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Abstract
Differentiation of mesenchymal stem cells (MSCs) into cardiomyocytes is a complex phenomenon, and attempts to find an
effective inducing agent are still ongoing. We studied the effect of fibrin scaffold and sodium valproate (VPA, as a histone
deacetylase inhibitor) on the differentiation of human adipose-derived stem cells (hADSCs) into cardiomyocyte-like cells. The
cells were cultured in culture flask (2D) and in fibrin scaffold (3D), fabricated of human plasma fibrinogen, with and without
VPA (1 mM). QRT-PCR, Western blot, and immunochemistry assays were used to evaluate the expression of cardiac markers at
gene and protein levels. High levels of CD44, CD90, CD73, and CD105 were expressed on the surface of hADSCs. Treated
encapsulated hADSCs (3D) presented significantly higher mRNA expression of HAND1 (1.54-fold), HAND2 (1.59-fold), cTnI
(1.76-fold),MLC2v (1.4-fold), Cx43 (1.38-fold), βMHC (1.34-fold), GATA4 (1.48-fold), and NKX2.5 (1.66-fold) in comparison
to 2D conditions at four weeks after induction. The protein expressions of NKX2.5 (0.78 vs 0.65), cTnI (1.04 vs 0.81), and Cx43
(1.11 vs 1.08) were observed in the differentiated cells both in 3D and 2D groups, while control cells were absolutely negative for
these proteins. The frequency of cTnI and Cx43-positive cells was significantly higher in 3D (24.2 ± 15 and 12 ± 3%) than 2D
conditions (19.8 ± 3 and 10 ± 2%). Overall, the results showed that VPA can increase cardiomyogenesis in hADSCs and that
fibrin scaffold enhances the inductive effect of VPA. Results of this study may improve cell-based protocols for implementation
of more successful cardiac repair strategies.
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Cardiac markers

Introduction

Despite all efforts in scientific research and medical treatment,
ischemic heart disease and myocardial infarction (MI) remain
the leading causes of death worldwide (Mozaffarian et al.
2015). Although current interventions and pharmacologic
treatments have been relatively successful, many patients are
still suffering from irreversible cardiac damage due to lack of
regenerative therapies of the cardiac muscle. The prevalence
of congestive heart failure is increasing, which highlights the
need for new treatment approaches to effectively regenerate
cardiac injury (Choi et al. 2010; Lemcke et al. 2018). Among
different strategies, cell therapy with mesenchymal stem cells
(MSCs) created new hopes for the improvement of heart dam-
ages (Chen et al. 2015; Yang et al. 2013). In the meantime,
human adipose-derived stem cells (hADSCs) are becoming
one of the suitable sources of adult stem cells due to
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subcutaneous localization and easy collection in large quanti-
ties, easy extraction of stem cells and cultivation, and ability to
combine with biomaterials and differentiate into cells of vital
tissues, including cardiomyocyte-like cells, which have
attracted considerable attention to the development of regen-
erative medicine (Grayson et al. 2008; Otsuki et al. 2018;
Sukho et al. 2018; Tobita et al. 2011; Varghese et al. 2017).
Meanwhile, some studies have shown that ADSCs are not
differentiated well into cardiomyocyte-like cells in vivo
(Gaustad et al. 2004; Planat-Benard et al. 2004; Rangappa
et al. 2003). Use of ADSCs instead of cardiac-committed cells
and lack of a suitable environment for supporting cell adhe-
sion to keep the cells alive are among possible causes of this
failure (Choi et al. 2010; Li et al. 2007; Xu et al. 2004; Zeng
et al. 2011). Alternative approaches are using cardiac-inducing
factors (chemical agents, hypoxia, and mechanical stimulation)
and cardiac tissue engineering by biomaterials (Choi et al.
2010; Girão-Silva et al. 2014). The modification of structure
and organization of chromatin is one of the regulatory mecha-
nisms for differentiation of stem cells. The change in the histone
structure can modify the accessibility and binding of transcrip-
tion factors to DNA. Acetylation is one of the most important
pro-differentiation changes of the histone that occurs by histone
acetyltransferases (HATs) while the histone deacetylases
(HDACs) cause condensation of the chromatin structure and
reduction of transcriptional activity of the genes. Therefore,
histone deacetylase inhibitors (HDACIs) may increase acetyla-
tion of the histone. VPA is a powerful HDACI, probably capa-
ble to mediate stem cell differentiation in the early stages (Li
et al. 2014; Rice et al. 2007; Gurvich et al. 2004). In cardiac
engineering in vitro, this differentiation can be induced by
seeding the cells in scaffolds with a suitable composition, ar-
chitecture, and mechanical properties, such as fibrin scaffold
(Bagheri-Hosseinabadi et al. 2018). Albeit according to current
knowledge, the exact mechanism and signaling pathways that
mediate differentiation of stem cells into cardiomyocyte-like
cells are not fully understood. Therefore, the purpose of this
study was to investigate and compare the effect of VPA as an
inducer, on cardiomyocyte genesis of hADSCs in 2D culture
medium and 3D fibrin scaffold conditions.

Materials and methods

Ethical approval was obtained from the Institutional Ethical
Review Board at Kerman University of Medical Sciences,
Kerman, Iran (approval no IR.KMU.REC.1395-961).

Materials

Many of the materials were prepared from Sigma Company
(Sigma-Aldrich, St. Louis, MO, USA), but the FITC-
conjugated antibodies against CD45, CD44, and CD34 were

purchased from Chemicon Co., USA, and PE-conjugated
CD105, CD90, and CD73 were from BD Biosciences.
Chondrogenic differentiation kit was purchased from
GIBCO, Invitrogen, USA; LDH kit from Pars-Azma, Iran;
RNX-Plus kit total RNA isolation from CinnaGen, Iran;
RevertAid cDNA synthesis kit and SYBR Green from
Thermo Fisher Scientific Inc., MA, USA; protein marker
E2912 and chemiluminescence reagent (ECL) from Santa
Cruz, USA; rabbit polyclonal antibody against cTnI, mouse
monoclonal antibodies against NK2 homeobox 5 (NKX2.5)
and connexin 43, goat anti-rabbit IgG H&L (HRP), and goat
anti-mouse IgG H&L (HRP) from Abcam Company; and β-
actin (rabbit polyclonal) from Biorbyt.

Methods

Preparation of hADSCs

Isolation and culture of hADSCs were performed as previous-
ly reported (Bagheri-Hosseinabadi et al. 2018). Briefly, the
paravertebral adipose tissues were obtained from three healthy
volunteer women (aged 30–50 years) who underwent elective
liposuction surgery. A written consent form was obtained to
use their lipoaspirate tissues for research purposes. The tissues
were washed with phosphate-buffered saline (PBS) solution
containing penicillin (300 U/ml), streptomycin (100 μg/ml),
and amphotericin-B (5 μg/ml). Tissues were gently shaken for
60 min in DMEM/F12 containing 1% collagenase type IV at
37 °C. The enzyme activity was neutralized by PBS contain-
ing 20% fetal bovine serum (FBS). After centrifuging and
separation, hADSCs were cultured in DMEM/F12 supple-
mented with 10% (v/v) FBS, penicillin (100 U/ml), streptomy-
cin (100 μg/ml), and amphotericin-B (2.5 μg/ml) in a humid-
ified incubator at 37 °C in an atmosphere of 5% CO2. On the
next day, the mediumwas removed and the cells were washed
by PBS and replenished with fresh completed medium every
72 h until they reached confluence. For future experiments,
the hADSCs were expanded until passage 4.

Phenotypic characteristics of hADSCs

Flow cytometric analysis of the cells was used for the detec-
tion of hADSC-specific surface markers (CD90, CD73,
CD105, CD44, CD34, and CD45). A total of 1.0 ×
105 hADSCs/ml were blocked with a 1:9 dilution of normal
goat serum in PBS at 4 °C for 15 min, and then the cells were
washed and re-suspended in cold PBS. In the following step,
the blocked hADSCs were incubated with fluorochrome-
labeled marker-specific antibodies for 60 min at 4 °C in dark-
ness. Fluorochrome-labeled isotype antibodies (mouse IgG
monoclonal isotype standards) were also used for staining of
the control cells. After washing with PBS (containing 2%
FBS), flow cytometry analyses using BD FACS Calibur
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(Becton-Dickinson, USA) were used for data acquisition, and
WinMDI software (BD Biosciences, USA) was used for fur-
ther data analyses (Latifpour et al. 2011).

Induction of osteogenic, adipogenic, and chondrogenic
differentiation

Differentiation potential of the hADSCs into adipocytes, os-
teoblasts, and chondrocytes was examined by the following
methods for confirming their stemness potential.

Osteogenic differentiation hADSCs were seeded onto plates
at a density of 3.0 × 103 cells/cm2 in the complete medium. On
the next day, osteogenic medium containing DMEM-LG sup-
plemented with 10% FBS, penicillin (100 U/ml), streptomy-
cin (100 μg/ml), amphotericin-B (2.5 μg/ml), glycerophos-
phate 10 mM, dexamethasone 10 nM, and 50 μg/ml ascorbic
acid was added to the cells. For Alizarin Red staining, the
osteogenic medium was removed after three weeks, and the
cells were washed with PBS and then fixed with 4% parafor-
maldehyde. Alizarin Red staining was performed according to
the established protocol reported in the published paper
(Bagheri-Hosseinabadi et al. 2018). The stained cells were
observed by an inverted optical microscope (Olympus,
Japan), and the images were recorded for further analysis.

Adipogenic differentiation To direct hADSCs towards
adipogenic differentiation, 3.0 × 104 hADSCs/ml were seeded
in plates. After 24 h, the medium was replaced by adipogenic
differentiation medium (DMEM/F12 containing 10% FBS,
100 U/ml penicillin, 100 μg/ml streptomycin, 2.5 μg/ml
amphotericin-B, 100 nM dexamethasone, and 200 nM indo-
methacin). After three weeks, the induction medium was as-
pirated and the cells were fixed in 4% paraformaldehyde and
stained with Oil Red O solution (Bagheri-Hosseinabadi et al.
2018). The formation of lipid droplets was observed by a
phase-contrast microscope.

Chondrogenic differentiationA total of 3.0 × 104 hADSCs/ml
were seeded in the plates. On the next day, the cultured cells
were exposed to chondrogenic differentiation kit (according to
the manual). After three weeks, Alcian blue staining was per-
formed for quantification of sulfated proteoglycans (Bagheri-
Hosseinabadi et al. 2018). The images were prepared using an
invert microscope (Olympus, Japan).

Fabrication of fibrin scaffold, cell encapsulation, and analysis
of hADSC morphology

The protocol for fabrication of fibrin scaffold has been report-
ed in our previous works (Bagheri-Hosseinabadi et al. 2018,
2017). In brief, fibrinogen was extracted from human fresh-
frozen plasma (FFP) by adding equal volume of protamine

sulfate. After centrifuging, the precipitated fibrinogen was
dissolved using 0.1 M sodium citrate. In order to use the
fibrinogen solution in cell culture, it had to be filtered through
a 0.2-μm mesh filter. For seeding cells in fibrin scaffold, the
suspension composed of 1.0 × 105 hADSCs, 50 μl CaCl2
(50 mM), and 50 μl thrombin solution (40 IU/ml) was trans-
ferred to a 5 ml syringe containing 200 μl of fibrinogen solu-
tion and allowed to polymerize in CO2 incubator at 37 °C for
10 min. After ensuring that the gel had been formed, each of
the scaffold was put in a single well of a 6-well plate contain-
ing 2 ml DMEM/F12 supplemented with 10% FBS, 1% of the
aforementioned antibiotic, and 2% tranexamic acid (as an anti-
fibrinolytic agent), which were incubated in a humidified in-
cubator at 37 °C in an atmosphere of 5% CO2 for appropriate
times.

Fibrin scaffold microstructure was evaluated by a scanning
electron microscope (SEM, AIS 2100, Seron Technology,
South Korea) at an accelerating voltage of 20 kV. At first,
the samples were washed by PBS and then fixed by 3% glu-
taraldehyde. Subsequently, the samples were immediately im-
mersed in liquid nitrogen and dried for 24 h in a freeze dryer.
Dried fibrin scaffolds were mounted onto gold using a sputter-
coated (SC7620, Emitech, UK) for 160 s. Images of fibrin
scaffold were captured, and the fiber diameter was determined
by ImageJ software (NIH, USA).

For analysis of hADSCs encapsulated into the fibrin scaf-
fold, after seven days of culture of 2.0 × 105 cell/ml in the
fibrin scaffold, the samples were stained with Hoechst staining
to observe hADSC attachment and grow in the hydrogel. For
250 μl Hoechst solution (5 μg/ml, 33258) was added to the
scaffolds and incubated for 30–45 min at 37 °C. Next, the
staining solution was removed from the scaffolds, and, after
washing by PBS, the hADSCs were observed using a phase-
contrast fluorescence microscope.

Effect of sodium valproate on hADSCs

Literature review revealed dose-dependent cytotoxic effects of
VPA on mesenchymal stem cells (Kwiecińska et al. 2012;
Grabarska et al. 2014). To investigate the optimum dose,
hADSCs were cultured in the presence of six concentrations
of VPA (0, 0.5, 1, 2, 5, 10 mM) for 24 h. At the end of the
incubation period, the metabolic activity (as index of cell vi-
ability) was measured using Water-Soluble Tetrazolium salt
(WST-1) assay. The absorbance of wells was measured at
450 nm with 630 nm as a reference wavelength. Acellular
wells were used as blanks. Cell viability rate in each well
was exhibited as a percent to the control well (without VPA)
absorbance (see Bagheri-Hosseinabadi et al. 2018 for details).
In the similar culture conditions, the rate of cell injury due to
24 h VPA exposure was measured in the cell culture media
using LDH release assay. LDH activity was measured as an
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index of LDH release according to the details published in
Bagheri-Hosseinabadi et al. (2018).

Induction of cardiac differentiation

For cardiac differentiation of hADSCs, 1.0 × 105 cells/ml
were first seeded in both cell culture flask and fibrin scaffolds.
In the 2D group, one day after seeding and in 3D group, 7 days
after encapsulating of the cells, completed medium was re-
moved and the cells were directed towards cardiomyogenic
phenotype using specific media containing DMEM/F12 with-
out FBS, supplemented with penicillin (100 U/ml), streptomy-
cin (100 μg/ml), amphotericin-B (2.5 μg/ml), and two select-
ed concentrations of sodium valproate (0.5 and 1 mM), based
on the results of WST-1 cell viability test and LDH release
assay (see Fig. 4). In the following day in both groups, the
cardiomyogenic medium was replaced by DMEM/F12 con-
taining 10% FBS and 1% antibiotics, while in the 3D group,
2% tranexamic acid, an anti-fibrinolytic agent, was also added
to the medium. Thereafter, the medium was renewed every
three days until day 28. In the 2D group, morphological
changes were evaluated using an inverted phase-contrast mi-
croscope regularly. In the fibrin hydrogel scaffolds (3D), this
could not be performed due to the opacity of the fibrin gel,
which prevented the cell visibility through the inverted micro-
scope. Independent negative control groups (VPA untreated
cells) were used for 2D and 3D cultures.

Analysis of cardiogenic gene expressions by qRT-PCR

Relative mRNA expressions of HAND1, HAND2, GATA4,
NKX2.5, MLC2v, βMHC, cardiac troponin I (cTnI), and
connexin 43 (Cx43) genes in hADSCs treated with 1 mM
VPA and untreated hADSC samples in 2D and 3D groups at
the fourth week past induction were assessed by qRT-PCR in
comparison to the housekeeping gene, GAPDH. QRT-PCR
was performed as reported previously (Bagheri-
Hosseinabadi et al. 2018). Simply, the total RNAwas isolated
by a precipitation method using RNX-Plus total RNA isola-
tion kit, according to the manufacturer’s protocol. For evalu-
ation of quantity and quality of total RNA extracts, NanoDrop
and agarose gel electrophoresis were used, respectively. Then,
100 ng/μl DNase-treated total RNA was reverse-transcribed
into cDNA using RevertAid cDNA synthesis kit. Quantitative
RT-PCR was performed with SYBR Green according to the
manufacturer’s instructions; using a Rotor-Gene™ 6000
(Corbett Research, Australia). Untreated hADSCs, cultured
in the absence of VPA, incubated in cell culture flask or in
fibrin scaffold, were considered as negative control groups.
Human embryonic heart tissue was used as positive control
(with parental permission). The primer sequences used for
qRT-PCR are indicated in Table 1. GAPDH cDNA was also
used as internal control. All experiments in 2D and 3D groups

were repeated independently at least three times. Raw data
were analyzed with REST Relative Quantification Software
version 2.2.3 (Qiagen, Inc.). The fold changes in expression of
the target genes among the treated, positive, and negative con-
trol groups were calculated using the 2−ΔΔCT equation.

Analysis of cardiogenic protein expressions by Western blot

For analyzing cardiac differentiation rate of hADSCs, the ex-
pression of cardiac-specific proteins, including NKX2.5,
cTnI, and Cx43, was determined by Western blot at the end
of the fourth week past induction. Total protein was extracted
from untreated hADSCs (negative controls), human embryon-
ic tissue (positive control), and treated hADSCs (2D and 3D
groups initially treated with 1 mM VPA) by a RIPA lysis
buffer containing protease inhibitor cocktail. The protein con-
tent of the supernatants was determined using Bradford’s pro-
tein assay. Then, gel electrophoresis was carried out. For this
purpose, approximately 25μg of total protein from cell lysates
and protein marker were loaded on the 12% polyacrylamide
gel and transferred onto a PVDF membrane. In the next step,
PVDF membranes were washed and blocking solution (5%
BSA in PBST) was added. Then, the membranes were sub-
jected to the primary antibodies, including, rabbit polyclonal
antibody against cTnI (diluted at 1:10,000) and mouse mono-
clonal antibodies against NKX2.5 and connexin 43 (diluted at
1:10,000) for 12 h. Then, the blot membranes were washed
and reacted with the specific secondary antibodies (goat anti-
rabbit IgG H&L (HRP) and goat anti-mouse IgG H&L (HRP)
(diluted at 1:10,000) for 60 min. Afterwards, the blot mem-
branes were rinsed by PBST, and, subsequently, immunoreac-
tive bands (the antigen–antibody complex) were visualized
via chemiluminescence reagent. For imaging the blots, an ap-
propriate fluorescence scanner (BioRad, Germany) was used.
Finally, theWestern blots were quantified by ImageJ software.
β-actin (rabbit polyclonal, 1:200) was applied for normaliza-
tion of all the proteins.

Analysis of cardiogenic proteins by immunocytochemistry

The expression of cTnI and connexin 43 proteins in 3D
and 2D cultured cells was determined by immunocyto-
chemistry. At the end of the fourth week, fibrin scaffold
encapsulated and plate-cultured cells from treated and un-
treated groups were fixed using 10% neutral buffered for-
malin for 24 h and 4% paraformaldehyde solution for
30 min, respectively. In the 3D group, additional steps,
including embedding culture slices in paraffin blocks, cut-
ting into sections, mounting on glass slides, and rehydra-
tion of the sections were performed. All cells were perme-
abilized using 0.2% Triton X-100 in PBS at RT for
20 min and then incubated with blocking buffer (5% goat
serum, 0.01% Triton X-100, 2% BSA in PBS) at RT for
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45 min. Primary antibody (rabbit polyclonal antibody
against cardiac troponin I and mouse monoclonal anti-
body against connexin 43) diluted in PBS (1:100) was
added, and the cells were incubated overnight at 4 °C.
After washing (3 times for 2D and 6 times for 3D sam-
ples), the cells were incubated with secondary antibody
(goat anti-rabbit IgG, diluted in PBS to 1:200) at RT for
1 h. Washing step was repeated, and, finally, the samples
were stained with Hoechst for 10 min and observed by an
invert fluorescence microscope (Olympus, Japan). The
percentage of cTnI and connexin 43-positive cells was
determined in three sections for each group.

Statistical analysis

The results are presented as mean ± standard deviation (SD) of
at least three replicated measurements. Two independent-
sample t test and one-way ANOVA followed by Tukey’s
post-hoc test were used to compare the results after normality
assumption was checked. Statistically significant level was set
to P < 0.05.

Results

Phenotypic characteristics of hADSCs

Figure 1 shows the results of flow cytometric analyses of
the cell surface markers. High levels of mesenchymal-
specific cell surface markers, CD44, CD90, CD73, and
CD105 (Fig. 1a–d), were expressed on the surface of the
hADSCs, whereas, hematopoietic cell markers, CD34 (Fig.
1e) and CD45 (Fig. 1f), were absent.

Induction of osteogenic, adipogenic,
and chondrogenic differentiation

Adipose-derived stem cells usually have the ability to differ-
entiate into multiple lineages. Differentiation of hADSCs into
osteocytes (Fig. 2a), adipocytes (Fig. 2b), and chondrocytes
(Fig. 2c) was induced using lineage-specific differentiation
culture conditions.

Structure of fibrin scaffold

Detailed surface morphology of the cell-free fibrin scaffold
was provided using scanning electron microscopy in which
the fibrin scaffold had an interconnected porous structure with
a pore size of 70–145 μm (Fig. 3a).

Encapsulation of hADSCs into fibrin scaffold

Fluorescent dye Hoechst staining shows the attachment and
distribution of hADSCs in the fibrin scaffold. As illustrated in
Fig. 3b–d, seven days after encapsulation, seeded hADSCs
efficiently attached to the periphery of the pores. Staining with
the DNA binding dye confirmed that hADSCs loaded into
fibrin hydrogel scaffolds attached and grew on the scaffolds.

Effects of sodium valproate on hADSCs

Viability rates of hADSCs exposed to different concentrations
of VPA reduced, in a linear fashion, to 92, 87, 70, 40, and 2%,
respectively (Fig. 4a). Calculated 50% inhibitory concentra-
tion (IC50) of VPA on hADSCs was 3.91 mM. LDH activity
of hADSCs exposed to LDH activity was measured according
to the published protocol (Bagheri-Hosseinabadi et al. 2018).
The same concentrations of VPA increased to 21, 25, 33, 52,
and 77%, respectively (Fig. 4b). Calculated half-maximal

Table 1 Sequences of the primers
used for the qRT-PCR analysis of
hADSC differentiation into
cardiac-like cells

Gene Forward sequence (5′–3′) Reverse sequence (5′–3′)

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

NKX2.5 CTTCAAGCCAGAGGCCTACG CCGCCTCTGTCTTCTTCAGC

HAND1 AGCCACCAGCTACATCGCCTAC GCGATCCGCCTTCTTGAGTTC

HAND2 TACCAGCTACATCGCCTACCT TCACTGCTTGAGCTCCAGGG

GATA4 GTGTCACCTCGCTTCTCCTT GTGCCCTGTGCCATCTCT

cTnI CCCTGCACCAGCCCCAATCAGA CGAAGCCCAGCCCGGTCAACT

MLC2v AAAGAGGCTCCAGGTCCAAT CCTCTCTGCTTGTGTGGTCA

βMHC GATCACCAACAACCCCTACG ATGCAGAGCTGCTCAAAGC

Cx43 TACCATGCGACCAGTGGT GAATTCTGGTTATCATCGG

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NKX2.5, Nk2 homeobox 5; HAND1, heart and neural
crest-derived transcript-1; HAND2, heart and neural crest-derived transcript-2; GATA4, GATA binding protein 4;
cTnI, cardiac troponin I; MLC2v, ventricular myosin light chain-2;βMHC, β cardiac myosin heavy chain; Cx43,
connexin 43

Cell Tissue Res (2019) 378:127–141 131



effective concentration (EC50) of VPA on LDH release was
4.62 mM. The results of the two tests showed a reverse cor-
relation between viability rate of cells and LDH activity of
media (R: 99.9). This implies that a high proportion of the
metabolically inactive cells goes into necrotic cell death.

Cell morphology

In the 0.5 mM VPA-treated group, no significant changes
were observed in the cell morphology during four weeks after
induction, compared to the negative control group (results not

Fig. 1 Flow cytometric
assessments showing
mesenchymal-specific CD
markers highly expressed on
hADSCs; (a) CD44 (81%), (b)
CD90 (76%), (c) CD73 (73%),
(d) CD105 (68%), while
hematopoietic CD markers are
absent; (e) CD34 (3%) and (f)
CD45 (2%)

Fig. 2 (a) Alizarin Red, (b) Oil Red O, and (c) Alcian blue staining
implied the presence of (a) calcium deposits, (b) intracellular lipid
droplets, and (c) sulfated proteoglycans in the differentiated cells,

indicating osteogenic, adipogenic, and chondrogenic potentials of
hADSCs, respectively, after implementing proper inducing processes.
Scale bars are 40 μm in (a) and 100 μm in (b) and (c)
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shown). Also, cell detachment was rare in this concentration.
In the 1 mM treated group, morphological changes were ob-
served during the 4th week as shown in Fig. 5. Ball-like,
multinuclear, and fork-like cells appeared on day seven (Fig.
5b). On day 14, some of the cells become elongated and they
also showed some angle-like projections in the periphery that
gradually changed into myotube-like structure (Fig. 5c). On
day 21 (Fig. 5d), myotube-like and star-like morphologies
were developed that consistently preserved until the end of

the study (Fig. 5e). Treatment of hADSCs with 1.5 mM sodi-
um valproate for 24 h resulted in the detachment of more than
50% of the cells from the bed. However, morphological
changes in the remaining cells were appeared faster than the
1 mM group (results not shown). Higher doses resulted in
higher rates of cell detachment and/or cell death. Therefore,
1 mM dose was selected for the rest of the study for evaluation
of morphological and molecular profiles. Proliferation capac-
ity of cells was also affected by VPA. Initially, 1 × 105 cells

Fig. 3 (a) SEM image of
fabricated fibrin scaffold showing
an interconnected porous
structure with pore sizes ranging
from 70 to 145 μm. (b–d)
Localization of hADSCs on fibrin
scaffold. (b) Light microscopy of
fibrin scaffolds with phase-
contrast microscope. (c) Human
adipose-derived stem cells nuclei
stained byHoechst appeared blue.
(d) Localization of the hADSCs
in fibrin scaffold is shown by
merging panels (b) and (c). Scale
bars are 100 μm in (a) and
200 μm in (b–d)

Fig. 4 Concentration-related responses of hADSCs exposed to sodium
valproate (exposure time 24 h). (a) WST-1 cell viability assay showing
viability of hADSCs exposed to sodium valproate relative to the control
wells not exposed to the agent (0 conc. column). (b) LDH enzyme release
from the sodium valproate exposed hADSCs into the culture medium, as

a marker of cell toxicity of VPA. LDH activity in culture supernatant was
depicted as a percent related to the total LDH activity (sum of the activ-
ities of cells and medium). From these tests, the concentration of 1 mM
was shown to be a safe and effective concentration. *P < 0.05,
**P < 0.01, ***P < 0.001 compared to 0 concentration

Cell Tissue Res (2019) 378:127–141 133



134 Cell Tissue Res (2019) 378:127–141



were added to the flasks and the cells gradually proliferated
and reached 70–80% of confluence during four weeks. Some
replicates also showed colony formation potential (Fig. 5f).

QRT-PCR of cardiogenic genes

The effect of sodium valproate exposure (1 mM, for 24 h) on
the cardiac differentiation of 2D and 3D cultured hADSCs
after four weeks was determined through assessment of rela-
tive mRNA expression levels of eight cardiomyocyte-specific
genes using qRT-PCR (Fig. 6a–h). VPA-treated hydrogel-en-
capsulated hADSCs had significantly higher mRNA expres-
sion levels (3D vs 2D) of HAND1 (5.62 vs 3.65, ~ 1.54-fold),
HAND2 (4.67 vs 2.94, ~ 1.59-fold), cTnI (3.69 vs 2.1, ~ 1.76-
fold), Cx43 (1.38 vs 1, ~ 1.38-fold), βMHC (1.81 vs 1.35, ~
1.34-fold), GATA4 (4.17 vs 2.81, ~ 1.48-fold), NKX2.5 (3.16
vs 1.9, ~ 1.66-fold), and MLC2v (5.99 vs 4.28, ~ 1.4-fold)
compared to the treated hADSCs in 2D cultures.

Western blotting of cardiogenic proteins

Protein expression levels of NKX2.5, as an early cardiac gene
marker, cTnI, as a cardiac-specific contractile protein, and,
Cx43, as the most common cardiac gap junction channel pro-
tein, were examined in the hADSCs treated with 1 mM sodi-
um valproate, compared to the negative control group.
Western blot analyses of proteins at the 4th week showed that
the expression levels (3D vs 2D) of NKX2.5 (0.78 vs 0.65)
and Cx43 (1.11 vs 1.08) proteins were not significantly differ-
ent (Fig. 7). However, the expression of cTnI (1.04 vs 0.81)
was significantly higher in the 3D group (P < 0.05). Protein
expression of all 3 genes in the treated groups (both 2D and
3D) was significantly higher compared to that of the untreated
cultures (not detectable).

Immunocytochemistry of cardiac troponin I
and connexin 43

Expression of three cardiac proteins was tested through
Western blotting analysis (Fig. 7). cTnI as a mature cardio-
myocyte marker and connexin 43 as a cell junction protein
were assessed by immunostaining of the cardiac differentiated
cells. As can be inferred from Figs. 8 and 9, 1 mM VPA
exposure effectively induced the expression of cTnI and

connexin 43 proteins in the hADSCs. For quantification,
two hundred cells were observed under a light microscope
and the percentage of cTnI and connexin 43-positive cells
was determined. Frequency of cTnI-positive cells in fibrin
scaffolds (3D) (24.2 ± 15%) was significantly higher than in
cell culture flask (2D) (19.8 ± 3%) (P < 0.05) (Fig. 8).
Frequency of Cx43-positive cells in fibrin scaffolds (3D)
(12 ± 3%) was slightly higher than in 2D culture conditions
(10 ± 2%). The two proteins were absent in the control cells.
In support of observations in morphologic test (Fig. 5),
multinuclei and star-like differentiated cells were obvious in
the panel a″.

Discussion

There are certain evidences that adipose-derived stem
cells (ADSCs) have considerable similarities to cardiac
cells and may easily differentiate into cardiomyocytes, if
especial culture conditions prevailed (Bacakova et al.
2018). However, culture conditions necessary for induc-
ing differentiation of ADSCs towards functional
cardiomyocytes have not been fully understood. In the
present study, sodium valproate (VPA) (1 mM, 24 h)
was used as a differentiation-inducing agent to enforce
differentiation of hADSCs towards cardiomyocyte-like
cells. Sodium valproate-exposed hADSCs were cultured
in fibrin scaffold, in parallel with control cultures, to un-
dergo differentiation. After four weeks of incubation un-
der optimal culture conditions, valproate-exposed hydro-
gel-encapsulated hADSCs expressed a high rate of
cardiac-specific markers (including, HAND1, HAND2,
cTnI, MLC2v, NKX2.5, and GATA4).

Acetylation of histones is one of the most important
mechanisms that mediates regulation of gene expression,
cell function, differentiation, and proliferation (Göttlicher
et al. 2001). It has been already revealed that histone
deacetylase (HDAC) activity is regulated by HDAC in-
hibitors (HDACIs) (Brookes et al. 2018; Vrba et al.
2011). Structurally, HDACIs with a molecular weight of
less than 5000 may bind to the catalytic site of HDACs
enzymes (Göttlicher et al. 2001) and promote cell apopto-
sis and inhibit cell growth and differentiation (Raut and
Khanna 2016). Also, it has been reported that during var-
ious developmental stages, HDACIs contribute to and di-
rect differentiation of stem cells into different types of cell
lineages, such as hepatic, neuronal, and cardiomyocytic
cells (Oyama et al. 2007; Raut and Khanna 2016; Yu
et al. 2009). As an example, during early stages of
cardiomyogenesis in P19 cells, HDACIs exert a regulato-
ry ro l e fo r t r ans i t i on o f mesode rm ce l l s in to
cardiomyocytes (Karamboulas et al. 2006); thereby, they
play a key role in the cardiac development. Recently, it

�Fig. 5 Effect of 1 mM sodium valproate treatment on the morphology of
cells. (a) Non-treated hADSCs indicated a fibroblast-like cell appearance.
Panels (b)–(e) were taken in 2D groups after 1–4 weeks of stimulation by
sodium valproate. Representative morphology of the induced cells is
marked with arrows. 1, ball-like; 2, multinuclear; 3, fork-like; 4, elongat-
ed; 5, myotube-like structure; 6, star-like projections. Panels (g) and (h)
show higher magnification of the related cells at arrow points in panels
(b)–(e). Panel (f) shows a colony formed by proliferating cells. Scale bars
are 100 μm in all images
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was revealed that TSA, an HDACI agent, promotes dif-
ferentiation of hADSCs into cardiomyocyte-like cells and
these cells express specific cardiac proteins and genes
(Bagheri-Hosseinabadi et al. 2017). VPA administration,

a commonly used HDACI agent, which inhibits different
classes of HDAC enzymes, is associated with stroke risk
level of patients with prior stroke or transient ischemic
attack (Brookes et al. 2018).

Fig. 6 Analyses of mRNA
expression levels of eight genes
by qRT-PCR. Four weeks after
24 h sodium valproate 1 mM
treatment, mRNA expression
levels of eight genes (a) HAND1,
(b) HAND2, (c) GATA4, (d)
NKX2.5, (e) cTnI, (f) βMHC, (g)
MLC2v, and (h) Cx43 in the
hADSCs. GAPDH mRNA levels
were used for normalization of the
target genes. Most of the genes
had significantly higher
expression in 3D group than 2D
group. Each of the 3D and 2D
groups had its own negative
control, but only data for 2D
controls (−CTL) is presented here
because the differences between
the two negative controls
(hADSCs, cultured in the absence
of VPA) were at the range of ±
2%. The positive control (+CTL)
was embryonic human heart
tissue. *Comparison with
negative control (−CTL). #
Comparison between 3D and 2D
groups. # and * =P < 0.05, ## and
** = P < 0.01, ### and *** =
P < 0.001
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In the present study, based on the molecular and morpho-
logical characteristics, it was demonstrated that VPA is an
effective cardiac inducer in vitro and strongly enhances ex-
pression of cardiac-related markers (Figs. 6 and 7), and its
accompaniment with fibrin scaffold synergistically promoted
cardiac differentiation of hADSCs. Four important early car-
diac transcription factors (NKX2.5, GATA4, HAND1, and
HAND2) and four structural cardiac genes (cTnI, Cx43,
MLC2v, and βMHC) that are known to be involved in cardiac
differentiation and play outstanding roles in development and
function of the heart tissue were overexpressed (Figs. 6 and 7).
Immunofluorescence staining for connexin 43 demonstrated
that in both 2D and 3D cultures, gap junctions have formed in
the differentiated cells (Fig. 9). This served as another indica-
tion that the cardiac differentiation capability was real. These
findings are consistent with some other studies (Hosseinkhani
et al. 2007; Lim et al. 2013; Yang et al. 2012) that the expres-
sion of early and late cardiomyocyte markers has increased by
HDACI in embryonic stem cells, human-induced pluripotent
stem cells, and bone marrowmesenchymal stem cells. Li et al.
(2014) showed that valproic acid increases differentiation of
skeletal myocytes from pluripotent stem cells by enhancing
histone acetylation (Li et al. 2014). They concluded that

histone acetylation is an important prerequisite for myogenic
differentiation. Akavia et al. (2008) showed that early tran-
scription factors of GATA-4 and NKX2.5 are not expressed
by skeletal muscle cells and are specific for cardiac muscle
cells (Akavia et al. 2008). In the present study, VPA increased
the expression of all the studied genes, including NKX2.5 and
GATA4, in both 2D and 3D groups (Fig. 6), and most of the
genes had significantly higher expression in the 3D group
compared to the 2D group. For initiating cardiac differentia-
tion, increasing the activity of Akt/GSK3β pathway is neces-
sary (Cho et al. 2009). De Sarno et al. have shown that
HDACIs like VPA activate this pathway through increasing
the level of phosphorylated Akt/GSK3β. They also found
phosphorylation as a slow process that requires optimal con-
centration and long incubation time (approximately 12 h) with
VPA (De Sarno et al. 2002). In addition, the present study
revealed that a large number of cardiomyocyte-like cells were
observed in 3D culture condition with VPA compared to the
2D conditions. Also, the results of Western blot and immuno-
fluorescence staining as well as qRT-PCR indicated that si-
multaneous usage of fibrin scaffold and VPA reinforced the
potency of differentiation of hADSCs. Similar results have
been presented by Lin et al. when they used fibrin scaffold

Fig. 7 Western blot bands (a–c) and the quantified data (a′–c′) for
expression of NKX2.5 (35 KDa), cTnI (26 KDa), and Cx43 (43 KDa)
cardiac-specific proteins in hADSCs four weeks after 24 h sodium
valproate 1 mM exposure. Untreated 2D control cells (Neg) did not

express any of the three proteins. Only 2D negative control was
presented in the figure because of very low differences between the two
controls. Positive control (Pos) was embryonic human heart tissue.* =
P < 0.05, ns, not significant
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and cardiac lysates for differentiation of human amniotic mes-
enchymal stromal cells (hAMSCs) into cardiomyogenic cells
(Lin et al. 2013).

As usually most of the transplanted cells leave the heart, in
the process of repair of the heart after an injury, keeping the
injected cells in the damaged area is an important issue.
Therefore, using a compatible scaffold is necessary for over-
coming this problem. The arginine–glycine–aspartic acid
(RGD) motifs in the fibrin scaffold allow cell attachment

and increase cell survival and binding of growth factors for
cardiac cell differentiation. Also, the proper mechanical
strength of fibrin scaffold can improve differentiation of the
cells into desired cell lineage (Bagheri-Hosseinabadi et al.
2018; Barsotti et al. 2011; Shachar et al. 2011). As the pore
sizes of the scaffold control diffusion of nutrients, removing
wastes, facilitating proliferation and migration of cells, and
determining the final mechanical properties of the scaffold,
in this study, the pore sizes of the scaffold used were assessed

Fig. 8 Sample images of immunofluorescence staining four weeks after
induction of hADSCs by 1 mMVPA in the plate (2D) and fibrin scaffold
(3D) using cTnI antibody (green) and Hoechst staining for nuclei (blue).

Untreated panels are negative controls for the treated counterparts.
Multinuclei and star-like cells are marked in the figure (panel a″) using
red and yellow arrows, respectively. Scale bars are 100 μm in all images
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by SEM, and it was revealed that the fibrin scaffold had an
interconnected porous structure with pore sizes of 70 to
145 μm (Fig. 3), which is suitable for these purposes (Loh
and Choong 2013).

According to the previous studies, if MSCs were in the G0/
G1 phase of the cell cycle, this can affect the differentiation
capacity of these cells into cardiomyocytes (Bagheri-
Hosseinabadi et al. 2018; Zhang et al. 2005). VPA can induce

gathering of stem cells in the G0/G1 phase of the cell cycle
(Vrba et al. 2010). Accordingly, it was proposed that this
might be another reason for the success of VPA in inducing
cardiac differentiation of hADSCs. Since mesenchymal cells
are a heterozygous population that contains only a small frac-
tion of the cells that are capable to differentiate into
cardiomyocytes (Li et al. 2013), the first step in regenerative
medicine is selecting the effective and suitable dose of the

Fig. 9 Sample images of immunofluorescence staining for connexin 43
gap junction protein, four weeks after induction of hADSCs by 1 mM
VPA in the plate (2D) and fibrin scaffold (3D) using connexin 43

antibody (appeared as red partially diffused dots) and Hoechst staining
for nuclei (blue). Untreated panels are negative controls for treated coun-
terparts. Scale bars are 100 μm in all images
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inhibitor for stem cell differentiation. According to the find-
ings of this study, VPA at concentration of 1 mM, despite of
small increase in cell detachment rate, is able to induce cardiac
phenotype within 4 weeks. In agreement with the present
study, previous studies have shown that HDACIs at millimo-
lar (mM) concentrations have inhibitory activity on HDACs
and have the ability to induce differentiation (Cheng et al.
2007; Gonzales et al. 2006; Marks and Xu 2009).

Conclusion

VPA has the ability to induce the differentiation of human
adipose-derived stem cells into cardiomyocyte-like cells.
Fibrin scaffold enhances the inductive effect of VPA in treated
hADSCs by high expression of cardiomyogenic markers at
mRNA and protein levels. Results of this study may improve
cell-based protocols for implementation of more successful
cardiac repair strategies. The results may also persuade re-
searchers to perform further studies on VPA in fibrin scaffold
using other sources of mesenchymal stem cells.
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