
so upregulated maximal respiration, spare respiratory ca-
pacity and ATP production indicating the enhanced en-
ergetic needs and metabolic activity. Previous research 
showed that cardiomyocytes, differentiated from human 
induced pluripotent stem cells in vitro, mostly applied oxi-
dative phosphorylation to meet the increased energy de-
mand (27, 28). In addition to that, PPARGC1A, NRF1 
and HIF1A genes, associated with metabolism regulation, 
were upregulated in differentiated cells. The most im-
portant – PPARGC1A – is enriched in tissues with high 
oxidative activity, like heart, and is induced in the states 
of enhanced energy demand (29) as well as stimulates mi-
tochondrial proliferation and activates nuclear respiratory 
factors 1 and 2 (NRF1/2) (30). NRF1 plays the main role 
in cardiac mitochondrial biogenesis and respiration (31). 
What is more, HIF1A, a transcriptional regulator of the 
adaptive response to hypoxia, was linked to cardiac differ-
entiation promotion in embryonic stem cells (32). Con-
sidering these extracellular flux analysis results together 
with the enhanced expression of cardiac and metabolic 
genes and proteins, the slight metabolic switch in angio-
tensin II and TGF-β1 induced cells can be considered as 
the indicator of successful commitment towards cardiomy-
ocytes forming the basis for further maturation. Depen-
ding on the cellular and molecular environment, TGF-β1 
can also generate mature cells, for example, functional 
cardiomyocytes from cardiomyocytes progenitors (33). 
Also, several studies have successfully applied TGF-β1 
induced bone marrow MSCs to rodent infarcted myocar-
dium where they assisted in the myocardial regeneration 
(12, 20) suggesting that all the features of mature car-
diomyocytes probably are not necessary for successful clin-
ical application. This suggests that AF-MSCs, pre-treated 
with angiotensin II or TGF-β1, may also have potential 
clinical utility, for example, for transplantation into the 
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myocardium, subsequent maturation and regeneration of 
the damaged tissue. As stem cells from amniotic fluid are 
considered non-immunogenic and do not cause immune 
response (34), they could be tested not only in autologous 
but also in allogeneic transplantation having wider clinical 
applications. 
  Epigenetic changes observed in this study involved 
chromatin remodeling proteins and histone modifications. 
DNA methyltransferases together with histone deacety-
lases and other chromatin modifying proteins regulate 
chromatin organization during stem cells differentiation 
(35). As our results revealed, the levels of DNMT1, as well 
as the levels of HDAC1 and HDAC2, decreased during the 
induced differentiation with decitabine, angiotensin II and 
TGF-β1. These results are in accord with Liu et al. (36) 
and Montgomery et al. (37) who suggested that HDAC1 
inhibition induced cardiomyogenic differentiation and 
that both HDAC1 and HDAC2 controlled the expression 
of cardiac genes-markers, such as TNNT2 or MYH6. Also, 
the detected downregulation of PRC2 components EZH2 
and SUZ12 that was observed in our study could be asso-
ciated with the promotion of differentiation towards car-
diomyogenic lineage (38). In addition, PRC1 protein 
BMI1 is very significant in cardiac programming as it was 
exhibited that reducing levels of BMI1 significantly en-
hanced the efficiency of fibroblasts conversion into con-
tractile induced cardiomyocytes (39). As our results in-
dicated, BMI1 levels were diminished after the induction 
of differentiation with both agents, consistent with the 
gene and protein expression pattern as well as metabolic 
changes. Moreover, reduced BMI1 expression correspon-
ded with the increased levels of active histone mod-
ification H3K4me3 at cardiogenic loci (39) and similar 
global effect of increased H3K4me3 was observed in our 
study. Interestingly, the global levels of acetylated histones 
H3 and H4, also associated with the transcriptional activ-
ity, increased only in decitabine and TGF-β1 treated 
AF-MSCs despite the global decrease in HDAC1/2 levels. 
As Wang and colleagues demonstrated (40), promoters of 
cardiac-specific genes (MYH6, TNNT2) were enriched in 
acetylated H3 and H4 and higher levels of these mod-
ifications correlate with stronger cardiomyogenic capacity. 
Regarding this, the relative expression of cardiac-specific 
genes was higher in decitabine than angiotensin II or 
TGF-β1 induced cells in our study possibly having an ef-
fect on the cardiomyogenic capacity. On the other hand, 
the global level of acetylation may not reflect the actual 
epigenetic status of cardiomyogenesis-related genes as dec-
itabine and used biomolecules have considerably different 
nature and mechanisms of action.

  In conclusion, angiotensin II and TGF-β1 are able to 
induce alterations in gene and protein expression patterns 
in human AF-MSCs as well as metabolic and epigenetic 
landscape leading towards the formation of cardiomy-
ocyte-like cells in vitro. Comparing the used differ-
entiation conditions, 1 μM of angiotensin II had higher 
differentiation induction efficiency than 0.1 μM and 5 
ng/ml of TGF-β1 – higher than 10 ng/ml. Overall, in our 
study, angiotensin II seemed to induce cardiac differ-
entiation more efficiently than TGF-β1, however, not as 
effective as decitabine. The obtained phenotype is not 
fully mature and the generated cells can be considered as 
committed progenitors having the basis of becoming func-
tional cardiomyocytes under relevant conditions in vitro or 
in vivo. All in all, our results complement the knowledge 
of processes happening at the onset of induced cardiomyo-
genic differentiation of AF-MSCs. Future research is 
needed to evaluate the potential use of these induced 
AF-MSCs in cell therapy for the treatment of cardiovas-
cular diseases.
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