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Abstract

Background and objectives: Despite the advances made in the prevention and treatment of cardiovascular diseases (CVD) in the last
decade, they are still the leading cause of death in males at the rate of 50% worldwide. Considering the protective role of estrogen to
decrease CVD rates in young females, it was suggested that using hormone therapy can be considered to improve heart regeneration.
Using in vitro induced pluripotent stem cells (iPSCs) has become one of the most significant tools in CVD treatment in both genders. We
design a novel optimal protocol for the differentiation of iPSCs to cardiomyocytes which may be valuable for CVD treatment in men.
Methods: Human iPSCs were initially cultivated on mouse embryonic fibroblasts and then, transferred to a specific culture medium
for differentiation process. In vitro differentiation of iPSCs into cardiomyocytes was induced at three phases on RPMI-1640 medium
including CHIR99021 (5 µM) on days 0–3, BMP4 (20 ng/mL), and bFGF (100 ng/mL) on days 3–5, 10 µM of XAV939 on 6–8, and
phytoestrogen + ascorbic acid on days 8–13. Scanning electron microscopy and Real-time PCR using specific primers were applied to
confirm produced cardiomyocytes. Results: We found that the simultaneous use of small chemical molecules such as CHIR99021 and
XAV 939, growth factors, such as BMP4, bFGF, and herbal-derived phytoestrogen from red clover could efficiently differentiate hiPSCs
from the mesoderm and cardiomyocytes after 13 days. Using phytoestrogen increased the induction of cardiac markers including cTnT
and GATA-4 in a shorter time; consequently, the proposed formulation has the potential to be used in developing a novel approach for
cardiac repair or regeneration. Conclusion: Presented data indicated that the serial use of XAV939 and phytoestrogen at different times
and stages can successfully induce cardiogenesis from hiPSCs. Thus, the proposed approach can be used for improved translational
strategies for cardiac regeneration with fewer side effects.
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1. Background
Over the last few decades, cardiovascular disease

(CVD) was considered the major leading cause of mortality
and morbidity worldwide [1,2]. It led to about 17 million
deaths in 2012 [3]. Myocardial infarction (MI) is the most
common type of heart failure characterized by a remark-
able loss of the number of functional cardiomyocytes which
affect beating and eventually pumping blood to the whole
body. Despite the presence of multiple treatments for CVDs
such as surgery and pharmaceutical therapies, they are still
challenging, and other approaches were proposed to reduce
the rate of side effects caused by these techniques. Owing
to the fact that adult hearts have a slight capacity to regen-
erate themselves, the heart regeneration methods such as
cardiomyocyte transplantation to restore lost cells and heal
the damaged tissues, have become a novel approach for MI
treatment [4,5].

Before puberty, the ratio of left ventricular (LV) mass
to body weight is higher in boys than in girls. One year
after birth, the mitotic division of normal cardiomyocytes
stops, and the cardiomyocytes begin to increase in vol-
ume (hypertrophy) relative to the number of cells. This
left ventricular-sized hypertrophy in men has increased
CVD risk compared to women [6]. While, CVD is preva-
lent in young women, epidemiological results showed that
postmenopausal women have a somewhat similar rate of
heart disease to men [7]. Therapeutic response to some
cardiovascular-related diseases such as aortic stenosis is
better in women than in men and also transcriptomic results
have also shown that fibrosis and inflammation are present
in men but very low in women [8]. Studies represented that
the reason to protect premenopausal women from CVD is
the presence of female hormone estrogen which is much
lower in the blood of postmenopausal and oophorectomy
cases similar to men [9,10]. Both men and women produce
the estrogen hormone; however, the amount of estrogen in
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women is much higher than in men. In women, most of
the estrogen hormone is produced in the ovaries and pitu-
itary gland, but in men, the amount of this hormone is less,
and it is secreted from the testicles. Various reports showed
that estrogen plays a role to protect the heart in different
ways [11]. The estrogen hormone, as a ligand, binds to
its receptor (ERα and ERβ). Daidzein and genistein are
natural compounds which structurally belong to a class of
compounds called isoflavones. They serve as phytoestro-
gens and are abundant in various edible plants such as soy-
beans and red clover. Phytoestrogens, like estrogen, bind to
both ERα and ERβ; however, they bind to ERβ with greater
affinity.

Nowadays, pluripotent stem cells (PSCs), encompass-
ing embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) have become themost promising sources
for drug discovery and tissue regeneration [12–15]. These
cells are capable of uncontrolled proliferating in vitrowhile
maintaining the potential to differentiate into three germ
layers. Various methods were developed for reprogram-
ming and producing iPS cells from somatic cells, but due
to using multiple growth factors or recombinant proteins
or inducers, these techniques are relatively expensive [16–
18]. Furthermore, the use of iPSCs in the treatment of car-
diac diseases is better than ESCs due to the lack of social-
ethical issues and immune rejection [19–21]. Moreover, in-
duced pluripotent stem cell-derived cardiomyocytes (iPSC-
CMs) were used for heart remodeling after ischemic dis-
ease [16,22]. Cardiac development consists of a complex
network of signal transduction pathways and transcription
factors which work in a combinatorial manner.

WNTs/Nodal, bone morphogenetic proteins (BMPs)
and fibroblast growth factors (FGFs) are some of the most
important specialized cardiac signaling pathway factors
[23]. Canonical WNT/β-catenin signal transduction path-
way is one of the most important signaling pathways which
serves as a double-edged sword, and plays an important role
in the heart development and differentiation from PSCs. In
this pathway, glycogen synthase kinase-3β (GSK3β) plays
strategic roles in different physiological processes such as
the development, apoptosis, and cell cycle, particularly in
cardiac cells [24,25]. Short-term induction of WNT sig-
naling pathway maintains pluripotency, while prolonged
induction of WNT signaling pathway by small molecules
leads to differentiation of pluripotent stem cells to meso-
derm derivatives [26,27]. Recent evidence has recom-
mended using small molecules in various processes, such as
in vitro cell differentiation and reprogramming. For exam-
ple, it has been reported that inhibition of GSK3β by chem-
ical small molecule inhibitors, such as CHIR99021, BIO,
CHIR98014, SB-216763, and AR-A014418 induce apop-
tosis of cancer cells in mice [28,29]. CHIR99021 induces
efficient differentiation of cardiomyocytes via inhibition of
GSK3β factor [30,31]. Nevertheless, various factors must
be considered to determine the fate of iPSC-CMs differen-

tiation, including binary (inhibition and induction) modula-
tion ofWNT signaling, concentrations of GSK3β inhibitors
(e.g., CHIR99021 as the WNT inducer and IWR1 as WNT
inhibitor), and 3-dimensional culture medium [32]. BMP
and Activin A are also required for iPSC-CMs generation
[33,34].

Although hiPSC-CMs have recently been developed
by different protocols using small molecules, other param-
eters, such as the maturation of hiPSC-CMs, morphology
[35], reliance on consumption of glycolytic metabolism
[36], and calcium handling [37] in a 3D substrate were op-
timized to produce cardiomyocytes that are similar to adult
cardiac cells [38,39]. Estrogen was shown to play a very
important role to maintain women’s health and preventing
many heart diseases [40]. Since the phytoestrogen has an
estrogen-like function and binds to the same estrogen re-
ceptor (ERα and β) [41], in this experiment, the animal
estrogen-like plant estrogen compound was employed to in-
duce cardiomyocyte differentiation in the late stage of pro-
cess. This study was done to generate cardiomyocytes from
hiPSCs using chemical small molecules and phytoestrogen,
as a natural extract from red clover leaf to investigate the
combination of using different concentrations of phytoe-
strogens and other small molecules in mesoderm and car-
diac differentiation. Finally, the interaction of amino acids
of p38MAPK protein with the genistein and electric charge
distribution of genistein was evaluated by molecular dock-
ing methods that the purpose of this bioinformatics struc-
tural assay is to study the geometric structure of genistein
in depth and use it as a therapeutic drug for the treatment of
heart disease and to investigate the possibility of side effects
on the heart.

2. Materials and methods
2.1 Chemicals and reagents

Human BMP4, Activin A, bFGF, and CHIR99021
were purchased from Applied Biological Materials (ABM)
Inc, Richmond, BC, Canada, whereas XAV939, glutamine,
and L-Ascorbic acid, were bought from FUJIFILM Wako
Chemicals, Osaka, Japan. The hESC-qualified Matrigel
(TM) (BD Biosciences, San Jose, CA, USA), mTESR1
(STEMCELL Technologies, Vancouver, BC, Canada), Fe-
tal Bovine Serum (FBS) from Gibco, Thermo Fisher Scien-
tific, Brasil, Triton X-100 (Sigma-Aldrich, Tokyo, Japan),
phosphate-buffered saline (PBS) without Ca2+ and Mg2+
(Kiazist Corp, Hamedan, Iran), paraformaldehyde (Sigma-
Aldrich), RPMI-1640 with L-Glutamine medium (FUJI-
FILM Wako Chemicals), and sodium L-lactate (Sigma-
Aldrich), collagenase type 1 (FUJIFILMWako Chemicals),
Glycine, bovine serum albumin (BSA), Tween 20 (Merck),
first and second antibody, 1X penicillin-streptomycin solu-
tion (Sigma-Aldrich), Dulbecco’s Modified Eagle Medium
(DMEM) containing 4.5 g/LD-glucose (Gibco), mitomycin
C (Sigma-Aldrich), 70% ethanol, and 0.25% trypsin-EDTA
(Bio idea) were used. Phytoestrogen was extracted from the
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Fig. 1. Schematic representation of our cardiomyocyte differentiation approach.

leaves of Trifolium pratense, as explained in our earlier re-
port [42].

2.2 Mouse embryonic Fibroblasts (MEFs) isolation and
inactivation

The following procedure was used: Harvest embryos
from pregnant female mice 12.5 days. Thoroughly soak the
mice fur with 70% ethanol. Gently cut the mice’s skin with
scissors. Put the mice in one petri dish containing 10 mL
0.25% trypsin-EDTA, then using forceps and scissors, lift
up the skin, and cut the uterine horn. Separate all embryos
by slicing the region between them then transfer the em-
bryos to a new petri dish covered by PBS to remove the
blood. Cut off the head and tear out the red tissues, such as
the liver and heart of embryos and then, transfer the rest
of the embryos in a petri dish containing 0.25% trypsin-
EDTA. Therefore, using a razor blade to mince the tissue
of the embryo into pieces of 1–2 mm. Pipet up and down
several times and then place the petri dish in tissue culture
incubator with 37 ◦C for 10 min. At last, transfer single and
cluster cells to T75 flasks containing 15–20 mL MEF cul-
ture medium (DMEM + 10% FBS). Grow MEFs until con-
fluent 80–90% after 1 day and then, to inactivate MEF, add
10 µg/mL Mitomycin C per 1 mL medium, return flasks to
the incubator for 2–3 h. subsequently, rinse the flask twice
with 15–20 mL PBS.

2.3 Cultivation of human iPSCs

A lentiviral derived iPSC line from human dermal fi-
broblasts was previously generated in our laboratory. The
cells were initially cultivated on mouse embryonic fibrob-
lasts (MEFs) followed by passage onto Matrigel-coated
plates in mTeSR1 medium until they reached about 90%
confluency.

2.4 In vitro differentiation of iPSCs into cardiomyocytes
The process of cardiomyocyte differentiation from

iPS cells is shown in Fig. 1. hiPS cells were trans-
ferred to RPMI-1640 basal medium containing 45 µg/mL
L-Ascorbic acid and 2 mM glutamine and B27. Small
molecules and growth factors including CHIR99021 (5
µM) on 0–3 days, BMP4 (20 ng/mL), and bFGF (100
ng/mL) on days 3–5, were added to the cells culturemedium
to induce iPS differentiation to mesoderm. Cells were incu-
bated for 24 h at 37 ◦C and then, kept in this medium with
CHIR99021 (5 µM) for 24 h. Next, the culture mediumwas
replaced with a similar basal RPMI-1640 medium contain-
ing 10 µM of XAV939. Cells were kept in this basal cul-
ture medium for 3 days and then, the medium was replaced
with cardiac enrichment medium and RPMI-1640 medium
with 3 mM sodium L-lactate and without glucose. After-
ward, cells were kept in a culture medium containing herbal
extract phytoestrogen for 6 days, and after the enrichment
phase, themediumwas switched back to basal medium con-
taining RPMI-1640, glutamine, and B27.

2.5 Real-time PCR
Total RNA was extracted using RNX-Plus (SinaClon;

RN7713C) Kit. After extraction process, a Nanodrop ND-
1000 spectrophotometer (Thermo Sci., Newington, NH,
USA)methodwas applied to estimate the quantity and qual-
ity of extracted RNAs. Total RNA (1 µg) was reverse tran-
scribed to cDNA using Easy cDNA Synthesis Kit (Pars
Tous Biotech, Mashhad, Iran) using the following condi-
tions; 95 ◦C for 2 min; followed by 34 cycles of 94 ◦C for
30 s, 60 ◦C for 30 s, and 72 ◦C for 45 s; followed by a sin-
gle cycle of 72 ◦C for 5 min and then, normalized based on
its OD. Primers were purchased from the Macrogen online
oligo order system, South Korea. Applied Biosystems 7500

3

https://www.imrpress.com


Table 1. Primer sequences of cardiomyocytes specific genes.
Primer/sequence Product length (bp) Annealing temperature (◦C) GC %

cTnT
166F-TTCACCAAAGATCTGCTCCTCGCT 64.11 50

R-TTATTACTGGTGTGGAGTGGGTGTGG 64.34 50

GATA4
120F- TAGACCGTGGGTTTTGCATTG 59.12 47.62

R-CATCCAGGTACATGGCAAACAG 59.58 50

Col1A1
102F-ACGAAGACATCCCACCAA 55.69 50

R-CGTTGTCGCAGACGCAGA 60.73 61.11

GAPDH
178F-ACCCACTCCTCCACCTTTG 58.84 57.89

R-CTCTTGTGCTCTTGCTGGG 58.45 57.89

Fig. 2. Slight Changes in cell morphology during differentiation process using three distinct treatments. (A) hiPSCs (100×). (B)
Differentiated cells using cocktail CHIR99021, bFGF and BMP4 (40×). (C) Differentiated cells usingXAV939 (40×). (D) Differentiated
cells using phytoestrogen (40×).

Fast Real-Time PCR thermocycler System and cyber green
Takara master mix Kit (Takara Bio Inc., Shiga, Japan) in 34
cycles were applied based on manufacturer’s instructions
using 20 µL reaction volumes for amplification. Primer se-
quences are shown in Table 1.

2.6 Immunocytochemistry

First, the culture medium is discarded and the plate is
washed with PBS 1X. then, add enough 4% paraformalde-
hyde (PFA) to the plate so that it covers only the surface

of the plate. Incubate the plate for 3 min at room tempera-
ture. Then, discard the PFA and rinse well with PBS 1X. to
transfer and penetrate the antibody into the cytosol, the cells
were placed in buffer conditions containing 0.25% Triton
X100 for 3 min. After 3 min of incubation, the cells were
washed three times for 5 min with PBS 1X. In the next step,
blocking and staining should be done with the blocking
buffer and primary antibody, respectively. The blocking
buffer contains 22.52 mg/mL glycine in PBST (PBS + 0.1%
Tween 20), 1% bovine serum albumin (BSA). Mouse anti-
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Fig. 3. Scanning electron microscopic images of differentiated cells. As shown in 2000× and 4000× magnifications, network con-
nections and double nuclei (shown with two orange arrows) were seen in the cells showed efficient differentiation (Scale bare; 20 µm
and 10 µm).

rabbit α-actinin primary antibody and secondary antibodies
Alexa Flour 488 and 570 gout-anti mouse were purchased
from sigma Aldrich. The samples were then incubated
with BSA and primary antibody at 4 ◦C overnight. Sub-
sequently, Alexa 488 fluorochrome-conjugated goat anti-
mouse secondary antibody was included and incubated for
1–2 h at RT in the dark situation. Finally, plates were ob-
served by fluorescent microscope (INV100-FL–BEL Engi-
neering, Monza, ITALY).

2.7 Scanning electron microscopy

Before scanning electron microscopy (SEM) (per-
formed in Partorayan Rastak Lab, Tehran, Iran, FEI ESEM
QUANTA 200 microscopy, FEI Co., Hillsboro, OR, USA),
specimens were prepared, completely dehydrated, and
dried. Furthermore, cells should be rinsed with PBS thrice
and fixed with a combination of glutaraldehyde 4% and
paraformaldehyde 4% in pH 6.9 for 1–2 h at room tem-
perature. Then, ethanol series for critical point drying was
done to obtain pictures with better resolution. Sampleswere
coated with gold before examination to increase electron
detection and surface scanning.

2.8 Molecular docking methods

As the inhibitor of WNT pathway, the molecular ge-
ometric structure of genistein was done using Chemoffice
18.0 software (CambridgeSoft Corporation, Cambridge,
MA, USA). The optimized structure of molecule was plot-
ted using Gaussian 03 software (The University of Cam-
bridge, Cambridge, UK). The optimization of molecules
at the highest level was performed using the density func-
tional theory (DFT) method based on B3LYP calculations
and the 6-311++G (d,p) method. It was performed for

6 computational runs, and each computational run was
performed with 200 rounds of computational convergence
to solve the Schrodinger equation. Then, the molecular
electrostatic potential (MEP) graph was utilized to assess
the electronic properties of the genistein molecular struc-
ture. Subsequently, the interactions between the genistein
molecule and p38MAPK protein were analyzed and eval-
uated by Molegro Virtual Docker (MVD) software (QIA-
GEN, Hilden, Germany). The input of Gaussian 03 soft-
ware was done via Gauss view 6 software (The University
of Cambridge, Cambridge, UK), and the output of Gaus-
sian 03 software was done via Gauss view 6 and Gauss-
Sum software (The University of Cambridge, Cambridge,
UK). Docking output was done with MVD Viewer soft-
ware. The biological simulation was performed with Swis-
sADME free web tool.

3. Results
Using current methods to differentiate iPSCs into car-

diomyocytes is limited by some challenges and problems
such as low efficiency and reproducibility. Regulation of
cardiomyocyte specificity by targeting gene expression in
pluripotent stem cells is the result of interaction among
various signaling pathways at different stages of evolution
[43]. It means that signal transduction pathways mech-
anistically have several sequential or perhaps synergistic
effects on signaling cascades, and ultimately increase the
expression of cardiomyocyte markers such as cardiac tro-
ponin T (cTnT), sarcomeric α-actinin protein, and GATA4
[32,44]. The inhibition of interactions among key signaling
pathways using chemically and naturally small molecules
at the precise time and optimal concentration can be a rev-
olutionary approach to improve the differentiation of car-
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Fig. 4. Comparison of specific cardiac gene expression in all
remedies and control group after treatment. (A) The addition
of CHIR99021-BMP4-bFGF cocktail significantly increased the
expression of mesoderm-related gene GATA-4 (p = 0.003) com-
pared to the control on day 2 and iPSCs, but the concentration
of cardiomyocyte-associated gene cTnT was relatively low (p =
0.009) and the expression of bone-related gene Col1A1 is neg-
ligible. (B) On the day 6-8 of differentiation, the addition of
XAV939 upregulated cTnT and downregulated GATA-4 markers
(p = 0.018). (C) After the addition of phytoestrogen extract until
day13, cTnT gene expression increased significantly compared to
day 6 (p < 0.01). ∗∗∗∗Significant; ns, non-significant.

diomyocytes that is suitable for clinical applications. In our
study, the ability of some chemically small molecules, in-
cluding those involved to activate WNT signaling pathway
as well as plant-derived extracts, such as red clover leaves

Fig. 5. Immunofluorescence staining of α-actinin in day 13
after treatment with the small molecules and phytoestrogen.

Fig. 6. The structural properties of genistein. (A) Two-
dimensional genistein molecular structure. (B) The theoretical
geometric structure of genistein. Three-dimensional and optimal
structure of genistein for molecular docking assay in MVD soft-
ware package.

to target differentiation of cardiomyocytes were evaluated.
To achieve this goal, sequential analysis was performed to
determine the toxicity and lethal concentrations of small
molecules and herbal extracts. We found that the appro-
priate dose of small molecules and plant extract induces the
expression of cardiomyocyte target genes in iPSCs-derived
cardiomyocytes. It was shown that p38MAPK inhibitors
can directly affect the fate of pluripotent stem cell differen-
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Fig. 7. The molecular electrostatic potential (MEP) graph of
genistein. The potential of the blue, green, and red regions of
the molecular electrostatic potential (MEP) graph of genistein is
positive, zero, and negative, respectively.

Fig. 8. The charge distribution of genistein. The red, black,
and green loops show the high-electron, natural, and low-electron
regions of genistein, respectively.

Fig. 9. Genistein (green ligand) inserted in the functional sites
of p38MAPK.

tiation into mesoderm lineages and then, differentiate them
into cardiac precursors and overexpress cardiomyocyte-
related genes. Regulating WNT endogenous signaling
pathway is critical for fetal heart development, in vitro dif-

ferentiation of cardiomyocytes, and the treatment of heart
disease [45]. Based on previous studies [42], WNT sig-
naling pathway may be suitable for the production of car-
diomyocytes and their sufficient differentiation. During
stimulation of WNT signaling pathway, a combination of
high concentrations of Activin A and low concentrations of
BMP4 and bFGF in the early stages of mesoderm forma-
tion and increased cardiac mesoderm specificity is crucial
[33]. Increasing evidence suggests that the interaction be-
tween the WNT and BMP signaling pathways as the most
major multifunctional proteins plays a pivotal role to con-
trol the expression of genes involved in cardiac differentia-
tion such as Nkx2-5, Isl1, Gata4,Mef2c, and Baf60c, which
ultimately leads to cardiac system evolution [34]. The pro-
duction of efficient mesoderm lineages requires activating
BMP signaling pathways and establishing proper WNT/β-
catenin signaling coordination [30]. While, WNT signal-
ing is still active, BMP4 growth factor can be used. BMP4
led to differentiate MSCs into the mesoderm, induced by
a direct effect on the distal-less homeobox-5 (mDlx5) gene
which is the main target gene for the BMP4 signaling path-
way. Increased BMP4 levels are essential for the overex-
pression of genes involved in cardiomyocyte generation in-
cluding Gata4 and Nkx2-5. Furthermore, it was shown that
basic fibroblast growth factor (bFGF) leads to increased ex-
pression of cardiac genes α-MHC and β-MHC [46]. There-
fore, based on our previous study, in order to achieve the
appropriate concentration, a concentration series of bFGF
was added to the culture medium by cardiomyocte differ-
entiation method. As mentioned earlier, activating WNT
signaling pathway is essential for mesoderm differentiation.
Plant derivatives such as phytoestrogens, as a hormone sim-
ilar to the female estrogen hormone, were very effective to
produce the cardiomyocytes.

The affinity of estrogen to bind ERα and ERβ recep-
tor, as a nuclear dimer protein, that binds to DNA and di-
rects the expression of specific genes is high in cardiomy-
ocytes. On the other hand, estrogen reduces producing
free radicals and ROS, resulting in the inhibition of mito-
chondrial permeability by activating ERK signaling path-
way. In addition to playing an important role to reduce the
cardiomyopathy, estrogen also simultaneously reduces un-
wanted programmed cell death or apoptosis [47]. There-
fore, we assayed the potential effects of phytoestrogens,
such as herbal-xenoestrogen that imitates estrogen at the
lowest optimum concentration (1 nM). During our exper-
iment, serial concentration of phytoestrogen extract was
used, which was the appropriate and optimal concentra-
tion for the differentiation of cardiomyocytes on days 8–
13, while other proposed concentrations, 5, 7 and 10 nM, no
significant differentiationwas observed and the cells did not
acquire the proper morphology. Therefore, it was decided
to use only 1 nM to repeat the experiment. Red clover is
one of the plants, in which different types of phytoestro-
gens such as daidzin and Genistein are found in abundance,
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Fig. 10. H-Bond and steric interactions of genistein inserted in the functional site of p38MAPK.

all of which have estrogen-like properties and a high affin-
ity for the ERβ receptor [48]. The results of our previous
studies represented that red clover leaf extract at the con-
centrations of 1–10 nM could be promising to determine
the fate of MSC differentiation into cardiac precursor cells
[42]. In this experiment, we showed that the expression
of cardiomyocyte-specific genes, such as cTnT, increased
when phytoestrogens were used. An appropriate concentra-
tion of 5 µMCHIR990021 with phytoestrogen has a syner-
gistic effect. This confirms our previous report on the role
of phytoestrogens to activate WNT pathway signaling. In
other words, applying 1 nM phytoestrogen on days 6 to 13
along with XAV 939 have potential effects on the expres-
sion of cardiomyocyte-specified genes such as cTnT as well
as appropriate morphology (Fig. 2).

We used small molecule CHIR99021 to quantitatively
assess the level of WNT signaling and identify WNT ac-
tivating capabilities. We found that 5 µM CHIR99021
strongly activates WNT signaling pathway by day 5. Dur-
ing the first stage of differentiation into mesoderm lineage
(0–5 days), the expression of GATA-4 marker compared to
human induced pluripotent stem cells (hiPSCs), as a pos-
itive control, significantly increased (p = 0.003). More-
over, we used XAV939 to investigate the ability of small
molecules to inhibit WNT. Based on the results of previ-
ous studies [49], we used 10 µM concentration of XAV939
for our experiment. Based on our test, XAV939 inhibits
WNT inhibition without apoptosis or severe programmed
cell death. To induce cardiomyocytes properly, we decided
to apply different combinations of growth factors and small
molecules which regulate the signaling pathways such as
TGF-β (BMP4 and Activin A), bFGF, and WNT signal-
ing pathway (CHIR99021, XAV939), as well as plant ex-
tracts containing phytoestrogens. Based on this analysis,
we found that a combination of BMP4 (25 ng/mL), bFGF

(100 ng/mL), and CHIR99021 (5 µM) increased the expres-
sion of mesoderm genes such as GATA-4. Moreover, the
nuclear and spindle appearance of cardiac cells observed
in the final days (day 13) of differentiation. After the end
of treatment, the cell is fixed by 4% glutaraldehyde coated
with gold (15 nm) to be visualized by electron microscopy.
As shown in Fig. 3, the extensive sarcomeric integrity fil-
aments and centrally located double nucleated cells were
observed in nearly 70–80 percent of total cells. After 13
days, when the cells cultured and differentiated in petri
dish, they were harvested by a needle under the invert mi-
croscopy and fixedwith 4% paraformaldehyde for SEMmi-
croscopy. SEM (FEI ESEM QUANTA 200 microscopy,
FEI Co., Hillsboro, OR, USA) was performed in Partorayan
Rastak Lab (Tehran, Iran). We found that creating a suitable
substrate as an extracellular matrix (ECM) which mimics
cardiac tissue conditions, together with the optimal con-
centration of growth factors and chemically and naturally
small molecule compounds can be effective in generating
induced pluripotent stem cell-derived cardiomyocytes. Be-
sides, highly precise and subtle molecular methods, includ-
ing quantitative-PCR were used to identify factors associ-
ated with in vitro cardiogenesis. We analyzed gene expres-
sion profiles in cardiac cells in the early (0–5 days) and
the late stages (5–8) of cardiomyocyte differentiation in the
presence of XAV939 and herbal extract phytoestrogens, re-
spectively. The expression of genes involved in cardiogen-
esis, includingGata-4, cTnT compared toCOL1A1, as mes-
enchymal and osteocyte control marker, and GAPDH, as a
housekeeping gene, was assessed. mRNA expression levels
were tested by reverse transcription-polymerase chain reac-
tion (RT-qPCR) in treated cells. ∆Rn data related to fluo-
rescence severity in each PCR cycle were exported and ana-
lyzed in LinReg PCR software to obtain Cq or the CT value
per sample to compare the CT values of control group. The
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induction of induced pluripotent stem cells into mesoderm
lineages was executed using WNT signaling pathway stim-
ulators on days 0–5. For mesoderm induction, we tested
the ability of CHIR99021 (5 µM), BMP4 (25 ng/mL), and
bFGF (100 ng/mL). For cardiomyocyte generation at the
early stage on days 5–8, we used XAV939 (10 µM), as a
WNT signaling inhibitor, and at the late stage on days 8–13,
we used phytoestrogen (1 nM), as an herbal extract cardio-
genic stimulator. XAV939 is known as the small molecule
inhibitor of WNT signaling pathway which indicated its
ability by binding to tankyrase (TNKS) catalytic poly-ADP-
ribose polymerase (PARP) domain. As shown in Fig. 4,
the expression level of heart-related genes such as cTnT in
comparison with mesoderm lineage, as a positive control,
significantly increased (p = 0.009). GATA-4 is one of the
important genes involved in the formation of mesoderm lin-
eages that decreased during cardiac differentiation but in-
creased during mesoderm differentiation (p = 0.018). The
frequency of cTnT gene expression was measured early on
day 5. While the addition of plant extracts containing phy-
toestrogens that mimic female estrogens increased the ex-
pression of cTnT markers. The addition of phytoestrogens
within 8 days at an optimal concentration of 1 nM along
with a suppressor of the WNT signaling pathway leads to
the differentiation of cardiomyocyte and the expression of
cardiac-related markers compared to cardiomyocyte on day
10 (p< 0.01). Finally, we also detected α-actinin (sarcom-
eric marker) by using immunostaining. Primary antibody
against α-actinin was stained with Alexa Flour® 488 FITC
conjugated secondary antibody on day 13. As shown in
Fig. 5, the picture was captured by fluorescence microscope
at 40× magnification.

The computational molecular docking (MD) meth-
ods were performed to investigate the structural proper-
ties and interaction of suitable amino acids of p38MAPK
protein with small molecule genistein. One of the most
important phytoestrogens extracted from red clover leaves
is genistein. It was shown that this compound plays an
important role to suppress p38MAPK expression, leading
to a decrease in TGFβ signaling pathway and inhibiting
the crosstalk between WNT and TGFβ signaling pathways
[50]. As a result, the process of cardiomyocyte production
from mesoderm lineage and eventually, cardiogenesis in-
creases [51].

Genistein with IUPAC name 5,7-Dihydroxy-
3-(4-hydroxyphenyl) chromen-4-one or 4,5,7-
Trihydroxyisoflavone and with chemical formula
C15H10O5 is an extracted chemical compound which
is used as an inhibitor of the p38MAPK kinase. As
shown in the molecular structure of genistein, this small
molecule consisting of three saturated and unsaturated rings
(Fig. 6A). Since this molecular compound is composed
of several rings and elements and electrons are scattered
in all parts of the structure, we evaluated different parts
of genistein. DFT method at B3LYP/6-31++G (d,p) level

of theory was used to optimally evaluate the structural
properties of genistein. Fig. 6B indicates the optimized
molecular structure of genistein. The potential of blue,
green, and red regions of the molecular electrostatic poten-
tial (MEP) graph (Fig. 7) of genistein is positive, zero, and
negative, respectively. Therefore, the carbonyl and amino
groups of the genistein compound have the highest and the
lowest electrostatic potential, respectively. Each region
of genistein compound is more negative, has a higher
electron density, and vice versa. The high-electron regions
of genistein will interact with the low-electron regions of
the active site of p38MAPK, and the low-electron region
of genistein will interact with the high-electron regions of
the active site of p38MAPK.

The natural population analysis (NPA) of the genis-
tein chemical compound is acquired via Mulliken popula-
tion analysis (MPA) using DFT method at the B3LYP/6-
311++G (d,p) level of theory [52]. Fig. 8 indicates the
charge distribution on the molecular structure of genistein.
The red, black, and green loops show the high-electron, nat-
ural, and low-electron regions of genistein. The more nega-
tive the electric charge of genistein, the greater the tendency
of atoms to interact with low electron regions of the active
site of p38MAPK. Natural regions of genistein are capable
of binding to p38MAPK by the steric interactions. The low-
electron and high-electron regions of genistein are capable
of binding to corresponding proteins by hydrogen bonds.

Molecular docking bioinformatics tools were also
used to predict the binding orientation, activity, and affin-
ity rate of the small molecule to corresponding proteins.
The binding interaction of small molecules with associ-
ated proteins was performed using Molegro Virtual Docker
(MVD) software package. Fig. 9 indicates the best inter-
action of genistein with the active site of p38MAPK. The
extracted compound (ligands) was docked in the functional
sites of p38MAPK, and the minimum energy (molecular
docking score) was evaluated. In Table 2, some essential
data obtained from molecular docking analysis including
steric, hydrogen bond, electrostatic, water-ligand, torsional
strain, total internal and external interactions are presented.
Steric interactions are the most important protein-ligand in-
teractions. The rate of total interaction between genistein
and p38MAPK due to molecular docking score is –100.810
Kcal/mol , the interaction values above –150 Kcal/mol are
very strong, and values below –80 are very weak.

Based on Table 3, genistein binds to the residues
Gly110, Val 30, Tyr 35, Met 109, Ala 108, Val38, Leu167,
Ala51, Ile84, Gly31, Thr106, Ala157, Asn115, and Asp112
from the p38MAPK protein. Fig. 10 shows the most im-
portant amino acid residues of p38MAPK protein with the
steric interactions with genistein. Moreover, genistein is ca-
pable of binding to p38MAPK via hydrogen bond (H-bond)
interactions with the residues Met109, Gly110, and His107
from p38MAPK protein and three water molecules HOH
2173, HOH 2071, and HOH 2172.
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Table 2. Moleclar docking data ftom interaction between
genistein and p38MAPK.

Interactions MD score (Kcal/mol)

External ligand
interactions

Steric (by PLP) −98.985
Hydrogen bonds −10.835
Electrostatic (short range) 0.000
Electrostatic (long range) 0.000
Water-Ligand Interactions −15.455
Total External interactions −123.459

Internal ligand
interactions

Torsional strain 0.000
Steric (by PLP) 22.648
Hydrogen bonds 0.000
Electrostatic 0.000
Total Internal interactions 22.648

Total interactions −100.810

Table 3. The participated residues of p38MAPK in
ligand-protein interactions.

Residue MD score (Kcal/mol)

Gly 110 −15.839
Val 30 −13.209
Tyr 35 –12.473
Met 109 –10.927
Ala 111 –9.343
Leu 108 –8.142
Val 38 –6.440
Leu 167 –5.650
Ala 51 –5.511
Ile 84 –5.100
His 107 –4.931
Water –4.251
Water –4.048
Water –3.809
Gly 31 –2.210
Thr 106 –2.067
Ala 157 –1.605
Water –1.329
Water –1.105
Asn 115 –0.8536
Asp 112 –0.7477
Water –0.6169

Furthermore, in molecular docking, some biochemi-
cal properties were examined regarding lipophilicity (Log
PO/W : 1.91), water solubility (Log S = –3.72 : soluble),
intestinal absorption (high), blood-brain barrier penetration
(no), inhibitor of secondary metabolism (yes), skin perme-
ability (yes, Log KP = –6.05 cm/s), bioavailability via Lip-
inski΄s rules (yes, bioavailability score = 0.55), and biocom-
patibility (yes).

4. Discussion
Previous studies showed that CVD rate in pre-

menopausal women is significantly higher than in men and
postmenopausal women which can be due to imbalances or
fluctuations in estrogen production, and it was suggested
that declined estrogen increased the risk of CVD [53,54].
Some of the plants are rich in isoflavones, such as red clover
leaves, and contain some phytoestrogens, which can play a
role similar to estrogen. The effect of these phytoestrogens
on cardiomyocytes and the prevention of heart diseases has
received much attention [55]. Furthermore, isoflavone in-
terventions such as using genistein (54 mg/day) have also
beneficial effects on osteogenesis and are safe in post-
menopausal women [56]. Studies showed that phytoestro-
gens, such as genistein promote their potential functions by
affecting estrogen receptor (ER)-mediated signaling path-
way, the phospholipase C, and mitogen-activated protein
kinase (MAPK) [57]. Genistein undergoes phase II xeno-
biotic metabolism, such as glucuronidation and sulfation re-
actions at 7’ and/or 4’ positions of the isoflavone ring [58].
Based on the reports obtained from various studies, in the
present study, it was decided to evaluate the possible effect
of phytoestrogen-containing genistein on the differentiation
of mesoderm lineage into cardiomyocytes along with other
effective small molecules and growth factor.

Since CVD has become one of the most common
causes of death in the world, finding promising and revo-
lutionizing ways to treat heart-related diseases has become
one of themost exciting and complex challenges in biomed-
ical and regenerative medicine. In recent years, there were
many advances in the treatment of heart disorders, but this
disease is still recognized as the leading cause of mortality
and morbidity around the world. Using pluripotent stem
cells, such as ESC and iPSCs in the treatment of CVD
has become a beneficial tool among medical biologists.
Therefore, we decided to use the innovative differentiation
protocol, which is less risky and more cost-effective. In
the present study, small molecules and growth factors plus
herbal-derived compounds were used to differentiate car-
diomyocytes from iPSCs.

We initially used mouse embryonic fibroblasts
(MEFs) feeder cells to maintain pluripotency and prolifer-
ation of iPSCs in a culture medium. Before we cultured
iPSCs on feeder cells, MEFs cells were treated with
mitomycin C antibiotic, by which MEFs were mitotically
inactivated, but cells had metabolic activity. These types of
cells provide and produce growth factors, such as Activin
A, extracellular matrix, cytokines, and adhesion molecules.
Recently, xeno-free cell culture protocols such as mTeSR
have been used for the maintenance of iPSCs to avoid
contamination with pathogens and animal factors. This
method cannot be used on a large scale because the growth
factors need to provide proliferation and they are not able
to support undifferentiated stem cell growth. Therefore,
their use on a large scale is not cost-effective due to the
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consumption of human serum albumin and growth factors.
The importance of using small chemical molecules

as extrinsic stimuli was proven in cardiomyocyte genera-
tion and pluripotent stem cell differentiation. At the first
stage of differentiation (0–5 days), the formation of meso-
dermal cells, using small molecules, such as CHIR99021
and growth factor bFGF, Activin A, and BMP4 activated
the WNT/β-catenin signaling pathway and this stage com-
pared to hiPSCs, as a positive control, based on GATA-4
marker. GATA-4 marker in mesoderm lineage in compar-
ison with hiPSCs significantly overexpressed. At the sec-
ond stage of our experiment, for the formation of cardiomy-
ocytes, the WNT/β-catenin pathway as a small molecule
inhibitor, such as XAV939 was added which increased the
expression of a cardiomyocyte-associated marker, such as
cTnT. In our studies, we showed that WNT signaling path-
way induction by 5 µMCHIR99021, 25 ng/mL BMP4, and
100 ng/mL bFGF directly was involved in mesoderm dif-
ferentiation. Also, 5–8 days after differentiation, for car-
diomyocyte generation, the WNT signaling pathway was
inhibited by 10 µM XAV939 within 3 days. It seemed that
BIO has a toxic impact on iPSCs. Finally, we added phy-
toestrogen to the culture medium containing differentiated
cardiomyocyte for 5 days. After 13 days, our analysis in-
dicated that appropriate cardiomyocyte induction required
precise timing and proper concentrations. In this study, we
found that insulin and ascorbic acid in culture medium has
an important role in cardiomyocyte differentiation.

Finally, the chemical structure and the electric charge
distribution of genistein were investigated, and the inter-
action of this compound with important amino acids of
p38MAPK protein was studied using computational molec-
ular docking bioinformatics assay. Furthermore, some
key biomedical parameters, including lipophilicity, water-
solubility, intestinal absorption, blood-brain barrier pene-
tration, and biocompatibility were evaluated.

We found that although an optimal dose of small
molecules and growth factors were executed in the early
stages of mesodermal differentiation, the vital role of genis-
tein phytoestrogen in cardiomyocyte differentiation was
quite evident in the late stage after 13 days. Therefore,
based on the results of our research, we found that phytoe-
strogens, somewhat like estrogen, are capable of playing an
essential role in maintaining heart health.

5. Conclusions
Based on our results, XAV939, a novel inhibitor of

Wnt/β-catenin signaling pathway, and phytoestrogen ex-
tracted from the plant, are robustly capable of inducing car-
diogenesis in human iPSCs. Based on the results of molec-
ular docking bioinformatics assay, phytoestrogen genis-
tein can be structurally and functionally a suitable com-
pound for cardiomyocyte differentiation and showed that
this small molecule is properly located in the functional
site of p38MAPK protein which leads to inhibit it. Our

cardiomyocyte differentiation procedure provides a repro-
ducible platform that on the one hand, is cost-effective and,
on the other hand, can be beneficial in reducing estrogen-
induced CVD and provides a valuable source of cardiomy-
ocyte for cellular reparative therapies and improves large-
scale pharmacological screening.
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