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Abstract
The purpose of the present study was to investigate the in vitro cardiomyogenic differentiation potential
of human dental follicle-derived stem cells (DFCs) under the influence of suberoylanilide hydroxamic
acid (SAHA), a member of the histone deacetylase inhibitor family, and analyze the in vivo homing
capacity of induced cardiomyocytes (iCMs) when transplanted systemically. DFCs from extracted
wisdom teeth showed mesenchymal stem cell (MSC) characteristics such as plate adherent growing,
expression of MSC markers (CD44, CD90, and CD105), and mesenchymal lineage-specific
differentiation potential. Adding SAHA to the culture medium induced the successful in vitro
differentiation of DFCs into cardiomyocytes. These iCMs expressed cardiomyogenic markers, including
alpha-smooth muscle actin (α-SMA), cardiac muscle troponin T (TNNT2), Desmin, and cardiac muscle
alpha actin (ACTC1), at both the mRNA and protein level. For the assessment of homing capacity,
PKH26 labeled iCMs were intraperitoneally injected (1×106 cells in 100 µL of PBS) into the
experimental mice, and the ratios of PKH26 positive cells to the total number of injected cells, in
multiple organs were determined. The calculated homing ratios, 14 days after systemic cell
transplantation, were 5.6 ± 1.0%, 3.6 ± 1.1%, and 11.6 ± 2.7% in heart, liver, and kidney respectively.
There was no difference in the serum levels of interleukin-2 and interleukin-10 at 14 days after
transplantation, between the experimental (iCM injected) and control (no injection or PBS injection)
groups. These results demonstrate that DFCs can be an excellent source for cardiomyocyte
differentiation and regeneration. Moreover, the iCMs can be delivered into heart muscle via systemic
administration without eliciting inflammatory or immune response. This can serve as the pilot study for
further investigations into the in vitro cardiomyogenic differentiation potential of DFCs under the
influence of SAHA and the in vivo homing capacity of the iCMs into the heart muscle, when injected
systemically.
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Introduction
Cardiovascular disease has been one of the major
global health problems. Specifically, ischemic
myocardial injury is the main cause of heart failures

[1, 2]. Many therapeutic methods are used to treat
cardiovascular disorders. However, the conventional
management of heart failure has very little effect on
http://www.medsci.org
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the recovery of the injured heart cells. One of the
potential new strategies for ischemic heart diseases is
cell based cardiac muscle regeneration by
transplanting cardiomyocytes differentiated in vitro
from stem cells [3]. Mesenchymal stem cells (MSCs)
have been shown to have excellent potential to
differentiate into cardiomyocytes in vitro [3, 4]. MSCs
have the property of self-renewal, are easily available,
constrained by few ethical issues, and can be
cultivated in vitro for a long time. MSCs have been
isolated from various adult tissues, such as bone
marrow, fat, skin, blood, umbilical cord, and dental
tissues [5, 6]. Among them, bone marrow-derived
MSCs were most frequently used and studied for the
in vitro cardiomyogenic differentiation potential and
the in vivo therapeutic efficiency after cell
transplantation [4, 7]. However, MSCs from dental
tissues have been the focus of modern stem cell
research because of the ease of harvesting,
self-renewal,
and
multilineage
differentiation
potential [8–10]. Especially, dental follicle, pulp, and
root apical papilla of the extracted wisdom teeth
showed the highest potential as MSC sources for
various tissue regenerations [8]. MSCs from dental
pulp tissue of deciduous teeth could be differentiated
in vitro into cardiomyocytes and expressed
cardiomyocyte specific markers at a high level during
the course of differentiation [11].
Several methods have been used in the research
area of cardiomyogenic differentiation of stem cells;
induction with biochemical substances, cell culture in
simulated myocardial microenvironment, and genetic
modification [4]. Among them, using various
biochemical reagents to induce the differentiation of
stem cells into cardiomyocytes has proven to be a
simple and effective method. Several chemical and
biochemical agents such as 5-azacytidine (5-aza), bone
morphogenetic protein-2 (BMP-2), angiotensin-II, and
dimethyl sulfoxide (DMSO) have been used for
inducing cardiomyogenic differentiation in vitro [4,
14]. Of these, 5-aza, a DNA methylation inhibitor, has
been the most widely investigated chemical agent.
Many researchers showed myotube-like structure,
spontaneous beating, and cardiac-specific gene
expressions in the cardiomyogenic cells derived from
5-aza treated MSCs [12–14]. However, low
differentiation efficiency, cellular toxicity, and cell
death due to fat deposition in cytoplasm have been
reported as the drawbacks of 5-aza induction protocol
[4, 15, 16].
There have been several attempts to differentiate
cardiomyocytes from stem cells with various
chemicals other than 5-aza [4, 7, 14, 16, 17]. One of
them, suberoylanilide hydroxamic acid (SAHA), a
member of histone deacetylase (HDAC) inhibitor
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family, showed potential for effectively inducing the
cardiomyogenic differentiation of bone marrow
derived MSCs in vitro [16]. Moreover, a recent study
reported that inhibition of HDAC improves
myocardial function, protects the heart against
myocardial injury, and stimulates angiomyogenesis in
the heart muscle [18].
One of the critical aspects of cell therapy
strategies for cardiomyogenic regeneration is the cell
delivery method. Since heart is a beating organ,
open-heart surgery is needed for direct and localized
introduction of therapeutic cells into the injured heart
tissue. To simplify cell therapy that yields effective
therapeutic results in heart diseases, systemic cell
delivery system should be considered, including
intravenous (IV) or intraperitoneal (IP) injection of the
cells. Many studies have reported that MSCs had
homing capacity and localize to the injured organs or
tissues, following systemic cell delivery methods such
as IV or IP injection [19–22]. Homing of MSCs is the
result of interaction with host tissues accompanied by
the secretion of trophic factors [22]. However, the
exact mechanism by which MSCs migrate and home
to the injured site is still unknown, although it is
believed that specific chemokines and their receptors
are involved in the process [20]. Notably, the in vivo
homing property of the cells differentiated from stem
cells has not been well studied.
In the present study, we isolated MSCs from
human dental follicles (DFCs) from the extracted
wisdom teeth, and differentiated them into
cardiomyocytes in vitro using SAHA induction media.
The characteristics of induced cardiomyocytes (iCMs)
from DFCs were analyzed with respect to the
expression of cardiomyogenic markers at gene and
protein levels. The iCMs were intraperitoneally
injected into the experimental mice and the in vivo cell
homing to heart, liver, and kidney was quantitated at
14 days after cell injection. Immune response to
systemic cell injection was analyzed by the changes in
serum IL-2 and IL-10 levels.

Materials and Methods
Chemicals, media, and approval of animal
experiments
Unless otherwise specified, all chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA),
and all media were from Gibco (Invitrogen, Grand
Island, NY, USA). For all media, the pH was adjusted
to 7.4 and the osmolality was adjusted to 280
mOsm/kg. Animal experiments using mice were
approved by the Animal Center for Medical
Experimentation at Gyeongsang National University.

http://www.medsci.org
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Isolation and culture of human dental MSCs
Human dental follicle-derived MSCs (DFCs)
were isolated from the dental follicles of extracted
wisdom teeth and cultured as per previously
described protocols [8–10]. Briefly, after obtaining
informed consents, the wisdom teeth from 15 patients
(8 men and 7 women; aging between 18–22 years),
who were undergoing wisdom teeth extraction at the
Department of Oral and Maxillofacial Surgery at
Gyeongsang National University Hospital, were
collected in accordance with the approved guidelines
set by GNUHIRB-2012-09-004-002. The extracted
wisdom teeth samples were aseptically transferred to
the laboratory and rinsed several times with 1%
Pen-Strep (Penicillin-Streptomycin) containing DPBS.
Dental follicles were carefully separated from the
tooth surface by using a sterile scalpel. Dental follicle
tissues were minced into small pieces and digested
with 1 mg/ml collagenase type I (Millipore, CA, USA)
in DPBS at 37°C for 30 min with frequent gentle
agitation. After complete digestion, single cell
suspensions were prepared by successive filtrations
using 100-µm and 40-µm nylon cell strainers. Filtered
cell suspensions were centrifuged at 500 × g for 5 min,
the cell pellet was re-suspended in Advanced
Dulbecco’s Modified Eagle Medium (ADMEM)
supplemented with 10% fetal bovine serum (FBS) and
seeded into 25 T-flasks (NuncTM, Roskilde, Denmark).
Cultures were incubated at 37°C in a humidified
atmosphere of 5% CO2 in air. Media was changed
every 3 days until the primary cultures reached
80–90% confluence. Confluent cells were then
harvested with 0.25% (w/v) trypsin EDTA solution
and sub-cultured until passage 3 for further
experimentation.

Characterization of DFCs
Expression of early transcription markers
DFCs at passage 3 were harvested with 0.25%
trypsin EDTA treatment for 5 min at 37°C. Harvested
cells were resuspended in 10% FBS containing
ADMEM for trypsin inactivation followed by
centrifugation at 500 × g for 5 min. The cell pellet was
recovered and used for total RNA extraction. The
mRNA levels of pluripotency and early transcription
markers, Oct4, Sox2, and Nanog, were assessed by
quantitative real-time PCR (RT-qPCR) and confirmed
by gel electrophoresis.

Analysis of Population Doubling Time
A total of 2 × 103 cells were seeded in each well of
24 well plates (NuncTM) to determine population
doubling time (PDT) of DFCs. Cells were grown for a
total of 14 days, taking cell counts at two day
intervals. For cell counts, cells were harvested using
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0.25% trypsin EDTA. PDT of DFCs was calculated by
using the formula, PDT = t (log2)/(logNt-logN0),
where N0 and Nt are the number of cells seeded and
the number of cells at time t respectively where t
denotes culture duration. Experiments were
performed in triplicate to reduce the error rate.

Expression of cell surface markers
MSC markers in cultured DFCs were analyzed
by fluorescent activated cell sorting (FACS) method.
(BD FACSCalibur, Becton Dickinson, Franklin Lakes,
NJ, USA). DFCs at 80–90% confluence at passage 3,
were fixed with 3.7% formaldehyde for 1 h followed
by washing thrice with DPBS. The cells were directly
labeled
with
fluorescein
isothiocyanate
(FITC)-conjugated primary antibodies [anti-mouse
CD44 (1:100; BD PharmingenTM, BD Biosciences,
Franklin Lakes, NJ, USA), anti-human CD 34 (1:100;
BD Biosciences) anti-human CD45 (1:100; BD
Biosciences)] or with unconjugated primary
antibodies [mouse monoclonal IgG2a CD105 (1:100;
Santa Cruz biotechnology, Inc., Dallas, TX, USA) and
anti-human CD90 (1:100; BD Biosciences)]. A total of
10,000 cells were analyzed by flow cytometry using
CellQuest software (Becton Dickinson).

In vitro differentiations into adipocytes and
osteocytes
Adipocyte
and
osteocyte
differentiation
potential of DFCs was assessed by previously
published protocols with minor modifications [6, 9].
DFCs at passage 3 were cultured in ADMEM
supplemented with 10% FBS under adipogenic and
osteogenic conditions for 21 days with media change
every 3 days. Untreated cells (DFCs) were taken as
control and were maintained under normal
conditions in ADMEM containing 10% FBS.
Adipogenic inductive media contained 10 µM
dexamethasone, 10 µM insulin, 500 µM isobutyl
methyl xanthine, and 100 µM indomethacin.
Adipocyte differentiation was evaluated by staining
for oil droplets with Oil red O. Adipocyte
differentiation was also assessed by the quantification
of the mRNA levels of adipocyte-specific genes,
including fatty acid binding protein 4 (FABP4),
lipoprotein
lipase
(LPL)
and
peroxisome
proliferator-activated receptor (PPARγ), using
RT-qPCR. Osteocyte differentiation was induced by
culturing the cells in media containing 1 µM
dexamethasone, 10 mM sodium β-glycerophosphate,
and 0.05 mM ascorbic acid. Osteogenic phenotype
was assessed by Alizarin red and von Kossa staining
for mineralized calcium deposits. The osteogenic
differentiation was also evaluated by measuring the
mRNA levels of osteogenic-specific genes, such as
http://www.medsci.org
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osteonectin (ON), runt-related transcription factor-2
(RUNX-2) and bone morphogenetic protein-2
(BMP-2), by RT-qPCR.
RT-qPCR was performed according to the
manufacturer’s instructions. Briefly, total RNA was
extracted
from
osteogenic
and
adipogenic
differentiated cells and control cells (undifferentiated
DFCs) by RNeasy mini kit (Qiagen, CA, USA). Total
RNA concentrations were quantified by OPTIZEN
3220 UV BIO Spectrophotometer (Mecasys, Daejeon,
Korea) and pure total RNAs with 2 ± 0.2 A260/A280
ratio were selected. Complementary DNA (cDNA)
was synthesized with 1 µg total RNA, mom oligo dT
primers (Invitrogen, Carlsbad, USA), 10 units of
RNase inhibitor (Invitrogen) and 4 units of
Omniscript Reverse Transcriptase (Qiagen). DNAse I
(Qiagen) treatment for 15 min was followed by
RT-qPCR by the addition of 2 µl of cDNA, 2 µl of 10
µm specific primer pairs, and 16 µl of distilled water
in 20 µl of PCR PreMixTM (iNTRO Biotechnology,
Seongnam, Korea). Tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein, zeta
(YWHAZ) was used as the reference gene to evaluate
the efficiency of reverse transcription. PCR reaction
involved initial denaturation at 94°C for 30 s,
annealing for 30 s, elongation at 72°C for 90 s and final
primer extension at 72°C for 10 min. The sequence
information for primers used in the present study is
shown in Table 1.
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The cardiomyocyte differentiation of DFCs was
performed using SAHA in the normal growth media.
To induce cardiomyocyte differentiation, DFCs at 80%
confluence at passage 3 were treated with 10 µM
SAHA in ADMEM media supplemented with 10%
FBS. After 24 h of initial exposure to SAHA, the
medium was replaced with fresh media containing 1
µM of SAHA. The cardiomyogenic induction was
continued for 14 days with media change every 3
days. Untreated cells (DFCs) were cultured in
ADMEM with 10% FBS for the same duration to serve
as control cells.
Total RNAs were isolated from the induced
cardiomyocytes
(iCMs)
and
control
cells
(undifferentiated DFCs) by RNeasy mini kit (Qiagen)
for RT-qPCR analysis, by the method described above.
Relative mRNA levels of alpha-smooth muscle actin
(α-SMA), cardiac muscle troponin T (TNNT2), Desmin,
and cardiac muscle alpha actin (ACTC1) in iCMs were
quantified and compared with those in control cells.
Cardiomyocyte-specific marker expression in the
differentiated cardiomyocytes, at protein level, was
analyzed by immunocytochemistry. Differentiated
iCMs and undifferentiated DFCs were permeabilized
with 0.2% Triton X-100 supplemented with 2% bovine
serum albumin (BSA) for 30 min. The cells were then
fixed with 3.7% paraformaldehyde for hr and blocked
in D-PBS with 2% BSA for 1 h. Cells were incubated
with
primary
antibodies
against
cardiomyocyte specific α-SMA (ab7817,
mouse monoclonal; Abcam, Cambridge,
Accession no/
UK, 1:200), TNNT2 (ab125266, rabbit
Reference
polyclonal; Abcam, 1:200), DESMIN
NM_002701.5
(sc14026, rabbit polyclonal; Santa Cruz,
1:200), and ACTC1 (A9357, mouse
NM_003106.3
monoclonal; Sigma-Aldrich, 1:200) at 4°C
AB093576.1
for 12 h. Cells were then rinsed thrice with
DPBS followed by incubation with
NM_001442.2
FITC-conjugated
secondary antibodies
NM_000237.2
(donkey
anti-rabbit
IgG,
Jackson
Immunoresearch, West Grove, PA, USA;
AB565476.1
goat
anti-mouse
IgG/IgM,
BD
NM_001200.2
Pharmingen™) or Alexa fluor® 594
conjugated secondary antibodies (A17045,
J03040.1
goat
anti-rabbit
IgG,
Jackson
NM_001015051
Immunoresearch, 1:200) for 1 h. Finally, cell
nuclei were counterstained with 1 µg/ml
X79857.1
4’,6-diamidino-2-phenylindole
(DAPI;
X13839.1
Vectasheid®, Vector Lab, Burlingame, CA,
USA) for 5 min at room temperature.
NC_000015.10

185

58

M63391.1

111

60

BC108281.1

Table 1. List of primers used for RT-qPCR.
Gene
OCT4

Primer sequence (5’ - 3’)

F: AAGCAGCGACTATGCACAAC
R: AGTACAGTGCAGTGAAGTGAGG
SOX2
F: CACCCACAGCAAATGACAGC
R: AGTCCCCCAAAAAGAAGTCCAG
NANOG F: GCAGATGCAAGAACTCTCCAAC
R: CTGCGTCACACCATTGCTATTC
FABP4
F: TGAGATTTCCTTCATACTGG
R: TGGTTGATTTTCCATCCCAT
LPL
F: AGACACAGCTGAGGACACTT
R: GCACCCAACTCTCATACATT
PPARγ
F: TTGCTGTCATTATTCTCAGT
R: GAGGACTCAGGGTGGTTCAG
BMP2
F: TAGACCTGTATCGCAGGCAC
R: GGTTGTTTTCCCACTCGTTT
ON
F: GTGCAGAGGAAACCGAAGAG
R: AAGTGGCAGGAAGAGTCGAA
RUNX2 F: CCTTGGGAAAAATTCAAGCA
R: AACACATGACCCAGTGCAAA
TNNT2 F: GGGAGAGCAGAGACCATG
R: CTGGTCTCCTCGGTCTCAGC
α-SMA
F: TCTGGGCTCTGTAAGGCCGG
R: TCCCATTCCCACCATCACCC
ACTC1 F: CGATATGGACAGGGCTGGAG
R: CCACCCAGGCTCCCTGGCCA
Desmin F: TTGATTCAGAAGTAGGGGGC
R: GCCCCCTACTTCTGAATCAA
YWHAZ F: ACGAAGCTGAAGCAGGAGAAG
R: TTTGTGGGACAGCATGGATG

In vitro cardiomyogenic differentiation of DFCs

Product Annealing
size
Tm (ºC)
(bp)
140
60

In vivo homing capacity of induced
cardiomyocytes from DFCs
For in vivo tracking of the homing,
http://www.medsci.org
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iCMs were labeled with PKH26 (PKH26GL,
Sigma-Aldrich, USA) according to manufacturer’s
protocol and earlier reports [6, 10]. Briefly, iCMs were
trypsinized and washed twice with DPBS. The iCMs
were suspended in diluent “C”. Equal volumes of cell
suspension and PKH26 were mixed and incubated at
room temperature for 5 min at the end of which,
serum containing media were added to the samples to
stop the reaction and washed thrice with DPBS.
To check the homing capacity of the
differentiated cells, 1×106 PKH26 labeled iCMs in 100
µL of PBS were injected intraperitoneally into each of
six BALB/c mice (males, aged 8–12 weeks, Charles
River, Orient Bio Inc., Sungnam, Korea). Two groups
of three mice each served as control groups and
received a 100 µL of PBS injection or no injection. At
14 days after systemic cell delivery, the experimental
animals were anesthetized and about 200 µL of blood
was drawn for serum preparation. The animals were
then euthanized by KCl injection. Hearts, livers, and
kidneys were recovered and tissue sections were
prepared for the detection of PKH26 fluorescence, as
described earlier [6, 10]. Briefly, tissues were
embedded in optimal cutting temperature compound
(Tissue-Tek, Sakura Finetechincal Co., Ltd., Tokyo,
Japan), rapidly frozen and cut into sections of 4 µm
thickness using Cryocut (Leica CM3050S, Leica,
Wetzlar, Germany). The sections from each tissue
were mounted on glass slides and stained with DAPI,
which stains all the cells. The stained cells and PKH26
fluorescence (567 nm) were observed under a
fluorescence microscope (BX51, Olympus, Tokyo,
Japan) equipped with a fluorescent digital camera
(DP72, Olympus). Both PKH26 and DAPI positive
cells were counted in each section to calculate the ratio
of PKH26 positive cells to the total number of cells.
Five different tissue sections of each organ were
examined.
To analyze the in vivo immune response to the
injected cells, serum was separated from the blood
collected from the experimental animals before
euthanization. The serum levels of interleukin-2 (IL-2)
and interleukin-10 (IL-10) were measured using
commercially available ELISA kit (KMC0101,
Invitrogen). These values were compared with those
of the two control groups.

Statistical analysis
Statistical analysis of the gene expression results
was performed by one-way analysis of variance
(ANOVA), followed by Tukey’s test for multiple
comparisons or an unpaired t-test for single
comparisons of experimental data relative to the
control values, using PASW statistics 18 (SPSS Inc.,
company, Country). Results are expressed as mean ±
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standard deviation, and differences were considered
significant at p < 0.05.

Results
Characterization of DFCs
DFCs were isolated from the dental follicles of
the extracted wisdom teeth and cultured. After 7 days
of initial plating, fibroblast-like colonies were
observed in the plates which became homogenous at
passage 3 (Figure 1A). The expression of early
transcription factors, Oct4, Sox2, and Nanog, was
detected in the cultured DFCs by RT-PCR (Figure 1B).
In addition, DFCs were found positive for the
expression of mesenchymal stem cell markers (CD44,
CD90, and CD105) and negative for hematopoietic
markers (CD34 and CD45) (Figure 2). PDT analysis
showed steady increase in cell growth up to 12 days
(Figure 1C).
To assess the differentiation potential, DFCs
from passage 3 were induced to differentiate into
osteocytes and adipocytes in vitro. After 21 days of
induction, DFCs successfully differentiated into
osteocytes and adipocytes; this was confirmed by
cytochemical staining. The adipogenic differentiation
was confirmed by staining with Oil red O (Figure 3A),
followed by measuring the expression of adipocyte
specific markers, FABP4, LPL and PPARγ by
RT-qPCR. Expression of these genes was
approximately 4–8 fold higher in the differentiated
cells (DF) compared to the non-differentiated DFCs
(NDF) (p < 0.05) (Figure 3B). Osteogenic
differentiation was confirmed by staining with
Alizarin red and von Kossa stain (Figure 3A), and by
the significant increase in the mRNA expression of
osteogenic specific genes, ON, RUNX-2 and BMP-2
(Figure 3B). Osteogenic DFCs showed about 10–20
times higher levels of these mRNAs compared to
NDFs (p < 0.05) (Figure 3B).

In vitro induction of DFC differentiation into
cardiomyocytes by SAHA
The morphological changes of DFCs undergoing
cardiomyogenic differentiation by SAHA exposure
could be observed from 7 days after induction. The
cell morphology changed continuously – elongated
with extended cytoplasmic processes. Spontaneous
beating cells could not be found during the entire cell
differentiation period of 14 days (Figure 4A). After
cardiomyogenic induction of DFCs for 14 days, the
iCMs were collected and analyzed for the expression
of cardiomyocyte specific markers, including TNNT2,
α-SMA, Desmin, and ACTC1 by RT-qPCR. The mRNA
levels of these cardiogenic markers were significantly
higher in DF cells compared to those in NDF cells;
http://www.medsci.org
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approximately 3–5 fold higher in DF (Figure 4B) (p <
0.05). Furthermore, the expression at protein level of
these cardiomyocyte markers, TNNT2, α-SMA,
DESMIN, and ACTC1, was also higher in iCMs as
shown by immunocytochemical analysis (Figure 5).
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These results indicate that exposure of DFCs to SAHA
induces
cardiomyogenic
differentiation
and
expression of cardiac specific markers, both at mRNA
and protein levels.

Figure 1: Culture and characterization of human dental follicle-derived stem cells (DFCs). (A) Morphology of DFCs in primary culture (P0) and at 3rd passage (P3).
Plate-adhesion and fibroblast-like growth pattern were observed. Scale bar = 50 µm. (B) DFC at passage 3 showing expression of early transcription markers, Oct4,
Sox2, and Nanog, by RT-PCR. (C) Growth curve for population doubling time (PDT) of DFCs during the 14 days of cell culture, which showed a favorable cell
proliferation pattern of DFCs. Abbreviations: Oct4, octamer-binding transcription factor 4; Sox2, sex determining region Y-box 2.

Figure 2: Fluorescent activated cell sorting (FACS) analysis of DFCs. Mesenchymal stem cell-markers, CD44, CD90, and CD105, were highly expressed, whereas the
expression of hematopoietic markers, CD34 and CD45, was almost negligible in DFCs after 3 passages. The blank histograms represent an antibody isotype control
and filled shaded histogram indicates specific antibodies.

http://www.medsci.org
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Figure 3: Lineage specific differentiation potential of DFCs. (A) Successful in vitro adipogenic and osteogenic differentiation of DFCs as identified by Oil red-O staining
for lipid droplets and Alizarin red and von Kossa staining for mineralized nodules and calcium deposition, respectively. Scale bar = 100 µm. (B) Relative mRNA levels
of differentiated cells compared to those of undifferentiated DFCs by RT-qPCR. Approximately 4–10 times and 10–20 times higher expression levels of
lineage-specific mRNAs were detected in the differentiated adipogenic and osteogenic cells, respectively, compared to those in undifferentiated DFCs. Asterisk (*)
represents statistically significant differences between the two groups (p < 0.05). Abbreviations: PPARγ, peroxisome proliferative activated receptor gamma; FABP4,
fatty-acid-binding protein 4; LPL, lipoprotein lipase; RUNX2, runt related transcription factor 2; ON, osteonectin; BMP2, bone morphogenetic protein 2.

In vivo homing and immune response after
systemic injection of iCMs
The experimental mice were euthanized after 14
days of intraperitoneal injection of PKH26 labeled
iCMs, and different organs (heart, liver, and kidney)
were examined for the presence of the injected cells.
Fluorescence microscopy detected PKH26 labeled
cells in heart, liver, and kidney sections (Figure 6). The
ratios of PKH26 positive cells to the total number of
injected cells were 5.6 ± 1.0%, 3.6 ± 1.1%, and 11.6 ±
2.7% in heart, liver, and kidney, respectively. These
results indicate that the intraperitoneally injected
iCMs homed to and colonized these organs, survived
and proliferated for 14 days after the injection,
demonstrating the homing potential of the iCMs into
various organs including the heart muscle.
Serum levels of IL-2 and IL-10 were analyzed at
14 days after the transplantation, to assess the
immune and inflammatory responses to the injected
cells. There was no significant difference in serum

levels of IL-2 and IL-10 between the iCM injection
group and the two control groups (p > 0.05) (Figure
7), indicating that there was no major inflammatory or
immune response in vivo to the systemic
transplantation of differentiated cardiomyocytes.

Discussion
Human DFCs were isolated from the dental
follicles of extracted wisdom teeth. These cells
exhibited fibroblast-like appearance and plate
adherent growth pattern. DFCs were positive for the
expression MSC markers (CD44, CD90, and CD105)
by FACS analysis and stemness markers (Nanog,
Oct4, and Sox2) by RT-qPCR. The DFCs successfully
differentiated into osteocytes and adipocytes with
high cell proliferation rate, under appropriate culture
conditions. These results indicate that the DFCs
isolated in the present study possess MSC
characteristics, as those in our previous studies [6,
8–10]. The DFCs differentiated successfully in vitro
http://www.medsci.org
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into cardiomyocytes in media containing SAHA. The
differentiated cells were morphologically similar to in
vivo cardiomyocytes and expressed abundantly
cardiomyocyte-specific markers, both at the mRNA
and protein level. Similar to this study, an earlier
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study reported that the dental stem cells from
deciduous
pulp
could
differentiate
into
cardiomyocytes in vitro under activin A and BMP2
induction protocol [11].

Figure 4: In vitro differentiation of DFCs into cardiomyocytes in SAHA containing media. (A) After 14 days of SAHA induction, the induced cardiomyocytes (iCMs)
showed more elongated cell morphology with extended cytoplasmic processes compared to the undifferentiated DFCs. Scale bar = 50 µm. (B) Relative mRNA levels
of cardiomyocyte-specific markers, TNNT2, α-SMA, Desmin, and ACTC1, were approximately 3–5 times higher in the iCMs compared to those in DFCs. Data represent
the mean ± standard deviation of five independent experiments. *significantly different from control (DFCs) (p < 0.05). (C) Representative images of RT-qPCR
products to show product sizes from (B). Abbreviations: α-SMA, alpha-smooth muscle actin; TNNT2, Cardiac muscle troponin T; ACTC1, Cardiac muscle alpha
actin.
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Figure 5: Immunocytochemical analysis of the iCMs for cardiomyocyte specific markers. Abundant expressions of TNNT2, α-SMA, DESMIN, and ACTC1 were
detected in the iCMs after 7 days of induction by SAHA. Scale bar = 100 µm.

To our knowledge, this is the first time that the
stem cells from dental tissue were differentiated into
cardiomyocytes using SAHA induction protocol.
Most studies on in vitro cardiomyogenic
differentiation of stem cells have used bone
marrow-derived MSCs as the cell source and 5-aza as
the induction chemical [4, 12–14]. 5-aza is a DNA
methylation inhibitor and one of the most commonly
used chemicals to induce the differentiation of stem
cells into myocardial cells, probably by the activation
of some of the dormant genes through DNA
demethylation, tough the exact mechanism has not
yet been elucidated [4, 12, 17]. However, the rate of
5-aza induced myocardial differentiation was
extremely low and proved cytotoxic to the
differentiating cells resulting in cell death [14–16].
SAHA, a member of histone deacetylase (HDAC)

inhibitor family, was another chemical with the
potential to induce the differentiation of stem cells
into cardiomyocytes [16]. HDAC inhibitors have been
studied as novel therapies for inflammation, cancer,
neurodegeneration, and heart failure [23]. The balance
of acetylation and deacetylation of nuclear histones is
crucial for the regulation of gene expression and
maintenance of the chromatin structure and function
[24]. Inhibition of HDAC by SAHA results in
hyper-acetylation of histone, leads to cell growth
arrest and apoptosis in various tumor cells [25, 26].
SAHA has been known to inhibit all the 11 known
class I and class II HDACs [16]. Class II HDACs have
been shown to play an important role in cardiac
development and cardiac hypertrophy, and could
regulate the entry of mesoderm cells into
cardiomyoblastogenesis [27, 28].
http://www.medsci.org
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Figure 6: In vivo tracking and homing analysis after systemic administration of PKH26 labeled iCMs. At 14 days after IP injection of the cells, PKH26 positive cells were
detected in the heart, liver, and kidney tissues. The PKH26 positive ratios were 5.6 ± 1.0% in heart, 3.6 ± 1.1% in liver, and 11.6 ± 2.7% in kidney. Scale bar = 100 µm.

Figure 7: Comparative analysis of the serum levels of IL-2 and IL-10 in the systemic iCM injected mice and controls. The serum levels of IL-2 and IL-10 in the
experimental mice (14 days after IP injection of iCM) were not different compared to those of the two control groups.

In the present study, the cells differentiated from
DFCs by treating with SAHA for 14 days, exhibited
morphological changes such as elongated stick like
appearance with extended cytoplasmic processes.
Similar morphological changes were reported in other

studies describing the cardiomyogenic differentiation
of stem cells by chemical induction [11–17, 29, 30]. The
cells differentiated by SAHA induction showed
abundant expression of cardiomyocyte-specific
markers, such as α-SMA, TNNT2, Desmin, and
http://www.medsci.org
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ACTC1, at both mRNA and protein levels. Although
the beating cells could not be found in the present
study, these results demonstrate that the SAHA
induction protocol can successfully differentiate DFCs
into cardiomyocytes in vitro. This result is in
agreement with those of the previous studies, which
showed
successful
in vitro
cardiomyogenic
differentiation of human fetal liver and bone marrow
derived mesenchymal stem cells, but no beating cells
[16, 17, 30].
The homing properties of the systemically
administered therapeutic cells have been studied to
improve the efficiency of cell therapy in regenerative
medicine. Following systemic administration, the
injected cells migrate to target organ or tissue, and
produce paracrine and juxtacrine effects, which
enhance the regenerative efficiency of endogenous
cells [31]. In a recent report, intraperitoneally injected
dental pulp stem cells showed homing capacity into
kidneys (33.25%), liver (9.10%), and lungs (1.85%) at 3
days after injection [21]. In another study,
intravenously injected bone marrow stem cells
showed lower homing capacity; only 3.42% in lung
and 0.50% in spleen at 14 days after cell injection [20].
Injected MSCs showed 2.0–22.0% of cell engraftment
into kidneys [32, 33]. These differences in the rates of
stem cell homing could be correlated to the
differences in experimental conditions such as the
injected cell type (BMSC or other sources), injection
method (IV, IP, or intra-arterial), condition of
recipient animals (healthy or disease model), survival
period after cell injection, detection method
(Immunohistochemistry or Flow cytometry), etc. In
contrast to the other studies, PKH26 labeled iCMs
were systemically injected into healthy mice in the
present study. Notably, 14 days after the IP injection,
labeled iCMs were detected in the tissues of the
kidney, liver, and heart, at ratios of approximately
11.6%, 3.6%, and 5.6%, respectively. These homing
ratios were relatively low in the kidney and liver
compared to the results reported in an earlier study
[21], which could be correlated with the longer animal
survival time (14 days) after cell injection in this
study. In addition, the cells injected in our study were
differentiated iCMs and not the undifferentiated
MSCs, which might have limited or completely
precluded active proliferation of cells entrapped in
the kidney and liver. However, we presume that in
spite of the small number of injected iCMs that homed
to heart muscle, they could proliferate for 14 days and
reach the observed ratio of 5–6%. In addition, the low
homing efficiency into the heart tissue might be
related to the experimental animal model used in the
present study, healthy mice rather than the heart
disease model. Despite this limitation, the results

851
from this study suggest that the systemic
administration of the iCMs from DFCs can be used as
an effective cell therapy method for myocardial heart
diseases. To the best of our knowledge, the present
study is the first to demonstrate the homing of
cardiomyocytes differentiated from MSCs following
systemic cell administration.
We did not observe any significant difference in
serum levels of IL-2 and IL-10 between the iCM
injection group and the two control groups. This
result demonstrates that the transplanted iCMs did
not elicit any inflammatory response in vivo. We have
showed in an earlier report, the immunomodulatory
properties of DFCs such as the extremely low
expression of major histocompatibility complex class
II and decreased expressions of CD3 and CD4 when
transplanted into tissues in a localized manner [10].
Interestingly, although the cell type (iCMs in this
study vs. DFCs) and cell administration method
(systemic injection in this study vs. localized
transplantation) were different from the earlier study,
the anti-inflammatory and immunomodulatory
effects observed in both the studies were similar.
In conclusion, human dental follicle-derived
stem cells (DFCs), which exhibit MSC characteristics,
differentiated successfully into cardiomyocytes in
vitro under the influence of SAHA in the culture
media. These iCMs homed to heart muscle following
systemic cell injection in experimental animals. The
injected cells did not elicit any inflammatory
response. These results demonstrate that DFCs can be
an excellent source for cardiomyocyte differentiation
and regeneration. Moreover, the iCMs from DFCs can
be delivered into heart muscle via systemic
administration, including intravenous and/or
intraperitoneal injection. Further studies are needed
to confirm these results, including iCM injection in
heart disease models and investigating the possibility
of additional side effects following systemic cell
administration.
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