
Amniotic Fluid-Derived Stem Cells: A Promising Resource for 
Cardiomyogenesis

Address for correspondence: Sajjad Sisakhtnezhad, PhD. Department of Biology, Faculty of Science, Razi University, Kermanshah, Iran
Phone: +988334274545 E-mail: s.sisakhtnezhad@razi.ac.ir; ssisakhtnezhad@gmail.com

Submitted Date: July 31, 2022 Revision Date: December 30, 2022 Accepted Date: April 23, 2023 Available Online Date: June 19, 2023
©Copyright 2023 by Eurasian Journal of Medicine and Oncology - Available online at www.ejmo.org
OPEN ACCESS  This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License.

An Introduction to Amniotic Fluid Stem Cells
Amniotic fluid-derived stem cells (AFSCs) as a subpopulation 
of prenatal stem cells are attractive cells for stem cell-based re-
search and therapeutic applications in regenerative medicine.[1, 2] 
Amniotic fluid (AF) is a protective, clear, slightly yellowish liquid 
that surrounds the fetus during pregnancy. AF is present from 
the formation of the gestational sac and accumulates in the sac 
of membranes known as the amnion. It is generally composed 
of water, chemical substances, and cells with morphologically 
heterogeneous characteristics.[2, 3] Amniotic fluid cells (AFCs) 

are categorized into three main subpopulations based on their 
morphological and growth characteristics: 1) Epitheloid (E-type) 
cells, which originate from fetal skin and urine; 2) Amniotic fluid 
specific (AF-type) cells, which derived from embryonic and extra-
embryonic tissues during the process of fetal development and 
growth; 3) Fibroblastic (F-type) cells, which originating from fi-
brous connective tissue and dermal fibroblasts.[4, 5] Although am-
niotic fluid was first isolated and studied during the beginning 
of the 20th century,[6] the presence of progenitor cells in the AF 
was initially reported in 1993.[7] Interestingly, in 2004, Prusa and 
colleagues reported that AF has a population of OCT4-express-
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ing cells.[8] Subsequently, mesenchymal stem cells (MSCs) were 
derived from AF at different weeks of pregnancy.[9, 10] Finally, De 
Coppi introduced isolated AFSCs as cells that express both em-
bryonic and adult markers.[11] Altogether, these findings indicate 
that amniotic fluid contains a heterogeneous subpopulation of 
fetal-originating stem/progenitor cells that also include AF-de-
rived mesenchymal stem cells (AFMSCs).

AFSCs exhibit morphologies,  phenotypic characteristics, and tri-
lineage mesoderm (osteoblasts, adipocytes, and chondrocytes) 
differentiation potentials similar to MSCs. Different studies have 
also shown that AFSCs are positive for the expression of cell sur-
face molecules including CD105, CD73, and CD90, and negative 
for CD45, CD34, CD133, CD14, CD11b, CD79α, CD19, and HLA-
DR. Although AFSCs are known as multipotent cells, they are 
also reported as pluripotent cells in some studies.[11-13] Analysis 
and comparison of gene expression profiles of multiple clones 
of AFSCs revealed that they are positive for major histocompat-
ibility (MHC) class I molecules (HLA-ABC), but weakly positive 
for MHC class II. They also express specific embryonic antigens, 
such as SSEA-4 and CD90 that are specific markers in the ESCs.
[13] Moreover, nearly 90% of AFSCs express the specific factors 
of the embryonal carcinoma cells (ECCs), embryonic germ cells 
(EGCs), and embryonic stem cells (ESCs), like OCT4 and TERT.[9, 11, 

14-16] Interestingly, the cultured AFSCs never show aging features 
and tumorigenicity behavior, even after long-period cultivation 
for more than two years in vitro.[11, 17-21] Molecular imaging tech-
niques, which allow researchers to track transplanted pluripotent 
cells in vivo,[22] have demonstrated that unlike ESCs and induced 
pluripotent cells (iPSCs) that induce teratomas formation after 
injection in vivo, AFSCs have no tumorigenic potential after trans-
plantation in mice.[23] This may result from genomic stability and 
epigenetic fidelity, which might be associated with the high ex-
pression of tumor suppressor p53 by AFSCs. Tumor protein 53 is 
known as cell guard, because it controls cell proliferation as well 
as can induce some DNA repair systems and intrinsic apoptotic 
pathways.[24] Cozene et al. showed that p53 is primarily expressed 
in the AFSC nuclei, where it maintains genomic stability and is an 
essential regulator of stem cell fate.[25]

Although Coppi et al. indicated that the differentiation ability of 
AFSCs lies between multipotent and pluripotent stem cells,[11] 
it recently reported that AFSCs have the potential to differenti-
ate into three germ layers and specific lineage tissues in vitro.
[13] Therefore, the results of different studies indicate that AFSCs 
can be classified as a new class of highly stable stem cells with 
intermediate plasticity properties between embryonic and adult 
stem cell types, and thus this makes them attractive cells for stem 
cell-based therapeutic applications in regenerative medicine. In-
terestingly, it has been shown that cell source, donor age, plating 
density, passage number, plastic surface quality, cell culture me-
dia and supplements (such as growth factors (GFs), chemokines, 
and cytokines), mechanical and electrical stimuli, and hypoxia 
affect characteristics and functions of MSCs in vitro.[26] Although 
Kunisaki et al. indicated that the antigenic expression profile of 
AFMSCs is not affected by gestational age or the type of media 
used for cell culture,[27] other studies reported that the phenotyp-

ic characteristics of AFSCs varied based on gestational age.[28-31] 
Therefore, according to these findings, we propose that the fetal 
stage from which amniotic fluid is collected and culture condi-
tions may influence the potency of AFSCs in vitro. However, future 
studies are needed to confirm the effect of the source of AF and 
culture conditions on the characteristics and functions of AFSCs 
in vitro.

AFMSCs, as a subpopulation of AF-derived cells, have important 
characteristics. They have high self-renewal and proliferation 
capacity and express embryonic pluripotency and cell lineage 
biomarkers. Moreover, they have immunocompatibility and anti-
inflammatory properties as well as can differentiate into differ-
ent cell types of all three germ layers such as adipogenic, osteo-
genic, chondrogenic, myogenic, cardiomyogenic, endothelial, 
neuronal, and hepatic lineages.[32-34] Therefore, these potential 
characteristics make AFMSCs an attractive candidate for differ-
ent applications such as disease modeling, drug screening,[35, 36] 
reprogramming, developmental and differentiation studies, tis-
sue engineering, and regenerative medicine for human medical 
conditions including the treatment of neonatal diseases.[13, 35-39]

AFSCs can be differentiated into various cell types in vitro and in 
vivo. In this regard, cardiomyocytes are artificially derived from 
AFSCs in vitro by inducing a forced expression of cardiac-specific 
genes using different methods and protocols.[1, 20, 40-47] The AFSCs-
derived cardiomyocytes may be used for different applications, 
including the treatment of human neonatal and postnatal heart 
diseases. A newborn infant's heart has an infinite potential for 
stem cell therapy and neonates might be the best candidates for 
stem cell therapy.[48] Therefore, given the cardiomyogenesis po-
tential of AFSCs and their importance in stem cell-based therapy 
and regenerative medicine, in this review, we attempt to present 
and discuss the current findings regarding the characteristics 
of the AFSCs. In addition, herein we present the strategies and 
methods used for the differentiation of AFSCs into cardiomyo-
cytes in vitro and in vivo. Furthermore, this review addresses and 
discusses findings regarding the possible signaling pathways, the 
well-known molecular regulators and modifications, especially 
epigenetic changes and their regulators and external influential 
factors, which are crucial for the AFSCs and their differentiation 
potential into cardiomyocytes.

Amniotic Fluid Mesenchymal Stem Cells
Nowadays, MSCs can be isolated from different fetal and adult tis-
sues. Interestingly, the tissue source of MSCs can affect the out-
come of cells and their characteristics in vitro. It has been found 
that the frequency of MSCs derived from bone marrow (BM) and 
adipose tissues (AD) is higher than other sources. In addition, 
it has been reported that AD-derived MSCs (ADMSCs) produce 
more copy numbers of MSCs in vitro.[26, 49, 50] Researchers have also 
introduced the amniotic fluid as an attractive and valuable source 
for the derivation of MSCs.[31, 51-53] Human AFMSCs (hAFMSCs) can 
be isolated from small volumes (2-5 ml) of second and third-tri-
mester amniotic fluid and purified with three different methods[28, 

54-56] (Fig. 1). Unlike the other AFCs, which are non-adhering cells, 
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AFMSCs exhibit plastic adherent characteristics under normal 
culture conditions without feeder layers and have a fibroblast-like 
morphology as well as colony-forming ability in vitro. Indeed, AF-
derived MSCs have a sharp slope proliferation and a remarkable 
ability to create a subculture that makes them potent for colony 
formation in vitro.[57] Antonucci et al. reported that AFMSCs have 
high self-renewal potential and can be expanded for more than 
250 doublings without loss of chromosomal telomere length.[16] 
Therefore, AFMSCs are valuable cells, which can easily be derived 
from small volumes of AF. Moreover, they can stably be expanded 
in vitro. 

Although the frequency of AF-derived MSCs is estimated be-
tween 0.9-1.5%, it has been reported that 2.7 × 105 cells can be 
approximately obtained from a primitive culture of AF.[58] How-
ever, it has also been demonstrated that the number of AFSCs 
cells increases with gestational age. In addition, pathological 
conditions can influence the number of AFSCs. For example, 
urogenital atresia and spina bifida increases and decreases the 
number of AF-derived stem cells, respectively.[59] Moreover, about 
7.7 × 1023 AFMSCs were obtained after 27 passages and 66 cell 
doublings.[28] In another study, 18 × 106 AFSCs were obtained af-
ter four weeks of culture.[60] Furthermore, it found that AFMSCs 
survived and proliferated for 8 months in cultures,[28] therefore, 
they can be introduced as highly proliferative cells with a stable 
karyotype in vitro. 

MSCs derived from various sources have different characteristics. 
There are significant differences between the differentiation po-
tency of MSCs from different sources, which affects their usage for 
therapeutic applications in tissue engineering and regenerative 

medicine. For example, although menstrual blood-derived MSCs 
are superior in terms of immune inflammation, stress response, 
and neural differentiation potentials, they have weaker osteo-
genic and chondrogenic potentials, compared with umbilical 
cord-derived MSCs and bone marrow-derived MSCs (BMMSCs).[61] 
In addition, Ramkisoensing et al. showed that human embryonic 
stem cell-derived MSCs and fetal-derived MSCs such as AFMSCs, 
but not the MSCs with adult origin, can differentiate into three 
cardiac lineages, including cardiomyocytes, endothelial cells, and 
smooth muscle cells. Interestingly, they also found that the abil-
ity of MSCs to undergo functional cardiomyogenic differentiation 
is determined by the microenvironment of the cells, especially 
their communication with adjacent cell types by gap junctions. 
Moreover, they indicated that the gap junction protein Connexin 
43 (CX43) may play an important role in the cardiomyogenic dif-
ferentiation process.[62]

Nowadays, AFMSCs can be used in tissue engineering and regen-
erative medicine, in particular for the treatment of cardiovascu-
lar diseases;[63-65] because in addition to their high self-renewal 
potential and stability in long-term cell cultures,[11, 17-21] they also 
have multi-lineage differentiation capacity.[62] In this regard, Jiang 
and Zhang successfully isolated and cultured MSCs from AF us-
ing the direct adherence method. They reported the expression 
of OCT4 by AFMSCs and confirmed that these cells are capable of 
multipotent differentiation. Furthermore, the tumorigenicity ex-
periments carried out by Jiang and Zhang showed that AFMSCs 
are not tumorigenic. In addition, they showed that 5‑azacytidine 
(5Aza) or transforming growth factor beta 1 (TGFβ1) treatments 
can convert AFMSCs into cardiomyocyte-like cells in vitro. How-

Figure 1. Schematic representation for the collection of amniotic fluid from a pregnant mother and the isolation and purification of AFSCs in vitro.
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ever, they demonstrated that following combined treatment with 
5Aza and TGFβ1, AFMSCs exhibited positive expression of GATA4, 
cTNT, and CX43, and a myofilament-like structure. Therefore, this 
study provides an efficient and practical method for the direc-
tional differentiation of AFMSCs, increases the effectiveness of 
the transformation of cardiomyocyte-like cells in vitro, and pres-
ents a promising strategy for the regeneration of myocardial cells.
[63] Moreover, different studies have shown that AFMSCs promote 
wound regeneration through paracrine and immunomodulatory 
effects, epidermal differentiation, vascular and skin regeneration, 
and peripheral nerve injury repair.[65] Therefore, these findings in-
dicate that AFMSCs are a promising candidate that can be used in 
tissue engineering and regenerative medicine, especially for the 
treatment of cardiovascular diseases.

Phenotypic Characteristics of AFMSCs
Phenotypic characterization of cells is critical for the identifica-
tion, quantification, and isolation of a specific cell group in the 
mixed population using flow-cytometry. Phenotypic character-
ization of cells can be accomplished by staining them simultane-
ously with one or more antibodies that detect markers or anti-
gens on the cells. Phenotypic characterization assays revealed 
that AFMSCs have gene expression profile characteristics that 
make them more similar to undifferentiated cells.[16] However, 
some modifications were detected in the phenotypic expression 
of AFMSCs when increased their passage number.[11, 28]

As previously mentioned, a study by Kunisaki et al. reported that 
the antigenic expression profile of AFMSCs is not affected by 
gestational age or the type of media used for cell culture. They 
showed that AFMSCs at any passage were positive for CD73 
(SH3), CD105 (SH2), CD44, CD29, CD90, CD13, CD10, CD71, and 
HLA-A/B/C, and were negative for CD45, CD34, CD14, CD19, CD8, 
CD56, and CD31. In addition, they reported that there were no 
differences in antigen expression of AFMSCs based on gesta-
tional age or the type of culture medium used.[27] Nonetheless, 
other studies have shown that the antigenic expression profile of 
AFSCs is varied based on gestational age.[28-31] For example, Pipi-
no et al. collected the amniotic fluid from 12 donors at different 
gestational ages. They observed the prevalence of the epithelial-
like phenotype in 5, whereas the fibroblast-like morphology was 
predominant in 7 samples. They also demonstrated that epithe-
lial- and fibroblast-like phenotypes showed slight differences in 
membrane markers, with higher CD90 and lower Sox2 and SSEA-
4 expression in fibroblast-like than in epithelial-like cells; whereas 
CD326 was expressed only in the epithelial-like phenotype. The 
proteomic analysis also cleared that samples with a predominant 
epithelial-like phenotype showed a different profile than those 
with a predominant fibroblast-like phenotype. Furthermore, they 
did not show any significant differences in the differentiation 
potential of AFMSCs into osteoblasts, adipocytes, and chondro-
cytes.[29]

In addition, a study by Di Trapani revealed that first-trimester-
derived AFSCs present some peculiar mechanisms of immune 
regulation that could be related to an early embryonic stage, 

while second- and third-trimester-derived AFSCs share many of 
the adult MSC immunomodulatory characteristics.[30] In another 
study, Savickiene and his colleagues characterized the derived 
AFMSCs from the second- and third-trimester of gestation. They 
found that AFMSCs derived from the late second- and third-tri-
mester of gestation displayed similar MSC characteristics related 
to morphology, proliferation capacity, expression of specific cell 
surface and pluripotency markers, and multilineage differentia-
tion potential. They also identified proteomic profiles of cultured 
AFMSCs from the late trimester of gestation and differentiated 
toward four distinct lineages. Moreover, the detailed compara-
tive proteomic analysis of 250 proteins selected from more than 
1400 proteins led to clarifying the differences in the expression 
of specific proteins in AFMSCs derived from different gestational 
ages.[31] Despite contradictory reports regarding the effect of ges-
tational age and culture conditions on AFSCs characteristics, the 
antigenic expression profile that has been identified and report-
ed for AFMSCs so far is presented in Table 1, in comparison with 
BMMSCs and ADMSCs. 

Interestingly, the flow-cytometry assay carried out by Stefanidis 
et al. demonstrated the presence of DAZL and c-Kit expressing 
cells in the AFMSCs populations.[68] DAZL is an RNA-binding pro-
tein that is crucial for vertebrate germ cell development.[82] More-
over, c-Kit, a receptor tyrosine kinase, is involved in intracellular 
signaling and plays a crucial role in the gametogenesis process 
in vertebrates.[83, 84] Therefore, as previously reported for amni-
otic membrane-derived stem cells,[85] we suggest that the expres-
sion of DAZL and c-Kit genes in AFMSCs may enable these cells 
to demonstrate the plasticity and versatility potential to repro-
gram and transdifferentiate into the embryonic germ cells and 
their progenies. Accordingly, AFMSCs as competent cells may ef-
ficiently be used to convert into germ cell lineages for cell-based 
therapy applications and thus the treatment of some human in-
fertilities. Therefore, future studies will be needed to examine and 
prove this valuable potential of AFMSCs in vitro and in vivo.

It has also been reported in many studies that approximately 90% 
of AFMSCs express the embryonic pluripotency markers, includ-
ing Oct4 and TERT genes at the mRNA and protein levels.[8, 10, 27] 
However, the disappearance of Oct4 expression was seen at the 
20th passage of AFMSCs and also they reach senescence at the 27th 
passage.[28] Therefore, it can conclude that the onset of AFMSCs 
aging may be at passages more than 20th. In addition to the em-
bryonic pluripotency markers, AFMSCs at passages 4-8 express 
cell surface antigens like SH2 (low positivity until passage 8), SH3, 
SH4, CD29, hyaluronan receptor (CD44), and HLA-ABC (MHC class 
I) and low positivity for CD90 and growth factor beta receptor en-
doglin transforming (CD105) and ES marker CD117. Conversely, 
CD10, CD11b, CD14, CD34, CD117, HLA-DR, DP, DQ (MHC class II), 
and EMA expression were not detected and thus they were intro-
duced as negative markers of AFMSCs.[10, 73, 86] Moreover, the other 
characterization studies confirmed the expression of the other 
typical antigens of ECCs and ESCs, including TRA-1-60, SSEA-3, 
and SSEA-4 in both unselected and c-kit positive AFMSCs at the 
17th passage.[11, 28] It has also been proven that AFMSCs at the 17th 
passage express collagen types I, II, III, IV, and XII, fibronectin, 
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CD44 (homing cell adhesion molecule, HCAM), CD54 (Intercellu-
lar cell adhesion molecule-1; ICAM-1), CD31 (Platelet/endothelial 
adhesion molecule-1, PECAM-1), CD106 (Vascular cell adhesion 
molecule-1; VCAM-1), alpha-smooth muscle actin (α-SMA), CK18, 
desmin, vimentin, vWF and FSP.[28] Taken together, the gene ex-
pression profile of AFMSCs indicates that these cells may be plu-
ripotent stem cells that as well as less differentiated than BM- and 
AD-MSCs. In addition, although it has been reported that the 
AFSCs gene expression profile is almost not influenced by ges-
tational age and culture conditions during expansion in vitro,[27] 
other studies have provided contradictory results.[28-31] Therefore, 
further studies still need to be carried out to examine the exact 
effects of gestational age and culture conditions on the charac-
teristics and fate of AFMSCs.

Transdifferentiation of AFSCs into 
Cardiomyocytes 
There are different studies regarding the ability of various stem 
cells to transdifferentiate into other cell types in vitro and in vivo. 
The results of these studies indicate that some of these cells are 
capable to differentiate into cardiomyocytes and some are not.  
For example, Murry et al. demonstrated that hematopoietic stem 
cells cannot transdifferentiate into cardiomyocytes.[87] In addition, 
Reinecke and colleagues showed that skeletal muscle stem cells 
do not transdifferentiate into cardiomyocytes after cardiac graft-
ing.[88] However, a study by Iijima et al. indicated that beating is 
necessary for the transdifferentiation of skeletal muscle-derived 
cells into cardiomyocytes. They also found that treatment of nife-
dipine or culture in Ca2+-free media suppressed the contraction of 
cardiomyocytes and inhibited skeletal muscle cells to express car-

diac-specific proteins.[89] Moreover, nowadays it has been shown 
that differentiated cells such as fibroblasts,[90-92] pluripotent stem 
cells such as ESCs and iPSCs,[93, 94] and adult stem cells such as 
MSCs[95, 96] and spermatogonial stem cells[97] can transdifferentiate 
into cardiomyocytes by different methods, including ectopic ex-
pression of cardiomyogenic genes, co-culture system, and treat-
ment with cardiomyogenic induction media and small-molecule 
chemicals.[89, 90, 96, 98]

As described before, AFSCs have the potential to differentiate 
into various cells in vitro.[32-34] Moreover, because AFSCs have 
some pluripotent features and also are less differentiated than 
the adult-derived MSCs, therefore, they are one of the most valu-
able cells that can be employed for unraveling the bases of dif-
ferentiation, physiology, biochemistry, and potential pathologic 
processes during embryonic development and adult cell differ-
entiation. Nowadays, it has been shown that AFSCs can efficiently 
be transdifferentiated to cardiomyocytes in vitro and in vivo by 
different methods and protocols (Table 2 and Fig. 2), therefore, 
they are promising cells for the treatment of some human cardiac 
failures, especially neonatal heart disorders. Herein, we present 
and discuss the most developed systems for the differentiation 
of AFSCs into cardiomyocytes in vitro and in vivo and also their 
efficiency for therapeutic applications. 

Co-Culture System

About ten years ago, Yeh et al. differentiated human AFSCs (hAF-
SCs) into cardiomyocytes using a mimicking differentiation mi-
lieu. They showed that when AFSCs co-cultured with rat neonatal 
cardiomyocytes or in endothelial cell growth medium-2 (ECGM-2) 
enriched with vascular endothelial growth factor (VEGF), they dif-

Table 1. Positive and negative antigenic expression profile of MSCs derived from amniotic fluid, bone marrow, and adipocyte tissues

MSC	 Markers	 Expression	 Reference

AFMSCs	 DAZL, c-Kit, Oct4, TERT, CD13, CD29 (β1-integrin), CD31, CD44 (HCAM-1),	 Positive	 [4, 42, 60, 66-68]

	 CD49e (α5-integrin), CD54 (ICAM-1), HLA-ABC (HLA-I), CD73 (SH2/3/4),
	 CD90 (Thy1), CD105 (SH2/Endoglin), CD106, CD117, CD166, CD271,
	 TRA-1-60, SSEA-4, Collagen types I, II, III, IV, and XII, Fibronectin, ICAM-1,
	 α-SMA, CK18, Desmin, Vimentin, vWF, FSP, OCT3/4, NGFr, Flk-1
	 CDla, CD3, CD10, CD11b, CD14 (LCA), CD34 (gp105-120), CD45 (LPS-R),	 Negative
	 CD49d (α4-integrin), CD50 (ICAM-3), CD117, CD133 (Prorninin-1),
	 HLA-DR/DP/DQ (HLA-II), EMA, Stro-1, Pan-cytokeratin 
BMMSCs	 CD9, CD10, CD13, CD29, CD44, CD44H, CD49b/d, CD54, CD58, CD59,	 Positive	 [60, 66, 69-80

	 CD62L, CD71, CD73, CD90, CD105, CD106, CD119, CD120a, CD120b,
	 CD121a, CD124, CD126, CD127, CD140, CD140b, CD146, CD166, CD271,
	 GD2, BS1, a-SM actin, Alkaline phosphate, β-tubulin, FGFR1-4, FGF-2,
	 CCR2a, CCR8, LNGFR, Osteonectin, STRO-1, Fibronectine, HLA-ABC,
	 CXCR4, Collagen I/III
	 CD1a, CD3, CD4, CD5, CD11a, CD14, CD15, CD18, CD25, CD31, CD33,	 Negative
	 CD34 CD38, CD45, CD56, CD26E, CD123, CD133, CD144, HLA-DR, EGFR-3,
	 SSEA-4, Myo-D, VEGFR-2PPARy
ADMSCs	 CD29, CD 54, CD90, CD105, CD106, CD146, CD166, 3G5, Alkaline phosphate	 Positive	 [68, 81]

	 CD1a, CD14, CD31, CD34, CD44, CD45, STRO-1	 Negative



108 Sisakhtnezhad et al., Cardiomyogenesis Potential of AFSCs and its Regulation / doi: 10.14744/ejmo.2023.47139

ferentiated into cardiomyocyte-like and endothelial cell lineages, 
respectively. They also examined the therapeutic potential of the 
hAFSCs transplanted with a needle into the peri-infarct area of 
the immune-suppressed rats with induced myocardial infarc-
tion. Interestingly, the attenuation of left ventricle remodeling 
and thus a decrease in the infarcted tissues with the observation 
of high vascular density after 4 weeks confirmed that the hAF-
SCs can stimulate cardiomyogenesis and angiogenesis in vivo. 

At the molecular level, the expression of the cardiac-phenotype 
antigens such as Nirenberg, Kim gene 2 homeobox 5 (NKX2.5), 
α-actinin, Cardiac troponin T, and CX43 (indicating an enhance-
ment of cardiac and vascular cell connections) was also detected 
in hAFSCs-derived cardiomyocyte-like cells in this study [40]. 
Therefore, this study suggests that hAFSCs are potent cells to dif-
ferentiate into cardiomyogenic and endothelial lineages for the 
repair of cardiac disorders. 

In another study, co-culture of hAFSCs with rat cardiomyocytes 
or cultivation of them in the cardiomyogenic induction media in-
duced the expression of proteins specific for cardiomyogenesis 
such as atrial natriuretic peptide and alpha-myosin heavy chain 
(α-SAM)), endothelial (CD31 and CD144), and smooth muscle cells 
(alpha-smooth muscle actin) in the differentiated cells.[1] Howev-
er, although these studies indicated that hAFSCs can differentiate 
to cardiovascular lineages in vitro by co-culture with cardiomyo-
cytes from other species like rats, their clinical application for cell 
therapy of myocardial infarction may hamper by their phenotypic 
instability, viral transmission from animals to humans, and ethical 
problems. Therefore, more studies will be needed to investigate 
these issues. 

Collectively, the in vitro co-culture system of cells is closer to the 
tissue microenvironment, because it provides a more realistic 
environment that mimics the phenotypic and functional charac-
teristics of the animal body. Therefore, this system has the advan-
tage that can be used as a good platform to study the interaction 

Table 2. In vitro and in vivo differentiation models of AFSCs into cardiomyocytes

Differentiation method	 System	 Cardiomyogenic molecular biomarkers	 Reference

Co-culture of human AFSCs (hAFSCs) with rat neonatal	 In vitro and	 NKX2.5, α-actinin, Cardiac troponin T,	 [40] 
cardiomyocytes and transplantation of the AFSCs into	 in vivo	 and CX43 
the peri-infarct area of the immune-suppressed rats with 
induced myocardial infarction
Cultivation of AFSCs in ECGM-2 supplemented with VEGF	 In vitro and	 NKX2.5, α-actinin, Cardiac troponin T,	 [40]

	 in vivo	 and CX43
Systemic injection of allogenic rat AFSCs (rAFSCs) into	 in vivo	 Thymosin beta-4	 [41] 
adult rats with cardiac ischemia-reperfusion injury
Co-culture of c-Kit-sorted and GFP-positive rAFSCs with	 In vitro	 Cardiac genes troponin I (cTnI)	 [42] 
neonatal rat cardiomyocytes		  Sarcomeric α-actinin (cαA)
Treatment of hAFSCs with 5-aza-2'-deoxycytidine	 In vitro	 CX43	 [20]

Intravascular injection of hAFSCs into rats	 In vitro	 Reduction in BNP and pro-inflammatory	 [43] 
		  cytokines
Co-culture of hAFSCs with cardiomyocytes	 In vitro	 Natriuretic peptide, CD31, α-SMA	 [1]

Reprogramming of hAFMSCs into iPSCs using	 In vitro	 MYH6, MYL7, TNNT2, TTN, and HCN4	 [44] 
non-integrating Sendai virus (SeV) expressing OCT4, 
SOX2, c-MYC, and KLF4, then exposure of these iPSCs to 
cardiogenic differentiation conditions using different 
supplements, growth factors, and signaling inhibitors
Treatment of hAFMSCs with DNA methyltransferase	 In vitro	 NKX2.5, TNNT2, MYH6,  DES, and CX43	 [45] 
(DNMT) inhibitors decitabine, zebularine, RG108 alone 
or combined with zebularine and p53 inhibitor pifithrin‐α
Treatment of hAFMSCs with angiotensin II, retinoic acid,	 In vitro	 NKX2.5, MYH6, TNNT2, DES, CX43 and NKX2.5	 [46] 
epigallocatechin-3-gallate (EGCG), and vitamin C
Treatment of hAFMSCs by human platelet lysate and	 In vitro	 GATA4, cTNT, CX43 and NKX2.5	 [47] 
5-azacytidine

Figure 2. Different methods for the differentiation of AFSCs into car-
diomyocytes in vitro.



109EJMO

between different cell types and their impacts on phenotypic and 
functional characteristics of each other in vitro. The co-culture 
system is also a simple and attractive technique in cell biology 
studies and applications, especially for understanding cell-cell 
interactions and communications during development and dif-
ferentiation processes.[99-101] During the past decade, as indicated 
above, the co-culture of AFSCs with cardiomyocytes provides a 
good platform, which is not technically challenging, to produce 
AFSCs-derived cardiomyocytes for different applications. Even 
though the co-culture system is efficient for the AFSCs differentia-
tion into cardiomyocytes, it may be affected by cell type, species, 
and culture conditions, especially the type of in vitro culture (2D 
or 3D) and the interaction between cells. For example, the differ-
entiation of rat bone marrow-derived MSCs into cardiomyocytes 
is achieved by direct co-culture with neonatal cardiomyocytes 
but not adult cardiomyocytes.[102] Therefore, more investigation is 
required to be done to determine the influences of external influ-
ential factors on the AFSCs differentiation into cardiomyocytes in 
vitro and their efficient clinical applications in the human body.

Systemic Injection or Direct Transplantation of AFSCs 

Systemic injection or direct transplantation of AFSCs into the 
heart is also crucial methods for transdifferentiation of them into 
cardiomyocytes in vivo. In this regard, Bollini et al. confirmed the 
paracrine therapeutic effects of the intravascular transplantation 
of human xenogeneic AFSCs in a rat model of acute myocardial 
infarction.[41] They showed that the systemic injection of hAFSCs 
that secreted putative paracrine factors such as thymosin beta-4 
(Tb-4), which is an actin monomer binding protein with cardio-
protective properties,[103] improved myocardial cells survival and 
decreasing the infarct size from about 54 to 40 %.[41] They also 
successfully differentiated the c-Kit-sorted and GFP-positive rat 
AFSCs (rAFSCs) into cardiomyocytes by a co-culturing system 
with neonatal rat cardiomyocytes. They showed that rAFSCs have 
a propensity to acquire a cardiomyogenic phenotype in vitro and 
to preserve cardiac function in the heart of animals with isch-
emia/reperfusion injury, even if their potential may be limited by 
poor survival in an allogeneic setting.[42]

Furthermore, a study by Castellani et al. demonstrated that the in-
travascular injection of hAFSCs caused favorable effects on skeletal 
muscle remodeling in a well-established rat model of right heart 
failure. They detected a reduction in the natriuretic peptide (BNP, a 
surrogate factor for heart injury, and pro-inflammatory cytokines) 
in the hAFSCs, while they homed to the heart and lung. Therefore, 
they reported that hAFSCs may have beneficial applications for the 
treatment of heart failure due to pulmonary hypertension.[43] In 
general, these studies indicated that AFSCs can directly transplant 
into the damaged site of the heart or can intravenously inject into 
the body of an organism to migrate to the heart for cardiomyo-
genesis and thus the treatment of some heart failures. Although, 
these studies indicated that the direct transplantation of AFSCs or 
the intravenous injection of them are efficient methods to induce 
cardiomyogenesis in vivo for repair and regeneration of the cardiac 
muscular tissue, it may be affected by abnormal differentiation of 
AFSCs, out-of-control cell proliferation and thus tumorigenesis, 

and immunorejection. Therefore, further studies are required to 
investigate these issues regarding the application of AFSCs for 
cardiomyogenesis in vivo as an efficient and valuable technique to 
treat some heart failures in humans.

Treatment of AFSCs by Small-Molecule Chemicals

In addition to the co-culture of AFSCs with cardiomyocytes in 
vitro and transplantation or injection of them in vivo, it has also 
been found that small-molecule chemicals like 5-aza-2'-deoxy-
cytidine,[20] the cocktail of compounds including hyaluronic, bu-
tyric, and retinoic acids,[104] and the mixture of human platelet 
lysate and 5-azacytidine[47] can be used to differentiate the AFSCs 
into cardiomyocytes. Guan et al. demonstrated the potential of 
5-aza-2'-deoxycytidine, as an epigenetic modifier drug, for the 
differentiation of hAFSCs into cardiomyocytes. They found that 
5-aza-2'-deoxycytidine-treated hAFSCs converted into cardiomy-
ocytes that expressed CX43, as a marker of cardiomyogenic differ-
entiation.[20] Thus, it concludes that the hAFSCs can differentiate 
into cardiomyocyte-like cells through epigenetic modulators like 
5-aza-2'-deoxycytidine. Furthermore, Maioli et al. showed that 
the mixture of hyaluronic, butyric, and retinoic acids efficiently 
induces cardiomyogenesis in hAFSCs in vitro.[104] They reported 
that these three chemicals significantly downregulated the ex-
pression of genes controlling pluripotency and plasticity of stem 
cells (Sox2, Nanog, and Oct4) in hAFSCs However, at this point, the 
expression of genes controlling the appearance of cardiogenic 
and vascular lineages upregulated in the treated cells. Therefore, 
these findings reveal that the conversion of AFSCs into differenti-
ated progeny is mechanistically achieved by long-lasting chang-
es in the gene expression of the cells.[105, 106]

Overall, until now various small-molecule chemicals have been 
identified that can stimulate the cardiomyogenesis process in AF-
SCs. The most significant advantages of small-molecule chemicals 
for the induction of cardiomyogenesis in AFSCs are that they are 
easy to manufacture, store, and administrate. The use of small-
molecule chemicals is also cost-effective for the induction of re-
programming and differentiation processes, compared with gene 
manipulation and transcription factor-mediated protocols. In addi-
tion, their biomedical effects are dose-dependent, rapid, and spe-
cific, therefore, allowing for very precise temporal and functional 
control in vitro and in vivo. Moreover, these small-molecule chemi-
cals aid the progression to co-culture-free protocols of AFSCs cul-
tivation and differentiation, which accelerate the differentiation 
methods. They also reduce the use of more expensive recombinant 
products. Despite these advantages, due to probable toxicity or 
other dangerous side effects such as off-target action, the identifi-
cation of highly active and specific small molecules that be suitable 
for clinical applications is a difficult task.

Factors Influencing the Cell Cycle, Stemness, 
and Epigenetics of AFSCS 
A lot of molecular studies have revealed that the self-renewal and 
differentiation potential of embryonic stem cells and their pro-
genitor cells are controlled through gene expression regulatory 



110 Sisakhtnezhad et al., Cardiomyogenesis Potential of AFSCs and its Regulation / doi: 10.14744/ejmo.2023.47139

mechanisms that are mediated by dynamic epigenetics regula-
tion.[107] Epigenetic modification is a reversible and heritable pro-
cess that is conducted to the modifications in gene expression 
without changes in the genomic sequences, while attributing 
to chromatin alteration or packaging that affects the accessibil-
ity of DNA for transcription modulators.[108] The major epigenetic 
mechanisms include DNA methylation, chemical modifications 
of histone protein tails such as acetylation, methylation, phos-
phorylation, and ubiquitination, and small and long non-coding 
RNAs-mediated regulatory events.[109] Epigenetic modifications 
through inducing chromatin remodeling events control the 
heritable cellular memory of gene expression and thus influ-
ence the characteristics and functions of cells. DNA and histone 
methylation is associated with DNA methyltransferases (DNMTs) 
and histone methyltransferases (HMTs), respectively. DNMTs cat-
alyze DNA methylation at cytosine positions within CpG islands 
and HMTs catalyze methylation on lysine and arginine amino 
acid residues of the amino terminus of histone proteins.[110] DNA 
methylation causes gene silencing, whereas depending on the 
type of histone and the amino acid residues that changed, his-
tone modifications lead to either gene activation or repression. 
Histone acetylation is also a well-known epigenetic modification. 
The converse functions of histone acetyltransferases (HATs) and 
histone deacetylases (HDACs) are responsible for the acetylation 
and deacetylation of histones on the lysine residues. In general, 
acetylation and deacetylation of histone proteins correlated with 
the activation and repression of genes, respectively. The common 
histone acetylation marks in the transcriptionally active genes 
are H3K9ac and H4K16ac.[111]. In addition to DNA methylation and 
histone modifications, non-coding RNAs such as microRNAs also 
have a leading role in the epigenetic machinery.[112]

AFSCs are highly proliferative, pluri- or multi-potent, and im-
munocompatible cells that homing to damage and tumor sites 
in response to inflammatory factors.[28, 57, 113-115] Epigenetic modi-
fications through inducing chromatin remodeling regulate the 
expression of genes associated with self-renewal, differentiation, 
migration, and immunomodulatory potentials of AFSCs. The rec-
ognition of epigenetic events, their influencing factors, and the 
complexity of the interaction between them in AFSCs are critical 
for understanding the molecular basis under the potential char-
acteristics of these cells. Moreover, this valuable information has 
to be taken into account for the development of protocols to 
improve the potential of AFSCs for different applications in tis-
sue engineering and regenerative medicine. Therefore, here we 
review the recent findings related to factors influencing the cell 
cycle, stemness, and epigenetics of AFSCs.

Savickienė et al. have shown that MSCs derived from amniotic flu-
id of normal gestation and with fetus abnormalities demonstrat-
ed diversity in their proliferation and senescence. They also found 
that the senescence process of AFMSCs during culture expansion 
and passaging is associated with the alterations in the expression 
of genes regulating cell cycle (p16, p21, p53, and ATM), stem-
ness transcription factors (Oct4, Nanog, Sox2, and Rex1), miR-
NAs (mir-17 and mir-21), and epigenetic regulators or chromatin 
modifiers including DNMT-1, histone deacetylase-1 (HDAC-1) and 

polycomb group proteins (PGCs) such as enhancer of zeste ho-
molog 2 (EZH2), suppressor of zeste 12 (SUZ12), and BMI1, which 
induce the production of repressive histone marks (H3K9me3 
and H3K27me3).[116] Moreover, in another study Savickienė and 
colleagues reported that histone modifications pattern associ-
ated with a state of MSC cultures derived from AF of normal and 
fetus-affected gestations. Comparison of AFMSCs, which derived 
from normal gestation and donors with genetic or multifactorial 
fetal diseases, displayed distinct growth and immunophenotype 
characteristics associated with the alterations in global DNA 
methylation, the pattern of acetylated histones H3 and H4, and 
dysregulation of both methylated histones H3K27 and H3K9.[117] 
These findings indicate that epigenetic factors, which are crucial 
for the AFMSCs senescence process, may affect by the donor in-
dividuality or fetus malignancy status. Therefore, it can conclude 
that senescence-associated molecular and epigenetic changes 
during AFMSCs cultivation are related to the extent of MSCs char-
acteristics that have to be taken into account for their therapeu-
tic application. However, Zentelytė et al. study indicated that no 
significant differences could be found in the expression levels of 
all epigenetic or pluripotency markers between undifferentiated 
AFMSCs derived from normal and fetus-damaged gestations and 
between their differentiation potential into mesodermal lineages, 
including adipocytes or osteoblasts.[118] Therefore, further studies 
still need to be carried out to investigate epigenetic, stemness, 
and differentiation markers and their regulators in AFMSCs de-
rived from normal and fetus-affected gestations.

In addition to the source of AFSCs and their number of passages, 
chemical factors can also affect the cell cycle, stemness, and epi-
genetics of AFSCs. In a recent study, the epigenetic effects of the 
cancer treatment chemotherapy drugs, including Cisplatin, Bleo-
mycin, and Etoposide (CBE), were examined on stemness, prolif-
eration, apoptosis, and chemosensitivity of hAFSCs by evaluating 
the global DNA methylation and the gene-specific DNA methyla-
tion for the imprinted gene H19 and also some microRNAs.[119] It 
showed CBE is cytotoxic for hAFSCs in a time and dose-depen-
dent manner. In addition, hyper-methylation for Bleomycin and 
Etoposide exposure and hypo-methylation for Cisplatin exposure 
was observed in the hAFSCs genome. They also revealed that 
although Cisplatin exposure significantly decreased the global 
5'-methylcytosine (5'-mC) percentage of the genome, Bleomycin 
and Etoposide exposure significantly increased 5'-mC levels in 
DNA. Furthermore, it found that CBE influenced the expression 
of protein-coding genes associated with the pluripotency and 
germline lineage and the expression of miRNAs involved in the 
self-renewal, apoptosis, and chemosensitivity of hAFSCs. In this 
regard, Cisplatin and Etoposide mediated an inhibitory effect on 
the expression of pluripotency genes (Oct4, SOX2, KLF4, c-MYC, 
and NANOG), concomitant with the downregulation of germ-
line markers (Stella, Fragilis, VASA, DAZL, STRA8, PIWIL2, BOLL, and 
SYCP3), particularly meiotic stage markers (BOLL and SYCP3). On 
the contrary, Bleomycin induced the activation of core pluripo-
tency genes (Oct4, NANOG, and SOX2) and the most of premei-
otic and all meiotic markers at the transcriptional level. More-
over, it reported that Bleomycin and Etoposide by upregulation 
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of hsa-miR-106b-5p, miR-185-5p, let-7a-5p and downregulation 
of miR-17-3p influenced the hAFSCs pluripotency and prolifera-
tion. Although Cisplatin had no significant effects on the expres-
sion of these miRNAs, it and Bleomycin induced apoptosis via 
upregulation of miR-34c-5p in hAFSCs by targeting p53. It was 
also declared that CBE induced apoptosis and chemosensitivity 
in hAFSCS through upregulation of miR-34c-5p and miR-449a, 
respectively. 

Increasing evidence suggests that p53 triggers various biologi-
cal processes in differentiated somatic and also stem cells. The 
results of different studies provide insight into the profound roles 
of p53 that govern the various potentials of stem cells to enable 
proper development, tissue regeneration, and heart injury-free 
life. Phermthai et al. examined p53 mutation and epigenetic im-
printed insulin growth factor 2 (IGF2)/H19 gene analysis in MSCs 
derived from amniotic fluid, amnion, endometrium, and Whar-
ton’s jelly. Interestingly, they found that AFMSCs sustained stable 
p53 expression levels throughout long periods of culture and 
showed a high level of IGF2 with a stable pattern and level of H19, 
as compared with MSCs derived from other tissues.[120] Therefore, 
it concludes that p53-mediated high genomic stability and epi-
genetic fidelity make AFMSC a safe candidate for stem cell-based 
therapeutic applications. In addition, investigating the expres-
sion of this gene in AFSCs derived from normal and fetus-affected 
gestations and in the cells cultured in different conditions can be 
important for the effective use of these cells in therapeutic ap-
plications. 

In general, the findings of these studies suggest that the epi-
miRNAs control of the gene expression levels in AFSCs is a criti-
cal mechanism to maintain the homeostasis of the cell charac-

teristics. In this regard, the epigenetic regulators, including 
DNMT-1, HDAC-1, EZH2, SUZ12, and BMI1, which influence the 
global 5'-mC, H3K9me3, and H3K27me3 rate, stemness markers 
such as OCT4, SOX2, NANOG, KLF4, c-MYC, and REX, miRNAs like 
let-7a-5p, mir-17, miR-17-3p, mir-21, miR-34c-5p, miR-106b-5p, 
miR-185-5p, and miR-449a and the cell cycle regulating proteins 
such as p53, p16, p21, and ATM are the most well-known factors 
that affecting the AFSCs characteristics. It has also been found 
that epigenetic and stemness markers and their regulators in 
AFSCs can be affected by external influential factors such as 
gestation-related conditions, culture conditions, and chemical 
drugs. Therefore, more investigations should still be conducted 
to determine the exact effects of external factors influencing epi-
genetic and stemness markers and their regulators in AFSCs to 
expedite the progress of stem cell-based therapeutics in regen-
erative medicine.

Epigenetic Regulation During the 
Differentiation of AFMSCS into 
Cardiomyocytes 
Developing a well-defined and efficient cardiomyogenic protocol 
is critical for producing suitable cardiomyocytes for clinical ap-
plications. So far, different methods and protocols have been em-
ployed to differentiate MSCs isolated from different sources into 
cardiomyocytes.[121] However, it has been shown that combina-
tion treatment with cytokines and growth factors, including bone 
morphogenetic protein (BMP), insulin growth factor (IGF), and fi-
broblast growth factor (FGF) and the activation of their signaling 
pathways (Fig. 3), is a potentially effective and reliable treatment 

Figure 3. The most well-known external influential factors and the induced signaling pathways and the molecular changes and mechanisms 
during the differentiation of AFSCs into cardiomyocytes in vitro.
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modality for the differentiation of MSCs into cardiomyocytes.[121, 

122] Under combination treatment with these cytokines and GFs, 
MSCs commit to the cardiac lineage. The produced cardiac pro-
genitors are proliferative, express significantly high levels of early 
cardiac transcription factors (TFs) such as insulin gene enhancer-
binding protein ISL-1 (Islet-1) and myocyte-specific enhancer fac-
tor 2C (MEF2C) and possibly low levels of OCT4/SOX2. Continued 
induction will activate the expression of cardiomyocyte-specific 
transcription factors such as NKX2.5, GATA4, HAND 1/2, and TBX 
5/20 in the progenitor cells and convert them into early cardio-
myocytes. These cells express sarcomeric and structural proteins 
and demonstrate functional activity synonymous with mature 
contracting cardiomyocytes.[121]

The specific transformative steps from MSCs to the mature car-
diomyocyte state are determined in large part by changes in 
gene expression (Fig. 3). Nowadays, epigenetic modifications 
have been accepted as one of the essential phenomena behind 
changes in gene expression during cardiac degeneration and 
regeneration, but the mechanisms underlying these processes 
are not well understood. Increasing evidence indicates that epi-
genetic changes, including DNA methylation and histone acety-
lation, are important modifications during the differentiation of 
MSCs into cardiomyocytes.[123] For example, it has been investi-
gated that insulin gene enhancer-binding protein ISL-1 (Islet-1) 
through inducing histone acetylation of the lysine residues at the 
amino terminus of the chromatin core histones and DNA meth-
ylation stimulated MSCs to differentiate into cardiomyocyte like 
cells. It has been found that Islet 1 caused upregulation of the 
general control of amino acid biosynthesis protein 5 (GCN5) and 
mediated the binding of GCN5 to the promoters of GATA bind-
ing protein 4 (GATA4) and NK2 homeobox 5 (NKX2.5). Islet-1 also 
downregulated DNMT-1 expression and diminished its binding 
to the Gata4 promoter.[124]

Evidence has been accumulating during the past decade indi-
cating that AFMSCs could occupy a niche in the stem cell hi-
erarchy the same as pluri- or multi-potent stem cells with the 
potency to differentiate into three germ layers (mesoderm, 
ectoderm, and endoderm) cells, especially cardiomyocytes.[125] 
Epigenetic events have critical roles in the AFMSCs fate deter-
mination, especially their differentiation into cardiomyocytes. 
A study by Gasiunienė et al. reported that DNMTs inhibitors, 
including decitabine, zebularine, RG108 alone and in combina-
tion with zebularine and pifithrin-α (p53 inhibitor), lead to car-
diomyogenic differentiation of AFMSCs. Quantitative reverse 
transcription polymerase chain reaction (qRT-PCR) analysis re-
vealed that all agents could change the cell phenotype by up-
regulation of the relative expression of the main cardiac genes 
Nkx2.5, Tnnty2, Myh6, and Des as well as the cardiac sodium, cal-
cium, and potassium ion channels genes. Additionally, western 
blot and immunofluorescence information detected an increase 
in CX43 levels. In addition to cellular energetic and mitochon-
drial function analysis using the Seahorse analyzer, these results 
also indicated metabolic transdifferentiation of AFMSCs into 
cardiomyocyte-like cells. Moreover, the upregulation of the p53 
and p21 genes and relative expression of miR-34a and miR-145 

demonstrated the cell cycle regulation at the G0/G1 phase. Also, 
the evaluated levels of EZH2, SUZ12, DNMT1, HDAC1, HDAC2, 
and heterochromatin protein-1α (HP-1α), which are known as 
chromatin remodeling proteins, and the rate of activating his-
tone modifications exhibited rearrangements of chromatin af-
ter the induction of cardiomyogenic differentiation.[45]

In addition, in a recent study by Markmee et al. human platelet ly-
sate and 5-azacytidine were used to induce the differentiation of 
AFMSCs into cardiomyocyte-like cells.[47] Results indicated high-
er viability and upregulation of cardiomyogenic specific genes, 
including Gata4, Cardiac troponin T (cTnT), Cx43, and Nkx2.5, in 
the treated AFMSCs. Moreover, following combined treatment 
with 5Aza and TGFβ1, AFMSCs exhibited positive expression of 
cardiac-specific markers (GATA4, cTNT, and CX43), and a myofil-
ament-like structure under transmission electron microscopy.[63] 
5-azacytidine is a demethylating agent that is used as a cardio-
myogenic inducing factor. Indeed, as a synthetic analog of cyto-
sine, 5-azacytidine can epigenetically induce the expression of 
genes involved in cardiomyogenesis by suppressing their DNA 
methylation.[126] Mechanistically, the significant upregulation 
of phosphorylated cardiomyogenic specific genes, such as cTnT 
and Nkx2.5, is induced through the extracellular signal-regulated 
kinase (ERK) signaling pathway that leads to the AFMSCs differ-
entiation into cardiomyocytes.[127, 128] Altogether, according to the 
literature review of the previous studies, we suggest that DNMTs 
inhibitors may through suppressing DNA methylation and also 
the activation of signaling pathways such as ERK, and thus the 
induction of cardiomyogenic-specific genes expression stimu-
lates the cardiomyogenesis potential of AFMSCs. In addition, the 
identification and recruitment of new DNMTs inhibitors may help 
to develop new and efficient protocols for the differentiation of 
AFMSCs into cardiomyocytes. 

It has also been proven that the prevention of histone deacety-
lation by suberoylanilide hydroxamic acid (SAHA) is much more 
crucial than DNA methylation through 5-azacytidine during 
cardiomyogenic differentiation.[129, 130] Previous studies demon-
strated the importance of GCN5, which is the catalytic subunit of 
several related HAT complexes, for the histone 3 (H3) acetylation 
of the promoters of Gata4 and Nkx2.5 genes in murine and rat 
MSCs and thus their cardiomyogenesis.[124, 131] However, there is 
no report regarding the role of GCN5 during the differentiation of 
AFSCs into cardiomyocytes. Therefore, we suggest that the GCN5 
role should not be overlooked during cardiomyogenesis from 
AFSCs and further studies should be done to elucidate the pos-
sible function of this factor in this differentiation process. In addi-
tion, there is evidence suggesting a reduction in the HDAC1 and 
HDAC2 protein levels associated with the increased expression 
of structural and functional-specific genes of cardiomyocytes.
[132] In this regard, Wang and colleagues showed that the knock-
down of Hdac1 or Hdac2 in BMMSCs upregulated the expression 
of the cardiomyocyte-specific genes Myh6 and Tnni3 via both H3 
(histone 3) and H4 (histone 4) acetylation on their correspond-
ing promoters.[133] In accordance with these findings, a previous 
study by Lu et al. also indicated that the Hdac1 knockdown may 
promote the directed differentiation of BMMSCs into cardiomyo-
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cytes through influence on the cardiac-specific genes, including 
Gata4, Nkx2.5, cTnT, and myosin heavy chain (MHC).[134] In general, 
these studies indicated that histone acetylation is a critical pro-
cess during the differentiation of MSCs to cardiomyocytes. There-
fore, scientists can develop new and efficient protocols via the 
identification of HDACs inhibitors for the differentiation of MSCs 
into cardiomyocytes. 

Recently, in another study, Gasiunien et al. showed the potency 
of the biologically active compounds, including angiotensin II, 
retinoic acid (RA), epigallocatechin-3-gallate (EGCG), and vita-
min C, on the AFMSCs differentiation into cardiomyocytes. They 
observed the expression of cardiac-specific genes, including 
Nkx2.5, Myh6, Tnnt2, Des, and cardiac sodium, calcium, and po-
tassium ion channels genes in the AFMSCs-derived cardiomyo-
cytes. In addition, they reported increased levels of the CX43 and 
NKX2.5 proteins in the differentiated cells. Moreover, the extra-
cellular flux assay demonstrated enhanced oxidative phosphor-
ylation for energy production. Additionally, altering in epigen-
etic markers associated with transcriptionally active (H3K4me3, 
H3K9Ac, and H4hyperAc) or repressed (H3K27me3) chromatin 
indicated that the investigated biomolecules epigenetically 
influence the AFMSCs to differentiate into cardiomyocytes pro-
genitors in vivo.[46] In accordance with these findings, a previous 
study by Sdek et al. also reported that methylation and acetyla-
tion of H3 play a critical role in cardiac growth and differentia-
tion. They found that actively proliferating embryonic cardio-
myocytes enriched for H3K9Ac and H3K4Ac, express high levels 
of proliferation-promoting genes. Over time, however, histone 
acetylation (H3K9Ac and H3K4Ac) decreased, and H3K9me3 and 
H3K27me3 were predominated. In this regard, they also showed 
that terminally differentiated cardiomyocytes express high lev-
els of retinoblastoma (Rb) and p130, which serve as a bridge to 
link H3K9me3 and heterochromatin formation through their 
interaction with HP-1γ.[135] Besides, Wang et al. demonstrated 
that at the promoter regions of cardiac-specific genes, includ-
ing Myh6, Myl2, Actc1, Tnni3, and Tnnt2, H3 and H4 acetylation 
(as a mark indicative of gene activation) was higher in cardiac 
stem cells than MSCs.[133] Therefore, these studies suggest that 
epigenetics modifications such as H3K4Ac, H3K9Ac, H3K4me3, 
H4K4Ac, and H4K9Ac, which are associated with euchromatin 
formation, are critical for the activation of cardiac-specific genes 
expression. Moreover, the repressive histone marks H3K9me3 
and H3K27me3, which mediated heterochromatin formation, 
stably repress the expression of proliferation-promoting genes 
and maintain the terminally differentiated phenotype of cardio-
myocytes. Although it demonstrated that epigenetic modifica-
tions are critical for heritable changes in gene expression pat-
terns during the differentiation of amniotic fluid-derived stem 
cells into cardiomyocytes, the exact epigenetic mechanisms 
underlying the cardiomyogenesis of AFSCs and its influencing 
factors are not still well understood. Therefore, further studies 
are required to clarify the specific epigenetic mechanisms and 
the complex molecular networks behind the cardiomyogenesis 
of AFSCs.

Conclusion
AFSCs are a subpopulation of prenatal stem cells that can eas-
ily be isolated from small volumes of AF and stably expanded in 
long-term cell cultures in vitro. These cells are introduced as a new 
class of highly stable stem cells with intermediate plasticity prop-
erties between embryonic and adult stem cell types. Moreover, 
they are immunocompatible and have anti-inflammatory and 
differentiation potential into different cell types of all three germ 
layers.  AFSCs exhibited morphologies, phenotypic characteris-
tics, and trilineage mesoderm differentiation potentials similar to 
MSCs. Moreover, they are highly proliferative cells with a stable 
karyotype in the long-term cell cultures and with trilineage dif-
ferentiation potency into cardiomyocytes, endothelial cells, and 
smooth muscle cells. AFMSCs, as a subpopulation of AFSCs, may 
be pluripotent stem cells that are less differentiated than BM- 
and AD-derived MSCs and also their gene expression is almost 
not influenced by gestational age and culture conditions in vitro. 
Therefore, they can be considered an attractive potent and stable 
resource for research and therapeutic applications. Nowadays, 
AFSCs can efficiently differentiate into cardiomyocytes in vitro 
and in vivo by different methods and protocols including co-cul-
ture approaches, injection or transplantation of the cells into the 
heart of animals with ischemia/reperfusion injury, treatment with 
suitable cardiomyogenic induction media and small-molecule 
chemicals, and the transdifferentiation of AFSCs-derived iPSCs. 
Therefore, they can be introduced as attractive cells for the treat-
ment of some human cardiac failures, especially neonatal heart 
disorders.

It has been found that combination treatment with cytokines and 
GFs, including BMP, IGF, and FGF and the activation of their sig-
naling pathways, is a potentially effective and reliable treatment 
modality for the differentiation of MSCs into cardiomyocytes. At 
the molecular level, control of the expression patterns of genes 
by epi-miRNA mechanisms is critical for the regulation of AFSCs 
characteristics, especially their differentiation. According to the 
literature review of the previous studies, we suggest that the 
epigenetic regulators influencing the global 5'-mC, H3K9me3 
and H3K27me3 rates such as DNMT-1/2, HDAC-1/2, EZH2, SUZ12, 
and BMI1, the stemness markers including OCT4, SOX2, NANOG, 
KLF4, c-MYC, and REX, miRNAs like let-7a-5p, mir-17, miR-17-3p, 
mir-21, miR-34c-5p, miR-106b-5p, miR-185-5p, and miR-449a and 
the cell cycle regulating proteins such as p53, p16, p21, and ATM 
are the most important factors that affecting the AFSCs charac-
teristics. Furthermore, DNA methylation, the transcription repres-
sive histone marks including H3K9me3 and H3K27me3 on the 
stemness regulatory genes and also the transcription activation 
histone marks including H3K4Ac, H3K9Ac, H3K4me3, H4K4Ac, 
and H4K9Ac on the cardiac-specific genes are critical epigenetic 
modifications during the differentiation of AFSCs into cardio-
myocytes. Therefore, identification and utilizing DNMTs, HMTs, 
and HATs activators or also the DNMTs and HDACs inhibitors can 
help to develop more new efficient protocols for the differentia-
tion of AFSCs into cardiomyocytes. Moreover, the most impor-
tant molecular changes that occur during the differentiation of 
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AFSCs into cardiomyocytes are including the induction of the ERK 
signaling pathway, upregulation (GCN5, EZH2, SUZ12, DNMT1, 
and HP-1α) and downregulation (HDAC-1/2) of the epigenetic 
modifiers, suppression of HDAC1/2 and stemness markers (OCT4, 
NANOG, SOX2, and REX1), upregulation of the cell cycle regula-
tors (p53, p21, Rb, and p130), the relative expression of miR-34a 
and miR-145, and induction of the expression of structural and 
functional-specific genes of cardiomyocytes (GATA4, Nkx2.5, cTnT, 
Nkx2.5, MHC, Myh6, and Tnni3).

Disclosures

Peer-review: Externally peer-reviewed.

Conflict of Interest: None declared.

Funding: This manuscript did not receive any specific grant from 
funding agencies in the public, commercial, or not-for-profit sectors.

Authorship Contributions: Concept – S.S.; Supervision – S.S.; Lit-
erature search – S.S., T.M.; Writing – S.S., T.M.; Critical review – S.S.

References
1.	 Loukogeorgakis S, Maghsoudlou P, De Coppi P. Recent de-

velopments in therapies with stem cells from amniotic fluid 
and placenta. Fetal Maternal Med Rev 2013;24:148–68.

2.	 Murphy SV, Atala A. Amniotic fluid and placental mem-
branes: unexpected sources of highly multipotent cells. Se-
min Reprod Med 2013;31:62–8.

3.	 Modena AB, Fieni S. Amniotic fluid dynamics. Acta Biomed 
2004;75:11–3.

4.	 Eslaminejad BM, Jahangir S. Tissue based-cell in application 
their and cells stem fluid amniotic regeneration. Int J Fertil 
Steril 2012;6:147–56.

5.	 Borlongan CV. Amniotic fluid as a source of engraftable 
stem cells. Brain Circ 2017;3:175–9.

6.	 Gao Y, Zhu Z, Zhao Y, Hua J, Ma Y, Guan W. Multilineage 
potential research of bovine amniotic fluid mesenchymal 
stem cells. Int J Mol Sci 2014;15:3698–710.

7.	 Torricelli F, Brizzi L, Bernabei PA, Gheri G, Di Lollo S, Nutini L, 
et al. Identification of hematopoietic progenitor cells in hu-
man amniotic fluid before the 12th week of gestation. Ital J 
Anat Embryol 1993;98:119–26.

8.	 Prusa AR, Marton E, Rosner M, Bernaschek G, Hengst-
schläger M. Oct-4-expressing cells in human amniotic 
fluid: a new source for stem cell research? Hum Reprod 
2003;18:1489–93.

9.	 In 't Anker PS, Scherjon SA, Kleijburg-van der Keur C, de 
Groot-Swings GM, Claas FH, Fibbe WE, Kanhai HH. Isolation 
of mesenchymal stem cells of fetal or maternal origin from 
human placenta. Stem Cells 2004;22:1338–45.

10.	 Tsai MS, Lee JL, Chang YJ, Hwang SM. Isolation of human 
multipotent mesenchymal stem cells from second-trimes-
ter amniotic fluid using a novel two-stage culture protocol. 
Hum Reprod 2004;19:1450–6.

11.	 De Coppi P, Bartsch G Jr, Siddiqui MM, Xu T, Santos CC, Perin 
L, et al. Isolation of amniotic stem cell lines with potential 
for therapy. Nat Biotechnol 2007;25:100–6. 

12.	 Trounson A. A fluid means of stem cell generation. Nat Bio-
technol 2007;25:62–3.

13.	 Fang YH, Wang SPH, Chang HY, Yang PJ, Liu PY, Liu YW. Prog-
ress and challenges of amniotic fluid derived stem cells in 
therapy of ischemic heart disease. Int J Mol Sci 2020;22.

14.	 Toda A, Okabe M, Yoshida T, Nikaido T. The potential of am-
niotic membrane/amnion-derived cells for regeneration of 
various tissues. J Pharmacol Sci 2007;105:215–28.

15.	 Mauro A, Turriani M, Ioannoni A, Russo V, Martelli A, Di Gi-
acinto O, et al. Isolation, characterization, and in vitro dif-
ferentiation of ovine amniotic stem cells. Vet Res Commun 
2010;34:25–8.

16.	 Antonucci I, Stuppia L, Kaneko Y, Yu S, Tajiri N, Bae EC, et al. 
Amniotic fluid as a rich source of mesenchymal stromal cells 
for transplantation therapy. Cell Transplant 2011;20:789–95.

17.	 Chen Q, Xiao P, Chen JN, Cai JY, Cai XF, Ding H, et al. AFM 
studies of cellular mechanics during osteogenic differen-
tiation of human amniotic fluid-derived stem cells. Anal Sci 
2010;26:1033–7.

18.	 Gekas J, Walther G, Skuk D, Bujold E, Harvey I, Bertrand OF. 
In vitro and in vivo study of human amniotic fluid-derived 
stem cell differentiation into myogenic lineage. Clin Exp 
Med 2010;10:1–6.

19.	 Decembrini S, Cananzi M, Gualdoni S, Battersby A, Allen N, 
Pearson RA, et al. Comparative analysis of the retinal po-
tential of embryonic stem cells and amniotic fluid-derived 
stem cells. Stem Cells Dev 2011;20:851–63.

20.	 Guan X, Delo DM, Atala A, Soker S. In vitro cardiomyogenic 
potential of human amniotic fluid stem cells. J Tissue Eng 
Regen Med 2011;5:220–8.

21.	 Orciani M, Morabito C, Emanuelli M, Guarnieri S, Sartini D, 
Giannubilo SR, et al. Neurogenic potential of mesenchymal-
like stem cells from human amniotic fluid: the influence of 
extracellular growth factors. J Biol Regul Homeost Agents 
2011;25:115–30.

22.	 Kooreman NG, Wu JC. Tumorigenicity of pluripotent stem 
cells: biological insights from molecular imaging. J R Soc In-
terface 2010;7:S753–63.

23.	 Maraldi T, Russo V. Amniotic fluid and placental membranes 
as sources of stem cells: progress and challenges. Int J Mol 
Sci 2022;23:5362.

24.	 Marei HE, Althani A, Afifi N, Hasan A, Caceci T, Pozzoli G, et 
al. p53 signaling in cancer progression and therapy. Cancer 
Cell Int 2021;21:703.

25.	 Cozene B, Antonucci I, Stuppia L. Activity of p53 in human 
amniotic fluid stem cells increases their potentiality as a 
candidate for stem cell therapy. Brain Circ 2019;5:134–9.

26.	 Sisakhtnezhad S, Alimoradi E, Akrami H. External factors in-



115EJMO

fluencing mesenchymal stem cell fate in vitro. Eur J Cell Biol 
2017;96:13–33.

27.	 Kunisaki SM, Armant M, Kao GS, Stevenson K, Kim H, Fauza 
DO. Tissue engineering from human mesenchymal amnio-
cytes: a prelude to clinical trials. J Pediatr Surg 2007;42:974–
9; discussion 979–80.

28.	 Kim J, Lee Y, Kim H, Hwang KJ, Kwon HC, Kim SK, et al. Hu-
man amniotic fluid-derived stem cells have characteristics 
of multipotent stem cells. Cell Prolif 2007;40:75–90.

29.	 Pipino C, Pierdomenico L, Di Tomo P, Di Giuseppe F, Cianci E, 
D'Alimonte I, et al. Molecular and phenotypic characteriza-
tion of human amniotic fluid-derived cells: a morphological 
and proteomic approach. Stem Cells Dev 2015;24:1415–28.

30.	 Di Trapani M, Bassi G, Fontana E, Giacomello L, Pozzo-
bon M, Guillot PV, et al. Immune regulatory properties of 
CD117(pos) amniotic fluid stem cells vary according to ges-
tational age. Stem Cells Dev 2015;24:132–43.

31.	 Savickiene J, Treigyte G, Baronaite S, Valiuliene G, Kaupinis 
A, Valius M, et al. Human amniotic fluid mesenchymal stem 
cells from second- and third-trimester amniocentesis: dif-
ferentiation potential, molecular signature, and proteome 
analysis. Stem Cells Int 2015;2015:319238.

32.	 You Q, Tong X, Guan Y, Zhang D, Huang M, Zhang Y, et al. The 
biological characteristics of human third trimester amniotic 
fluid stem cells. J Int Med Res 2009;37:105–12.

33.	 Nadri S, Soleimani M. Comparative analysis of mesenchy-
mal stromal cells from murine bone marrow and amniotic 
fluid. Cytotherapy 2007;9:729–37.

34.	 Tancharoen W, Aungsuchawan S, Pothacharoen P, Markmee 
R, Narakornsak S, Kieodee J, et al. Differentiation of mesen-
chymal stem cells from human amniotic fluid to vascular 
endothelial cells. Acta Histochem 2017;119:113–21.

35.	 Antonucci I, Provenzano M, Rodrigues M, Pantalone A, 
Salini V, Ballerini P, et al. Amniotic fluid stem cells: a novel 
source for modeling of human genetic diseases. Int J Mol 
Sci 2016;17:607.

36.	 Antonucci I, Crowley MG, Stuppia L. Amniotic fluid stem cell 
models: A tool for filling the gaps in knowledge for human 
genetic diseases. Brain Circ 2017;3:167–74.

37.	 Fang YH, Wang SPH, Gao ZH, Wu SN, Chang HY, Yang PJ, et 
al. Efficient cardiac differentiation of human amniotic fluid-
derived stem cells into induced pluripotent stem cells and 
their potential immune privilege. Int J Mol Sci 2020;21:2359.

38.	 Ambrósio CE, Orlandin JR, Oliveira VC, Motta LCB, Pinto PAF, 
Pereira VM, et al. Potential application of aminiotic stem 
cells in veterinary medicine. Anim Reprod 2020;16:24–30.

39.	 Abe Y, Ochiai D, Sato Y, Otani T, Fukutake M, Ikenoue S, et al. 
Amniotic fluid stem cells as a novel strategy for the treat-
ment of fetal and neonatal neurological diseases. Placenta 
2021;104:247–52.

40.	 Yeh YC, Wei HJ, Lee WY, Yu CL, Chang Y, Hsu LW, et al. Cellular 

cardiomyoplasty with human amniotic fluid stem cells: in 
vitro and in vivo studies. Tissue Eng Part A 2010;16:1925–36.

41.	 Bollini S, Cheung KK, Riegler J, Dong X, Smart N, Ghionzoli 
M, et al. Amniotic fluid stem cells are cardioprotective fol-
lowing acute myocardial infarction. Stem Cells Dev 2011; 
20:1985–94.

42.	 Bollini S, Pozzobon M, Nobles M, Riegler J, Dong X, Piccoli 
M, et al. In vitro and in vivo cardiomyogenic differentiation 
of amniotic fluid stem cells. Stem Cell Rev Rep 2011; 7:364–
80.

43.	 Castellani C, Vescovo G, Ravara B, Franzin C, Pozzobon M, 
Tavano R, et al. The contribution of stem cell therapy to 
skeletal muscle remodeling in heart failure. Int J Cardiol 
2013;168:2014–21.

44.	 Jiang G, Herron TJ, Di Bernardo J, Walker KA, O'Shea KS, 
Kunisaki SM. Human cardiomyocytes prior to birth by in-
tegration-free reprogramming of amniotic fluid cells. Stem 
Cells Transl Med 2016;5:1595–606.

45.	 Gasiūnienė M, Zubova A, Utkus A, Navakauskienė R. Epi-
genetic and metabolic alterations in human amniotic fluid 
stem cells induced to cardiomyogenic differentiation by 
DNA methyltransferases and p53 inhibitors. J Cell Biochem 
2019;120:8129–43. 

46.	 Gasiūnienė M, Valatkaitė E, Navakauskaitė A, Navakauskienė 
R. The effect of angiotensin ii, retinoic acid, egcg, and vita-
min c on the cardiomyogenic differentiation induction of 
human amniotic fluid-derived mesenchymal stem cells. Int 
J Mol Sci 2020;21:8752

47.	 Markmee R, Aungsuchawan S, Tancharoen W, Narakornsak 
S, Pothacharoen P. Differentiation of cardiomyocyte-like 
cells from human amniotic fluid mesenchymal stem cells by 
combined induction with human platelet lysate and 5-aza-
cytidine. Heliyon 2020;6:e04844.

48.	 Sano S, Sano T, Ishigami S, Ito T. Cardiac stem cell therapy: 
Does a newborn infant's heart have infinite potential for 
stem cell therapy? J Thorac Cardiovasc Surg 2022;163:242–7.

49.	 Via AG, Frizziero A, Oliva F. Biological properties of mes-
enchymal Stem Cells from different sources. Muscles Liga-
ments Tendons J 2012;2:154–62.

50.	 Jung SC, Park S. New sources, differentiation, and thera-
peutic uses of mesenchymal stem cells 2.0. Int J Mol Sci 
2023;24:3938.  

51.	 Sessarego N, Parodi A, Podestà M, Benvenuto F, Mogni M, 
Raviolo V, et al. Multipotent mesenchymal stromal cells 
from amniotic fluid: solid perspectives for clinical applica-
tion. Haematologica 2008;93:339–46.

52.	 Alessio N, Pipino C, Mandatori D, Di Tomo P, Ferone A, 
Marchiso M, et al. Mesenchymal stromal cells from amniotic 
fluid are less prone to senescence compared to those ob-
tained from bone marrow: An in vitro study. J Cell Physiol 
2018;233:8996–9006.



116 Sisakhtnezhad et al., Cardiomyogenesis Potential of AFSCs and its Regulation / doi: 10.14744/ejmo.2023.47139

53.	 Huang J, Ma W, Wei X, Yuan Z. Amniotic fluid mesenchymal 
stromal cells from early stages of embryonic development 
have higher self-renewal potential. In Vitro Cell Dev Biol 
Anim 2020;56:701–14.

54.	 Roubelakis MG, Pappa KI, Bitsika V, Zagoura D, Vlahou A, Pa-
padaki HA, et al. Molecular and proteomic characterization 
of human mesenchymal stem cells derived from amniotic 
fluid: comparison to bone marrow mesenchymal stem cells. 
Stem Cells Dev 2007;16:931–52.

55.	 Gholizadeh-Ghalehaziz S, Farahzadi R, Fathi E, Pashaiasl M. 
A mini overview of isolation, characterization and applica-
tion of amniotic fluid stem cells. Int J Stem Cells 2015;8:115–
20.

56.	 Phermthai T, Odglun Y, Julavijitphong S, Titapant V, Chu-
enwattana P, Vantanasiri C, et al. A novel method to derive 
amniotic fluid stem cells for therapeutic purposes. BMC Cell 
Biol 2010;11:79.

57.	 Thilakavathy K, Nordin N, Ramasamy R, Ghoraishizadeh P, 
Rohayu IMR, Singh G. Characteristics of full-term amniotic 
fluid-derived mesenchymal stem cells in different culture 
media, mesenchymal stem cells - isolation, characterization 
and applications. Phuc Van Pham, editor. IntechOpen. Avail-
able at: https://www.intechopen.com/chapters/55767. Ac-
cessed Jun 7, 2023.

58.	 Pappa KI, Anagnou NP. Novel sources of fetal stem cells: 
where do they fit on the developmental continuum? Regen 
Med 2009;4:423–33.

59.	 Shamsnajafabadi H, Soheili ZS. Amniotic fluid characteris-
tics and its application in stem cell therapy: A review. Int J 
Reprod Biomed 2022;20:627–43.

60.	 Larson A, Gallicchio VS. Amniotic derived stem cells: role 
and function in regenerative medicine. J Cell Sci Ther 
2017;8:1–10.

61.	 Chen JY, Mou XZ, Du XC, Xiang C. Comparative analysis 
of biological characteristics of adult mesenchymal stem 
cells with different tissue origins. Asian Pac J Trop Med 
2015;8:739–46.

62.	 Ramkisoensing AA, Pijnappels DA, Askar SF, Passier R, 
Swildens J, Goumans MJ, et al. Human embryonic and fetal 
mesenchymal stem cells differentiate toward three differ-
ent cardiac lineages in contrast to their adult counterparts. 
PLoS One 2011;6:e24164.

63.	 Jiang S, Zhang S. Differentiation of cardiomyocytes from 
amniotic fluid‑derived mesenchymal stem cells by com-
bined induction with transforming growth factor β1 and 
5‑azacytidine. Mol Med Rep 2017;16:5887–93.

64.	 Liu YW, Roan JN, Wang SP, Hwang SM, Tsai MS, Chen JH, 
et al. Xenografted human amniotic fluid-derived stem cell 
as a cell source in therapeutic angiogenesis. Int J Cardiol 
2013;168:66–75.

65.	 Luo H, Wang Z, Qi F, Wang D. Applications of human am-

niotic fluid stem cells in wound healing. Chin Med J (Engl) 
2022;135:2272–81.

66.	 Soncini M, Vertua E, Gibelli L, Zorzi F, Denegri M, Albertini 
A, et al. Isolation and characterization of mesenchymal cells 
from human fetal membranes. J Tissue Eng Regen Med 
2007;1:296–305.

67.	 Alviano F, Fossati V, Marchionni C, Arpinati M, Bonsi L, 
Franchina M, et al. Term Amniotic membrane is a high 
throughput source for multipotent Mesenchymal Stem 
Cells with the ability to differentiate into endothelial cells in 
vitro. BMC Dev Biol 2007;7:11.

68.	 Stefanidis K, Loutradis D, Koumbi L, Anastasiadou V, 
Dinopoulou V, Kiapekou E, et al. Deleted in Azoospermia-
Like (DAZL) gene-expressing cells in human amniotic 
fluid: a new source for germ cells research? Fertil Steril 
2008;90:798–804.

69.	 Rasini V, Dominici M, Kluba T, Siegel G, Lusenti G, Northoff 
H, et al. Mesenchymal stromal/stem cells markers in the hu-
man bone marrow. Cytotherapy 2013;15:292–306.

70.	 Mareschi K, Ferrero I, Rustichelli D, Aschero S, Gammaitoni 
L, Aglietta M, et al. Expansion of mesenchymal stem cells 
isolated from pediatric and adult donor bone marrow. J Cell 
Biochem 2006;97:744–54.

71.	 Schallmoser K, Bartmann C, Rohde E, Reinisch A, Kashofer 
K, Stadelmeyer E, et al. Human platelet lysate can replace 
fetal bovine serum for clinical-scale expansion of functional 
mesenchymal stromal cells. Transfusion 2007;47:1436–46.

72.	 Sotiropoulou PA, Perez SA, Salagianni M, Baxevanis CN, Pa-
pamichail M. Characterization of the optimal culture condi-
tions for clinical scale production of human mesenchymal 
stem cells. Stem Cells 2006;24:462–71.

73.	 Deschaseaux F, Gindraux F, Saadi R, Obert L, Chalmers D, 
Herve P. Direct selection of human bone marrow mesenchy-
mal stem cells using an anti-CD49a antibody reveals their 
CD45med,low phenotype. Br J Haematol 2003;122:506–17.

74.	 Jones EA, Kinsey SE, English A, Jones RA, Straszynski L, Mer-
edith DM, et al. Isolation and characterization of bone mar-
row multipotential mesenchymal progenitor cells. Arthritis 
Rheum 2002;46:3349–60.

75.	 Conget PA, Minguell JJ. Phenotypical and functional prop-
erties of human bone marrow mesenchymal progenitor 
cells. J Cell Physiol 1999;181:67–73.

76.	 Majumdar MK, Keane-Moore M, Buyaner D, Hardy WB, 
Moorman MA, McIntosh KR, et al. Characterization and 
functionality of cell surface molecules on human mesen-
chymal stem cells. J Biomed Sci 2003;10:228–41.

77.	 Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal 
human dental pulp stem cells (DPSCs) in vitro and in vivo. 
Proc Natl Acad Sci U S A 2000;97:13625–30.

78.	 Ringe J, Strassburg S, Neumann K, Endres M, Notter M, Bur-
mester GR, et al. Towards in situ tissue repair: human mes-



117EJMO

enchymal stem cells express chemokine receptors CXCR1, 
CXCR2 and CCR2, and migrate upon stimulation with CXCL8 
but not CCL2. J Cell Biochem 2007;101:135–46.

79.	 Walsh S, Jefferiss C, Stewart K, Jordan GR, Screen J, Beres-
ford JN. Expression of the developmental markers STRO-1 
and alkaline phosphatase in cultures of human marrow 
stromal cells: regulation by fibroblast growth factor (FGF)-
2 and relationship to the expression of FGF receptors 1-4. 
Bone 2000;27:185–95.

80.	 Sullivan MO, Gordon-Evans WJ, Fredericks LP, Kiefer K, 
Conzemius MG, Griffon DJ. Comparison of mesenchymal 
stem cell surface markers from bone marrow aspirates 
and adipose stromal vascular fraction sites. Front Vet Sci 
2015;2:82.

81.	 Zannettino AC, Paton S, Arthur A, Khor F, Itescu S, Gimble 
JM, et al. Multipotential human adipose-derived stromal 
stem cells exhibit a perivascular phenotype in vitro and in 
vivo. J Cell Physiol 2008;214:413–21.

82.	 Gill ME, Hu YC, Lin Y, Page DC. Licensing of gametogenesis, 
dependent on RNA binding protein DAZL, as a gateway to 
sexual differentiation of fetal germ cells. Proc Natl Acad Sci 
U S A 2011;108:7443–8.

83.	 Besmer P, Manova K, Duttlinger R, Huang EJ, Packer A, Gys-
sler C, et al. The kit-ligand (steel factor) and its receptor c-
kit/W: pleiotropic roles in gametogenesis and melanogen-
esis. Dev Suppl 1993:125–37.

84.	 Sisakhtnezhad S, Bahrami AR, Matin MM, Dehghani H, 
Momeni-Moghaddam M, Boozarpour S, et al. The molecu-
lar signature and spermatogenesis potential of newborn 
chicken spermatogonial stem cells in vitro. In Vitro Cell Dev 
Biol Anim 2015;51:415–25.

85.	 Afsartala Z, Rezvanfar MA, Hodjat M, Tanha S, Assadollahi 
V, Bijangi K, et al. Amniotic membrane mesenchymal stem 
cells can differentiate into germ cells in vitro. In Vitro Cell 
Dev Biol Anim 2016;52:1060–71.

86.	 Müller I, Kordowich S, Holzwarth C, Spano C, Isensee G, 
Staiber A, et al. Animal serum-free culture conditions for 
isolation and expansion of multipotent mesenchymal stro-
mal cells from human BM. Cytotherapy 2006;8:437–44.

87.	 Murry CE, Soonpaa MH, Reinecke H, Nakajima H, Nakajima 
HO, Rubart M, et al. Haematopoietic stem cells do not trans-
differentiate into cardiac myocytes in myocardial infarcts. 
Nature 2004;428:664–8.

88.	 Reinecke H, Poppa V, Murry CE. Skeletal muscle stem cells 
do not transdifferentiate into cardiomyocytes after cardiac 
grafting. J Mol Cell Cardiol 2002;34:241–9.

89.	 Iijima Y, Nagai T, Mizukami M, Matsuura K, Ogura T, Wada 
H, et al. Beating is necessary for transdifferentiation of 
skeletal muscle-derived cells into cardiomyocytes. Faseb J 
2003;17:1361–3.

90.	 Ieda M, Fu JD, Delgado-Olguin P, Vedantham V, Hayashi 

Y, Bruneau BG, et al. Direct reprogramming of fibroblasts 
into functional cardiomyocytes by defined factors. Cell 
2010;142:375–86.

91.	 Chen Y, Yang Z, Zhao ZA, Shen Z. Direct reprogramming 
of fibroblasts into cardiomyocytes. Stem Cell Res Ther 
2017;8:118.

92.	 Fu JD, Srivastava D. Direct reprogramming of fibroblasts 
into cardiomyocytes for cardiac regenerative medicine. Circ 
J 2015;79:245–54.

93.	 Ebert AD, Diecke S, Chen IY, Wu JC. Reprogramming and 
transdifferentiation for cardiovascular development and re-
generative medicine: where do we stand? EMBO Mol Med 
2015;7:1090–103.

94.	 Sadahiro T. Cardiac regeneration with pluripotent stem cell-
derived cardiomyocytes and direct cardiac reprogramming. 
Regen Ther 2019;11:95–100.

95.	 Bhuvanalakshmi G, Arfuso F, Kumar AP, Dharmarajan A, 
Warrier S. Epigenetic reprogramming converts human 
Wharton's jelly mesenchymal stem cells into functional car-
diomyocytes by differential regulation of Wnt mediators. 
Stem Cell Res Ther 2017;8:185.

96.	 Perán M, Marchal JA, López E, Jiménez-Navarro M, Boulaiz 
H, Rodríguez-Serrano F, et al. Human cardiac tissue induces 
transdifferentiation of adult stem cells towards cardiomyo-
cytes. Cytotherapy 2010;12:332–7.

97.	 Guan K, Wagner S, Unsöld B, Maier LS, Kaiser D, Hemmerlein 
B, et al. Generation of functional cardiomyocytes from adult 
mouse spermatogonial stem cells. Circ Res 2007;100:1615–
25.

98.	 Budniatzky I, Gepstein L. Concise review: reprogramming 
strategies for cardiovascular regenerative medicine: from 
induced pluripotent stem cells to direct reprogramming. 
Stem Cells Transl Med 2014;3:448–57.

99.	 Qin Y, Chen Y, Li J. Research progress of cell co-culture meth-
od. Zhonghua Wei Zhong Bing Ji Jiu Yi Xue 2016;28:765–8.

100.	 Kook YM, Jeong Y, Lee K, Koh WG. Design of biomimetic cel-
lular scaffolds for co-culture system and their application. J 
Tissue Eng 2017;8:2041731417724640.

101.	 Kuppusamy P, Kim D, Soundharrajan I, Hwang I, Choi KC. 
Adipose and muscle cell co-culture system: a novel in vitro 
tool to mimic the in vivo cellular environment. Biology (Ba-
sel) 2020;10:6.

102.	 Yoon J, Shim WJ, Ro YM, Lim DS. Transdifferentiation of 
mesenchymal stem cells into cardiomyocytes by direct cell-
to-cell contact with neonatal cardiomyocyte but not adult 
cardiomyocytes. Ann Hematol 2005;84:715–21.

103.	 Bao W, Ballard VL, Needle S, Hoang B, Lenhard SC, Tunstead 
JR, et al. Cardioprotection by systemic dosing of thymosin 
beta four following ischemic myocardial injury. Front Phar-
macol 2013;4:149.

104.	 Maioli M, Contini G, Santaniello S, Bandiera P, Pigliaru 



118 Sisakhtnezhad et al., Cardiomyogenesis Potential of AFSCs and its Regulation / doi: 10.14744/ejmo.2023.47139

G, Sanna R, et al. Amniotic fluid stem cells morph into a 
cardiovascular lineage: analysis of a chemically induced 
cardiac and vascular commitment. Drug Des Devel Ther 
2013;7:1063–73.

105.	 Bitsika V, Roubelakis MG, Zagoura D, Trohatou O, Makrida-
kis M, Pappa KI, et al. Human amniotic fluid-derived mes-
enchymal stem cells as therapeutic vehicles: a novel ap-
proach for the treatment of bladder cancer. Stem Cells Dev 
2012;21:1097–111.

106.	 Woodbury D, Kramer BC, Reynolds K, Marcus AJ, Coyne TM, 
Black IB. Long-term cryopreserved amniocytes retain prolifera-
tive capacity and differentiate to ectodermal and mesodermal 
derivatives in vitro. Mol Reprod Dev 2006;73:1463–72.

107.	 Christophersen NS, Helin K. Epigenetic control of embry-
onic stem cell fate. J Exp Med 2010;207:2287–95.

108.	 Minarovits J, Banati F, Szenthe K, Niller HH. Epigenetic regu-
lation. Adv Exp Med Biol 2016;879:1–25.

109.	 Al Aboud NM, Tupper C, Jialal I. Genetics, epigenetic mech-
anism. 2022 Aug 8. In: StatPearls [Internet]. Treasure Island 
(FL): StatPearls Publishing; 2023 Jan–. 

110.	 Cakouros D, Gronthos S. Epigenetic regulators of mesen-
chymal stem/stromal cell lineage determination. Curr Os-
teoporos Rep 2020;18:597–605.

111.	 Teven CM, Liu X, Hu N, Tang N, Kim SH, Huang E, et al. Epi-
genetic regulation of mesenchymal stem cells: a focus on 
osteogenic and adipogenic differentiation. Stem Cells Int 
2011;2011:201371.

112.	 Vasilatou D, Papageorgiou SG, Dimitriadis G, Pappa V. Epi-
genetic alterations and microRNAs: new players in the 
pathogenesis of myelodysplastic syndromes. Epigenetics 
2013;8:561–70.

113.	 Jafari A, Rezaei-Tavirani M, Farhadihosseinabadi B, Zali H, 
Niknejad H. Human amniotic mesenchymal stem cells to 
promote/suppress cancer: two sides of the same coin. Stem 
Cell Res Ther 2021;12:126.

114.	 Mirabella T, Gentili C, Daga A, Cancedda R. Amniotic fluid 
stem cells in a bone microenvironment: driving host angio-
genic response. Stem Cell Res 2013;11:540–51.

115.	 Fauza DO. Transamniotic stem cell therapy: a novel strategy 
for the prenatal management of congenital anomalies. Pe-
diatr Res 2018;83:241–8.

116.	 Savickienė J, Baronaitė S, Zentelytė A, Treigytė G, 
Navakauskienė R. Senescence-associated molecular and 
epigenetic alterations in mesenchymal stem cell cultures 
from amniotic fluid of normal and fetus-affected pregnan-
cy. Stem Cells Int 2016;2016:2019498.

117.	 Savickienė J, Matuzevičius D, Baronaitė S, Treigytė G, Kra-
sovskaja N, Zaikova I, et al. Histone modifications pattern 
associated with a state of mesenchymal stem cell cultures 
derived from amniotic fluid of normal and fetus-affected 
gestations. J Cell Biochem 2017;118:3744–55.

118.	 Zentelytė A, Gasiūnienė M, Treigytė G, Baronaitė S, 
Savickienė J, Borutinskaitė V, et al. Epigenetic regulation of 
amniotic fluid mesenchymal stem cell differentiation to the 
mesodermal lineages at normal and fetus-diseased gesta-
tion. J Cell Biochem 2020;121:1811–22.

119.	 Upadhyaya P, Di Serafino A, Sorino L, Ballerini P, Marchisio 
M, Pierdomenico L, et al. Genetic and epigenetic modifica-
tions induced by chemotherapeutic drugs: human amniot-
ic fluid stem cells as an in-vitro model. BMC Med Genomics 
2019;12:146.

120.	 Phermthai T, Pokathikorn P, Wichitwiengrat S, Thongbopit S, 
Tungprasertpol K, Julavijitphong S. P53 mutation and epi-
genetic imprinted IGF2/H19 gene analysis in mesenchymal 
stem cells derived from amniotic fluid, amnion, endome-
trium, and wharton's jelly. Stem Cells Dev 2017;26:1344–54.

121.	 Asumda FZ. Towards the development of a reliable proto-
col for mesenchymal stem cell cardiomyogenesis. Stem Cell 
Discovery 2013;3:13–21.

122.	 Rosenblatt-Velin N, Lepore MG, Cartoni C, Beermann F, 
Pedrazzini T. FGF-2 controls the differentiation of resident 
cardiac precursors into functional cardiomyocytes. J Clin In-
vest 2005;115:1724–33.

123.	 Xu H, Yi Q, Yang C, Wang Y, Tian J, Zhu J. Histone modifica-
tions interact with DNA methylation at the GATA4 promoter 
during differentiation of mesenchymal stem cells into car-
diomyocyte-like cells. Cell Prolif 2016;49:315–29.

124.	 Yi Q, Xu H, Yang K, Wang Y, Tan B, Tian J, et al. Islet-1 induces 
the differentiation of mesenchymal stem cells into car-
diomyocyte-like cells through the regulation of Gcn5 and 
DNMT-1. Mol Med Rep 2017;15:2511–20.

125.	 Ratajczak MZ, Marycz K, Poniewierska-Baran A, Fiedorowicz 
K, Zbucka-Kretowska M, Moniuszko M. Very small embry-
onic-like stem cells as a novel developmental concept and 
the hierarchy of the stem cell compartment. Adv Med Sci 
2014;59:273–80.

126.	 Yoon BS, Yoo SJ, Lee JE, You S, Lee HT, Yoon HS. Enhanced 
differentiation of human embryonic stem cells into cardio-
myocytes by combining hanging drop culture and 5-aza-
cytidine treatment. Differentiation 2006;74:149–59.

127.	 Khajeniazi S, Solati M, Yazdani Y, Soleimani M, Kianmehr A. 
Synergistic induction of cardiomyocyte differentiation from 
human bone marrow mesenchymal stem cells by interleu-
kin 1β and 5-azacytidine. Biol Chem 2016;397:1355–64.

128.	 Qian Q, Qian H, Zhang X, Zhu W, Yan Y, Ye S, et al. 5-Aza-
cytidine induces cardiac differentiation of human umbilical 
cord-derived mesenchymal stem cells by activating extra-
cellular regulated kinase. Stem Cells Dev 2012;21:67–75.

129.	 Ren J, Huang D, Li R, Wang W, Zhou C. Control of mesenchy-
mal stem cell biology by histone modifications. Cell Biosci 
2020;10:11.

130.	 Feng C, Zhu J, Zhao L, Lu T, Zhang W, Liu Z, et al. Suber-



119EJMO

oylanilide hydroxamic acid promotes cardiomyocyte dif-
ferentiation of rat mesenchymal stem cells. Exp Cell Res 
2009;315:3044–51.

131.	 Li L, Zhu J, Tian J, Liu X, Feng C. A role for Gcn5 in cardiomyo-
cyte differentiation of rat mesenchymal stem cells. Mol Cell 
Biochem 2010;345:309–16.

132.	 Rajasingh J, Thangavel J, Siddiqui MR, Gomes I, Gao XP, 
Kishore R, et al. Improvement of cardiac function in mouse 
myocardial infarction after transplantation of epigenet-
ically-modified bone marrow progenitor cells. PLoS One 
2011;6:e22550.

133.	 Wang M, Yu Q, Wang L, Gu H. Distinct patterns of histone 

modifications at cardiac-specific gene promoters between 

cardiac stem cells and mesenchymal stem cells. Am J Physi-

ol Cell Physiol 2013;304:1080–90.

134.	 Lu DF, Wang Y, Su ZZ, Zeng ZH, Xing XW, He ZY, et al. Knock-

down of the HDAC1 promotes the directed differentiation 

of bone mesenchymal stem cells into cardiomyocytes. PLoS 

One 2014;9:e92179.

135.	 Sdek P, Zhao P, Wang Y, Huang CJ, Ko CY, Butler PC, et al. 

Rb and p130 control cell cycle gene silencing to maintain 

the postmitotic phenotype in cardiac myocytes. J Cell Biol 

2011;194:407–23.


