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ARTICLE INFO ABSTRACT

Background: Mesenchymal stem cells (MSC) possess specific properties that make
them good candidates for cell therapy, especially in organs like the heart with limited
regeneration capacity. Generating cardiac myocytes in vitro is an important step toward
restoring lost function in cardiovascular diseases.

Objective: In this study, we investigated the potential of a human cardiomyocytes-
conditioned medium to induce cardiogenic differentiation (indicated by GATA4
expression) of rat bone marrow MSCs.

Methods: Rat bone marrow MSCs were extracted and cultured. They were characterized
based on morphology, adipogenic and cardiogenic differentiation potential, and
expression of mesenchymal markers. MSCs were exposed to the conditioned medium
(case group) or normal saline for 1, 3, and 7 days. The growth curve, population doubling
time, and GATA4 expression were compared between the groups.

Results: MSCs of the case group showed accelerated growth with a lower population
doubling time. GATA4 expression as a specific cardiac marker was significantly higher in
the case group compared with the controls on day 1. By days 3 and 7, GATA4 expression
remained higher, albeit the difference with the control group became less.

Conclusions: Our findings demonstrated that possible cardiac myocyte-derived factors
instigate the proliferation and cardiogenic differentiation of MSCs. This study provides a
novel bone marrow MSC model for investigating early cardiomyocyte generation, which
can open new avenues in the treatment of heart diseases.
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1. Background

A key yet challenging goal of medicine is to restore
injured cells and tissues to normal functional status
(1). Myocardial infarction (MI), the main culprit of
cardiovascular hospitalization and mortality, causes death
in a localized area of cardiomyocytes, increasing the
workload of the remaining cardiomyocytes and leading
to tissue dysfunction. This situation elevates the risk of
further infarctions and cardiac failure (2, 3). Unfortunately,
the heart’s capacity to replace dysfunctional cells with
functional ones is inadequate, especially in major events
like myocardial infarction (4). Moreover, conventional
therapies only focus on relieving symptoms without altering
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necrotic tissues. All these limiting factors have become the
driving forces to seek alternative remedies for regenerating
injured cardiac tissues (2).

In this regard, cell-based therapeutics are interesting tools
(5). In particular, outstanding characteristics of stem cells
provide aunique opportunity for use in infarcted myocardium
(6, 7). Both unfractionated bone marrow mononuclear
cells and autologous bone marrow mesenchymal stem
cells (MSCs) can significantly improve cardiac function
(7). Myocyte-derived MSCs considerably reduced infarct
size in transplantation experiments in animal models (9-11).
Transplantation of the heart from female donors to male
recipients showed footprints of Y-chromosome-positive
cardiomyocytes. Findings showed that such cardiomyocytes
result from cardiogenic differentiation of circulating bone
marrow MSCs (12). All such evidence verify that host tissue
microenvironment signals trigger MSCs to commence


https://orcid.org/0000-0003-1455-9799
https://orcid.org/0000-0001-8137-786X

Rousta N et al.

differentiation toward mature cells. In fact, the most
efficacious factor in the cardiogenic differentiation of stem
cells is assumed to be the paracrine activity received from
the microenvironment (13, 14).

Although harboring very few MSCs (15), bone marrow is
considered a suitable source for isolating these stem cells (16).
The prominent properties of bone marrow MSCs, including
ease of ex vivo expansion and low risk of rejection, make
them promising candidates for heart regeneration (17). Also,
they are immune-privileged cells that can be isolated from
patients themselves or their family members (18). Cardiac
markers are spontaneously expressed by human MSCs,
showing an intrinsic propensity toward cardiac lineage (17).
The multipotency and differentiation ability of MSCs into
a variety of cell types, including cardiac myocytes, were
previously reported. The functionality of differentiated cells
is evidenced by the expression of certain markers like myosin
heavy chain, B-actin, and troponin T (19).

The ability of MSCs to differentiate into cardiac cells is
promising, but requirements for such transformation are not
fully elucidated. It was revealed that in vitro cardiogenic
differentiation requires appropriate factors. Different
inducers like chemical substances (20-22), growth factors
(23-25), and coculturing with primary cardiomyocytes
(26) have been tested. However, some concerns, including
toxicity, imperfect collection of required factors, and ethical
hurdles, restrain such approaches.

The expression of an early cardiac gene such as GATA4
indicates that cells have commenced the differentiation
process. GATA4 is fundamental in regulating endoderm and
mesoderm development in the postgastrula embryo (27). In
particular, this protein regulates the expression of critical
genes during cardiomyogenesis. Cardiac differentiation
is promoted in pluripotent or embryonic stem cells by
induction of GATA4 overexpression (28). Intriguingly,
GATA4 possesses self-regulation via suppression of its own
expression (27).

2. Objectives

In this study, we aimed to investigate the potential of a
human cardiomyocytes-conditioned medium to induce
cardiogenic differentiation of rat bone marrow MSCs.

3. Materials and Methods

This study conformed to the Declaration of Helsinki and
was approved by the institutional ethics committee. Three
male adult rats of 200 - 250 g weight were obtained from
the institutional animal house, and after deep anesthesia
and cervical dislocation, bone marrow cells were extracted
from the femurs and tibias of both sides. Centrifugation of
cell suspension yielded cell pellet that was subsequently
seeded into culture flasks (SPL, Cat. No.: 70075) containing
Dulbecco’s modified eagle medium (DMEM) and fetal
bovine serum (FBS) (Shellmax, Cat. No.: D6050; BIO-
IDEA, Cat. No.: BI-1201). Following 24 h incubation in
humidified 5% CO, incubator at 37 °C, floating cells were
discarded, and adherent cells were nourished with fresh
culture medium. After the cells reached 80% confluence,
they were detached by trypsin/EDTA (Shellmax, P3790)
treatment and were split into new flasks. Passaging of the
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cells was continued until reaching P3.

- Osteogenic and adipogenic differentiation of MSCs

To confirm the identity of MSCs at P3, they were subjected
to adipogenic and osteogenic differentiation. Cells were
seeded in 6-well plates (SPL, Cat. No.: 30006) in three
groups: control, osteogenic differentiation, and adipogenic
differentiation. Each group was exposed to a specific
medium. The control medium consisted of DMEM/FBS,
the osteogenic group medium consisted of low glucose
DMEM/FBS/dexamethasone/ascorbate 2-phosphate/b-
glycerophosphate, and the adipogenic medium was
Ham’s F-12/FBS/glutamine/dexamethasone/ascorbic acid/
indomethacin (29). After 20 days of exposure, cells were
washed with PBS, and following fixation, they were stained
with alizarin red and oil red.

- Expression of mesenchymal-specific markers

Ina T75 flask, cells at P3 were washed with PBS (Shellmax,
Cat. No.: P1430), and following treatment with trypsin/
EDTA, they were subjected to centrifugation to yield cell
pellets. RNA was extracted from the pellet by RNAx-plus
solution (Cinagen-Iran, Cat. No: EX6101) according to the
instructions. RNA concentration was measured by Nanodrop
(NanoDrop™ 2000/2000¢ Spectral photometer) at 260 nm
wavelength to assure the quality of the extraction procedure
and quantity of the RAN molecules for downstream steps.
cDNA synthesis was carried out (AddScript cDNA Synthesis
Kit, Adbio, Cat. No.: 22701) from the RNA template, before
PCR reagents (Taqg DNA Polymerase 2x Master Mix,
Ampligon, Cat. No.: A180301) were mixed with cDNA
and specific mesenchymal primers (CD73 and CD90). After
applying predefined cycles of time and temperature by 96-
well thermal cycler (Applied Biosystems™ Veriti™), the
PCR products were visualized with the aid of a DNA-safe
stain (Cinaclone, Cat. No.: PR881603) on 1.5% agarose
(Sigma-Aldrich, Cat. No.: 9012-36-6) gel. The primer
sequences were CD73 (F: TGCATCGATATGGCCAGTCC,
R: AATCCATCCCCACCGTTGAC) and
CD90 (F: GACCCAGGACGGAGCTATTG, R:
TCATGCTGGATGGGCAAGTT).

- Human cardiomyocyte (HCM)-conditioned medium

A confluent T25 culture flask (SPL, Cat. No.: 70025)
of human cardiomyocytes was purchased from Pasteur
Institute, Tehran, Iran. After storage in the incubator
for 24 hours, cells were passaged with a specific HCM
culture medium. After reaching 80% confluence, the
culture medium was collected and regarded as the HCM-
conditioned medium. This medium was air-dried at -56°C
under negative pressure (vacuum degree < 10 pas) by a
lyophilizer for 48 hours (BIOBASE BK-FDI10OPT freeze
dryer).

- MTT assay

In order to evaluate the viability of MSCs after exposure
to the HCM-conditioned medium, the MTT assay was
performed. In a 96-well plate (SPL, Cat. No.: 30096),
MSC:s (5,000 cells/200 ul/well) were seeded and exposed
to different concentrations of dried conditioned medium
from 1 ng/ml to 10x10° ng/ml at three time points (days
1, 3, and 7). The MTT assay was carried out according
to the vendor protocol (https://www.sigmaaldrich.com/
NL/en). Light absorption was measured at a wavelength of
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570 nm on a microplate reader (FLUOstar Omega, BMG
LABTECH, Germany).

- Exposing MSCs to HCM-conditioned medium

The P3 passage of MSCs was prepared in T25 flasks
(400,000 cells/flask) in four groups. Groups 1, 2, and 3
contained 100 ng/ml of the conditioned medium and were
evaluated after 1, 3, and 7 days, respectively. Group 4 was
the control group with no HCM-conditioned medium. Also,
similar groups were prepared in 24-well plates (SPL, Cat.
No: 30024) for cell counting on seven consecutive days.

- GATA4 expression

Following the treatment of cells with the conditioned
medium, cells in both control and treatment groups were
detached from the flasks on days 1, 3, and 7, as previously
described. The cell pellets were subjected to RNA
extraction, cDNA synthesis, and real-time PCR (RealQ Plus
2x Master Mix Green, Ampliqon, Cat. No.: A325402) in a
48-well thermal cycler (Applied Biosystems™, StepOne™)
with GATA4 specific marker. The thermal process started
at 95 °C (15 min), followed by 95 °C (10 sec; 40 cycles) and
52°C (15 sec). In the end, the PCR products went through the
melt curve process: one cycle of 95 °C (15 sec.), then 52 °C
(1 min), increased by 0.1° increments up to 95 °C afterward.

The B-actin gene was considered the endogenous
control. Primer sequences were as follows:
GATA4  (F: TGATGGATGGAAGAAGAT, R:
GTGATGAAGACAAGGAAG). Data were analyzed using
the 224t method.

4. Results

In this study, bone marrows of three male adult rats were
used to establish an MSC pool. In the first days of in vitro
culture, cells appeared in different shapes: spindle, flat, star,
and round. However, the majority of adherent cells were
spindle-shaped. The round floating cells were discarded
upon changing the culture medium. During PO, the cell
density increased, some colonies formed, and gradually,
cells covered nearly the entire surface of the culture flask.
Treatment of the confluent flask with trypsin/EDTA and
seeding the cells into new flasks made P1, and these
procedures were continued up to P3. The proliferation of
MSCs was accelerated at P1 and the following passages in

a way that MSCs covered about 80-90% of the flask surface
during only 3 - 4 days. At P3, almost all the cells acquired
a spindle-shaped or fibroblastic appearance.

MSCs were characterized after induction of differentiation
to osteocytes and adipocytes. Staining of the induced cells
by specific dyes (alizarin red and oil red) confirmed such
differentiation (Figure 1). In order to further confirm the
identity of cells at P3, they were assessed with respect
to the expression of mesenchymal-specific markers.
Following treatment of cultured cells at P3 with trypsin/
EDTA, centrifugation of the cell suspension produced the
pellet and supernatant phases containing mesenchymal
and hematopoietic cells, respectively. Both phases were
subjected to RNA extraction, cDNA synthesis, and PCR
using primers of mesenchymal-specific markers, CD73
and CD90. As shown in Figure 2, the cells in the pellet
expressed CD73 (208 bp) and CD90 (197 bp), while the
expression of these markers was absent in the supernatant.

During the first days of culture, HCMs mostly appeared
round, some with short projections toward different
directions. However, they became more fibroblast-like at
P1, which is the usual appearance of these cells (Figure 3).
They need a specific culture medium containing various
ingredients including Ham’s F12 Nutrient Mix, DMEM, FBS,
insulin, and basic fibroblast growth factor. It is recommended
to subculture the cells in poly-L-lysin-coated flasks.

HCM was passaged once, and after reaching confluence,
the conditioned medium was collected and refrigerated at
-76 °C until use.

Different lyophilized HCM-conditioned medium
concentrations were exposed to MSCs at P3 at three time
points (day 1, day 3, and day 7). The MTT assay was
performed to evaluate the impact of the HCM-conditioned
medium on the viability of MSCs during the 7-day interval. It
was revealed that none of the concentrations had significant
toxicity on MSCs. Eventually, a concentration of 100 ng/ml,
at which MSCs demonstrated close viability to the control
group, was chosen for upcoming experiments. In fact, this
concentration imposed neither remarkable proliferation nor
significant apoptosis.

The number of MSCs exposed to 100 ng/ml of the HCM-
conditioned medium was enumerated for eight consecutive

A

Figure 1. Induction of Osteogenesis and Adipogenesis in Mesenchymal Stem Cells. The Mesenchymal Nature of the Cultured Cells
Was Approved by Differentiation Induction. Left: Red Appearance of the Oeteocytes’ Cytoplasm Due to Staining with Alizarin Red
Dye. Right: Red Appearance of the Adipocytes’ Cytoplasm Due to Dtaining with Oil Red Dye.
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days. Thereafter, growth curves and population doubling
time (PDT) were compared between the treated and control
groups, revealing that the trend of growth and proliferation
was not similar between the two groups. MSCs in the

i
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hematopoieti

Figure 2. Expression of Mesenchymal-Specific Markers by
Adherent Cells at P3. The Figure Shows that the Cell Pellet
(Containing Mesenchymal Cells) Expressed CD73 (208 bp) and
CD90 (197 bp), While the Supernatant (Containing Hematopoietic
Cells) Did not Express These Markers.

control group started the proliferation phase after a lag
period of three days, while MSCs in the treated group
showed sharp proliferation after only one day, followed
by mild proliferation. Initially, the HCM-conditioned
medium significantly increased the proliferation of MSCs
compared with the control group. However, this effect
remained unchanged for the following days in the treated
group (Figure 4).

Also, the PDT was calculated as 50 and 58 hours on day
8 for the treated and control groups, respectively (Table 1).

There was no considerable difference in the appearance
of MSCs between the treated and control groups.
However, the density of the cells, which represents the
proliferation rate, was obviously higher in the treated
group (Figure 5).

Expression of GATA4 is assumed as a sign that reveals the
commencing of cardiac differentiation. In fact, one of the
earliest molecular markers associated with the initiation of
cardiac gene expression is GATA4 (29). GATA4 expression
was considerably higher in the treated group compared
with the control peers after one day, while no remarkable
differences were seen between the groups after three and
seven days (Figure 06).

Figure 3. Human Cardiac Myocytes During the Early Days of Culture (Right) and at the First Passage (Left). They Mostly Appeared
in Round Shapes on the First Days of Culture; Later, Fibroblast-Like Cells Became Dominant.

Average number of cells
Available in 3 wells

& Troated
-~ control

Figure 4. The Growth Curve of Mesenchymal Stem Cells in the Treatment Group Compared to the Control Group in Eight Consecutive
Days. On the First Days, the Cell Count Was Significantly Higher in the Treatment Group, While Cells in the Control Group
Outnumbered the Ones in the Treatment Group in the Following Days.
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Table 1. Population Doubling Time in Treated and Control Groups

Days (Post-Exposure) Treated Group (Hours)

Control Group (Hours)

7

14
21
28.5
34
42
47.5
58

(e e R S

13
22.5
30.5
24.5
29.5
34

Figure 5. Mesenchymal Stem Cells in the Treatment Group (Right) and the Control Group (Left). The Density of Cells Was Significantly
Higher in the Treatment Group due to the Existence of the Conditioned Medium Derived from Human Cardiac Myocytes.
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Figure 6. Comparison of GATA4 Expression Ratio in the Treatment/Control Groups at Three Time Points. At Day 1, Expression of
GATA4 Was Remarkably Higher in the Cells Treated with Human Cardiac Myocyte-Conditioned Medium Compared with the Control
Group. However, the Groups Had no Considerable Differences at Days 3 and 7.

5. Discussion

The present study evaluated cardiogenic differentiation
of rat bone marrow MSCs after exposure to a defined
concentration of human HCM-conditioned medium. To
begin with, three rats were used for the extraction of bone
marrow MSCs in order to omit the biological differences
between donors and to establish a homogenous cell pool.
The spindle- or fibroblastic-shaped cells at P3 demonstrated
some features, including plastic adherence, expression of
specific mesenchymal markers, and ability to differentiate
into mesodermal cell lineage. Accordingly, these cells

Int Cardiovasc Res J. 2022;16(3)

clearly met the minimal criteria for defining MSCs.
Following exposure to the HCM-conditioned medium,
MSCs growth was considerably augmented up to day
three compared with the controls. In fact, the HCM-derived
microenvironment promoted the proliferation of MSCs.
However, it seems that induction of proliferation was lost
in the next days, and that is why the cells in the control
group overtook those in the treated group during days 4
to 8. This was marked by higher PDT by day three and
lower PDT by day eight in the treated cells compared with
the controls. Regarding cardiogenic differentiation, treated
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cells expressed a remarkably higher level of GATA4 than the
control group after one day. After 3 and 7 days, the level of
GATA4 expression remained higher in the treated cells, but
the difference with the control group became low.

The major challenge for restoration of the lost function
in the cardiac apparatus is that the heart possesses
little regeneration potential after injuries. Also, lack
of cytokinesis in cardiac myocytes and unwanted cell
death following induction of cell cycle activation hamper
the regeneration potential. After major cell loss (e.g., a
myocardial infarction), the heart’s inherent response is
compensatory hypertrophy. This condition, accompanied by
increasing myocytes’ size, ultimately leads to heart failure
(31). Therefore, researchers seek therapies that restore the
lost function by increasing the number of myocytes rather
than their size. The interesting promise of cellular therapy,
especially the formation of functional cardiac myocytes,
has been elaborated as an alternative remedy for cardiac
disease (32). In this regard, understanding the contributors
involved in the process of precursor differentiation into
cardiac cells is an important step.

Adult stem cells may be assumed as an intermediate cell
type that, as progenitor precedents, have no prominent
physiological role and, simultaneously, do not show a
fully functional character (33). As one type of adult stem
cells, MSCs have shown differentiation potential into
cardiomyocytes (15, 34), and bone marrow MSCs generate
a highly pure population with superb growth kinetics (2).

The fate of a progenitor/stem cell is mainly determined
by its microenvironment (35). Some researchers declared
that differentiation of bone marrow MSCs into myocytes
needs contact with neighboring myocytes, and direct cell-
to-cell contact was assumed essential in this process (16).
Early expression of connexin 43, a gap junction protein,
prior to transdifferentiation of bone marrow MSCs into
myocytes supports this belief (36). This connection
mediates intercellular signaling, resulting in the expression
of differentiation genes like GATA4 (16).

On the other hand, the differentiation of rat bone marrow
MSC:s into cardiomyocyte-like cells is feasible in a cardiac
environment independent of physical contact with myocytes
(14). Injection of bone marrow MSCs into the infarcted
heart showed great cardiac recovery in an animal model.
Injected cells reach a mature phenotype in less than two
weeks and last in the injured site for approximately two
months (37, 38). Seemingly, myocyte-secreted factors are
in charge of bone marrow MSCs differentiation toward the
myocardial phenotype (39, 40). However, the exact molecular
mechanisms that control the cardiac differentiation of MSCs
are not fully understood.

The differentiation of transplanted MSCs to
cardiomyocytes showed that the microenvironment of
adult heart tissue provides sufficient signals for cardiogenic
transformation (41). Soluble factors, besides growth factors,
are continuously released by cardiomyocytes, creating a
suitable microenvironment for cardiac differentiation (42). A
microenvironment generated by embryonic cardiomyocytes
was shown to activate the cardiac genetic program in MSCs.
It was demonstrated in one study that the expression of
cardiac genes reached the highest level after five days of
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co-culture, and was downregulated continuously afterward
(43). cAMP, neuregulin-1, and bFGF are among the signaling
molecules involved in myocardial cell fate. These three are
also implicated in the induction of the expression of cardiac
transcription factors like GATA4 in embryonic stem cells
(23, 44, 45).

Cardiogenic differentiation is approved by the expression
of cardiac markers, both at the protein and mRNA levels
(2). GATA4, as a cardiomyocyte transcription factor, is
expressed during the transdifferentiation of bone marrow
MSCs (16). MSCs co-cultured with myocytes highly
expressed GATA4 and acquired a myocyte phenotype
(16). Cardiac transcription factors such as GATA4 and
MEF-2 regulate the gene expression of cardiac-specific
genes, controlling the complex process of cardiogenesis.
In particular, the regulation of cardiac structure and gene
expression is governed by GATA4. Expression of GATA4
activates transcription of further key myocardial structural
genes required for the formation of sarcomeric a-actinin,
cardiac MHC, and troponin I (42). Also, GATA4 significantly
contributes to heart development and cardiac specification
(18). The lack of a clear and consensus definition for
cardiogenic differentiation with respect to the expression
of specific markers is one of the underlying reasons for
controversies in different studies.

Various induction agents are used to differentiate MSCs
to cardiac lineage. Chemicals such as S5-azacytidine
induce the cardiogenic differentiation of MSCs (22, 46,
47). However, the potential carcinogenic hazard of such
chemicals hinders the clinical translation of differentiated
cells. Cocktails of growth factors have also been used to
differentiate MSCs into cardiomyocytes (48). Not only is
one growth factor incapable of developing cardiomyocytes,
but the exact combination of growth factors required for
this action is not fully elucidated (2). Accordingly, in the
present study, we tried to provide a microenvironment with
a cardiac-conditioned medium of human cardiac myocytes
similar to that of natural ones. Cardiac myocytes are fully
differentiated cells that are unable to divide (49).

Another feature of our study was the stimulation of MSCs
from one species by a microenvironment derived from
another species. This shows that the microenvironment of
human cardiac myocytes contains at least a minimum of
factors to promote rat MSCs toward cardiac lineage, which
demonstrates a conservative induction repertoire between
these two species. Co-culturing of human bone marrow
MSCs and rat neonatal cardiomyocytes led to xenogenic
transdifferentiation, indicated by the expression of GATA4.
However, sarcomeric structures were not formed. Even the
co-culturing of MSCs with embryonic cardiomyocytes for
15 days did not reveal electrical transdifferentiation toward
the cardiomyocyte phenotype. This was called partial
differentiation, which happened because of altered and
incomplete genetic programming (43). On the other hand,
the formation of organized sarcomeres and the generation
of action potentials indicate true differentiation (50, 51).

5.1. Limitations

We did not refresh the conditioned medium every day,
and the differentiation potential of the conditioned medium
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might decrease over time. Characterization of myocytes
relied only on the expression of GATA4. More in-depth
characterizations are essential. It is possible to concentrate
the conditioned media to further investigate its effect on
the cardiac differentiation of MSCs. The true identity and
regenerative potential of such in vitro-generated cells
remain to be ascertained in future experiments. Different
MSC sources, such as bone marrow versus umbilical cord
blood, do not necessarily yield the same results. Also, the
development stage of the MSC donor is a determining factor
for their multipotency potential.

5.2. Conclusion

The conditioned medium of human cardiac myocytes
promotes cardiogenic differentiation of rat bone marrow
MSCs. This study provides a novel bone marrow MSC
model for investigating early cardiomyocyte generation that
could be used for designing new avenues in the treatment
of heart diseases in the future.

5.3. Ethical Considerations
This study is approved by regional ethics committee (IR.
TAU.KAU.REC.1400.054).
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