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Abstract

Purpose We aim to investigate the role of stem cell-based regenerative medicine to repair or regrow the infarcted myocar-
dium and restore normal cardiac homeostasis.

Methods WIKI4-treated cells were tested for in vitro differentiation into myocytes by gene and protein expression. A myocar-
dial infarction (MI) model was established, cells were transplanted, and cardiac function was assessed by echocardiography.
Histological evaluation of the harvested heart was performed to evaluate the cardiac regeneration.

Results These pre-differentiated cardiomyocytes were assessed for the presence of cardiac markers using immunocytochemical
staining for Gata-4, Alpha actinin, and Myosin heavy chain, and gene expression analysis also showed that these cells are express-
ing cardiomyogenic markers. Hearts transplanted with WIKI4-treated mesenchymal stem cells (MSCs) significantly (***P<0.001)
improved the cardiac systolic and diastolic dimension, end-systolic, diastolic, and stroke volume, ejection fraction, and fraction
shortening as compared to the MI group after two and four weeks. Fibrotic area and left ventricular wall thickness significantly
(***P<0.001) improved in WIKI4-treated group as compared to the control group. Patches of normal myocytes were observed in
the infarct zone showing that induced cardiac progenitor cells regenerated cardiomyocytes replacing the infarcted scar, as evident
from the co-localization of fluorescently labeled cells and cardiac proteins in immunohistochemical staining.

Conclusion This study put forth a valuable approach by small molecules to induce differentiation of MSCs into cardiomyo-
cytes, which upon in vivo transplantation regenerated the infarcted heart. These findings will lead to the development of a
novel approach for modified cellular therapy and may increase the probability of better myocardial regeneration.

Lay Summary Cardiovascular diseases (CVD) are the leading causes of morbidity and mortality. The indigenous capability
of the myocardium to meet the degeneration is limited. Currently, available therapeutic options for the treatment of CVD
are limited and provide solutions to reduce the symptoms. To investigate the role of stem cell-based repairing or regrowing
the myocardium and restoring normal cardiac homeostasis, WIKI4-treated cells were tested for in vitro differentiation into
myocytes by gene and protein expression.

Treatment of human bone marrow—derived mesenchymal stem cells with WIKI4 induced differentiation of MSCs into the
cardiomyogenic lineage. Xenogeneic MSCs and their derivatives in form of induced cardiac progenitors when implanted
into the infarcted rat’s heart showed survival, distribution, integration, and differentiation into myogenic lineage, maintained
the thickness of the left ventricular wall, infarct area was reduced, and hearts performed better function.
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had dedicated a huge amount of finance, 115 billion, to afford
the cost of cardiovascular diseases in the year 2012 [1]. Even
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though small infarcts in cardiac vasculature are managed by the
internal healing system of the body with the help of resident or
circulating stem cells and by re-directing the cardiomyocytes into
developmental phases, but large infarcts cannot be repaired by
endogenous repair mechanisms, resulting in irreversible damage
and loss to cardiac muscles, smooth muscles, and endothelial
cells. Besides, the endogenous repair process leads to the substi-
tution of working cardiac muscles by fibroblast cells which do
not possess the ability to contract [2]. The prevailing treatment
options available for myocardial infarction are only limited to
symptomatic control leaving the root cause unaddressed.

Therapeutic strategies like inhibition of enzymes that con-
vert angiotensin-I into angiotensin-II and alternative therapy
that block B-adrenergic receptors have been successful to
some extent in improving the symptoms of the disease. In
addition, approaches such as surgical and other interventions
have failed to play any role in remodeling the left ventricle
because these therapies can neither repair nor replace the
injured cardiac muscles [3—5]. Though heart transplant is the
only hope for heart patients, the limited number of donors and
the cost of the treatment do not make it possible for everyone.

Stem cell transplant has emerged as the most prominent ther-
apeutic strategy in regenerative medicine and has been reported
to improve outcomes of cardiac failure [6]. The potential of stem
cells for differentiation into desired morphological and func-
tional cell types has opened an array of horizons in regenerative
therapeutics. Out of the various types of stem cells available,
mesenchymal stem cells (MSCs) have been extensively studied
for their regeneration potential and biological characteristics and
have also been explored in various pre-clinical and clinical stud-
ies. MSCs are categorized as multipotent stem cells and can dif-
ferentiate into multiple cell types independent of the nature and
type of tissue origin[7, 8]. Based on their abundant availability
and easy expansion in vitro, MSCs have been observed to be
a promising treatment option for cardiovascular abnormalities
[9]. MSCs derived from the bone marrow have exhibited their
capability to differentiate into heart muscles in both ex vivo
and in vivo environments [10]. As MSCs can be obtained from
heterogeneous cell types, their heterogeneity poses hurdles in
achieving uniform outputs regarding their differentiation and
regeneration potential. In addition, the insufficient availability of
stem cells and their homing at the site of injury during stem cell
therapy is the main concern. Pre-differentiation strategies aimed
at differentiating MSCs into pre-cardiomyocytes before in vivo
transplantion, may help this scenario. Various approaches have
been described to be useful in enhancing the efficiency and rate
of MSC differentiation into cardiomyocytes [11].

Among various approaches used for cellular differentiation,
small molecules have exhibited promising results. They have
shown interesting features in regenerative medicine because of
certain advantageous features associated with them including
their high purity; very minute lot-to-lot differences in their qual-
ity of preparation; chemo-stability; economic features; ease in

their transport across the cell membrane and effect on the targeted
signaling cascade; and ease in controlling their level at the site
of action to achieve desired effects. Moreover, they also provide
additional benefits for their wide usage as they are well-defined
chemically. Furthermore, various small molecules have been
experimentally proven and pharmacologically optimized, and
are already employed clinically for various pharmacotherapeutic
benefits [12]. A variety of such molecules are also under trial and
being investigated for their ability to stimulate the differentiation of
stem cells into cardiomyocytes. They have high induction rates of
differentiation of stem cells into the cardiomyogenic lineage. Along
with these molecules, the drug molecules which possess the ability
to induce cardioprotection to stem cells when used concurrently are
also gaining importance in the treatment of heart diseases.
Among various small molecules tested in this respect, 5-aza-
cytidine (5-aza), which is an inhibitor of the enzyme DNA
methyl transferase (DNMTi), has been reported to be the most
powerful inducer of stem cell differentiation into the cardiomyo-
genic lineage. The initial work of Makino et al. [13] had reported
differentiation of more than 30% of bone marrow—derived stro-
mal cells into cardiomyocytes when pre-treated with 5-aza [13,
14]. Furthermore, small molecules were investigated to improve
cardiac performance. Among these cardioprotective mediators,
statins, anti-hypertensives, and other cardiovascular agents such
as small peptides, hormones, and acids are common and can
non-specifically induce cardiomyogenic differentiation. Cur-
rently, the search for new ideal compounds remains an impor-
tant area of research that could induce efficient differentiation
of stem cells into the cardiomyogenic lineage and are less toxic
in a biological system or provide efficient cardioprotection after
myocardial infarction. Therefore, in the current research study,
we aim to investigate a small molecule, WIKI4, and elucidate
its potential to differentiate stem cells into the cardiomyogenic
lineage. WIKI4 is a novel Wnt signaling modulator, which
regulates the Wnt-dependent changes in the core modulators of
the Wnt/B-catenin signaling pathway. It has been reported that
it prevents ubiquitylation of AXIN and inhibits the enzymatic
activity of Tankyrase-2 [15]. As Wnt pathway is known to be
involved in the differentiation of stem cells and heart develop-
ment [16], therefore, WIKI4 can be used as a therapeutic agent
to differentiate stem cells into beating cardiomyocytes, which
can be transplanted into infarcted myocardium and replenish
the damaged myocardium and restore normal heart function.

Materials and Methods

Ethical Statement

The animal study was performed according with the interna-
tional guidelines for the care and use of laboratory animals,

and the study protocol was approved by the Institutional Ani-
mal Care and Use Committee authorization no. 2018-0020.
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Cell Culture

Human bone marrow—derived mesenchymal stem cells
(hMSCs) were purchased from Promo CELL (Heidelberg,
Germany). Cells were then cultured in DMEM and incu-
bated in a humidified atmosphere containing 5% CO, at 37
°C. All cells were used at passage 4 or 5, were subconflu-
ently cultured, and were seeded at 5000 cells/cm? for the
experiments. hMSCs were cultured in DMEM supplemented
with 10% (v/v) fetal bovine serum (FBS) having no addi-
tional growth factors and penicillin/streptomycin (100 U),
sodium pyruvate (2 mM), and L-glutamine (2 mM).

Characterization of hMSCs

hMSCs were characterized by observing cell morphology using
phase contrast microscopy, and the presence of hMSC markers
including CD73, CD105, CD117, and vimentin by immunocy-
tochemistry using fluorescence imaging. In addition, the tri-lin-
eage differentiation potential of the hMSCs was also performed.

Immunocytochemistry

hMSCs were grown on sterile coverslips placed in a 24-well
culture plate at the seeding density of 5000 cells/well. When
the cells adhered to the bottom of the well, the medium was
discarded, and the cells were rinsed with phosphate buffer solu-
tion (PBS) (1x) twice. Afterward, the cells were fixed with
paraformaldehyde (PFA) (4%) for 10 min. After fixation, the
cells were washed again with PBS (1%), and a permeabilization
solution (Triton X-100, 0.1%) was added for 10 min at RT. To
block the non-specific sites, cells were incubated in a blocking
solution (2% BSA and 0.1% Tween 20 in PBS) for 1 h at 37 °C.
The blocking solution was removed and the primary antibodies

against the hMSC surface markers 5’-nucleotidase (CD73),
Endoglin (CD105), c-kit (CD117), and vimentin were added
as per recommended dilutions by the manufacturer and kept
overnight incubation at 4 °C. The following day, the cells were
rinsed with PBS (1x) 3-5 times and incubated in a secondary
antibody, Alexa fluor 488 or 546 diluted (1:200) in a blocking
solution. 4',6-diamidino-2-phenylindole (DAPI, 1 pg/mL) was
used to stain the nuclei. The cells were washed with PBS (1x)
3-5 times and the coverslip with cells was transfered from each
well and mounted on the glass slides using a fluoromount aque-
ous mounting medium. The slides were observed with a fluores-
cence microscope and images were captured with a Nikon NiE
microscope using a CCD camera.

Tri-lineage Differentiation

The cultured hMSCs were characterized for their potential of
differentiation into adipogenic, osteogenic, and chondrogenic
lineages. The cells were seeded in a 6-well plate and main-
tained till 100% confluency in the basal media, DMEM sup-
plemented with 2mM sodium pyruvate, 2mM L-glutamine,
and 10% FBS. When confluent, the cells were rinsed with
PBS and allowed to grow in the respective induction media
for 3 weeks followed by specific staining for each lineage.
The induction media was changed every third day during the
entire culture period. For osteogenic differentiation, 50 pM
ascorbate phosphate, 0.1 uM dexamethasone, and 10 pM
B-glycerophosphate were added to the basal media. The result-
ing osteocyte calcium deposits were examined using Alizarin
red stain. For adipogenic differentiation, 10 pM insulin, 0.5
pM isobutyl methylxanthine, 200 pM indomethacin, and 1
pM dexamethasone were added to the basal media. After 3
weeks, the oil droplets were observed in adipocytes using an
Oil Red-O stain. For chondrogenic differentiation, the basal
media used was supplemented with 100 pM ascorbic acid, 20

Table 1 Primer sequence used

. . Gene name
for gPCR amplification

Cardiac troponin T

Cardiac troponin I

GATA4

MHC

WNT

MEF2D

GAPDH

Sequence Product size
TTACATCCAGAAGCAGGCCC (forward) 89bp
TGAAGGAGGCCAGGCTCTAT (reverse)
GAGCCGCACGCCAAGAA (forward) 236bp
CCTTGTCCACACGGGCG (reverse)
CTCCACAGACCAGCTCCAAG (forward) 286bp
ACAGGAGAGATGCAGTGTGC (reverse)
ACCAACCTGTCCAAGTTCCG (forward) 106bp
TTCAAGCCCTTCGTGCCAAT (reverse)
GTCGGGAATCTGCCTTTGTT (forward) 376 bp
GTTTTCCTGAAGTCGGCCAT (reverse)
GGGGGCTGGAGGAGTTACC (forward) 292bp
TGGGGGAACGGTGTTGTCA (reverse)
5’-CACCATGGGGAAGGTGAAGG -3’ 274bp

5’-AGCATCGCCCCACTTGATTT -3’
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«Fig. 1 Culturing and characterization of human bone marrow mes-
enchymal stem cell line (hMSCs): A characterization of hMSCs by
immunostaining showing positive expression of CD73, CDI105,
CD117, and vimentin. B Tri-lineage differentiation of hMSCs into
adipogenic, chondrogenic, and osteogenic lineages

ng TGFP1, 100 nM dexamethasone, and 10 ng insulin. The
differentiated cells were stained with an Alcian blue. Bright-
field microscopy was used to analyze the cells and the images
captured were processed with Photoshop.

Cytotoxicity Testing by Acridine Orange (AO)/
Propidium lodide (PI) Staining

hMSCs were cultured and treated with different con-
centrations of WIKI4 (0, 0.1, 0.5, 1, 5, and 10 pM) for
24 h. After completion of treatment time, the cell pellet
was resuspended in 0.5 mL solution of AO/PI solution
(0.5—1 pg/mL) and incubated for 15 min at room tempera-
ture and analyzed by dual fluorescence for cell viability
determination.

Cardiomyogenic Induction in MSCs

For inducing human stem cells to differentiate into cardio-
myocytes, WIKI4 was used. The stock solution (10 mM) was
prepared in distilled water. The volume of stock solution,
required for the working concentrations, was added directly
to DMEM. The hMSCs were cultured and treated with dif-
ferent concentrations of WIKI4 (0, 0.1, 0.5, 1, 5, and 10 pM)
for 4 weeks, and maintained in a CO, incubator. The cells
were treated with the compound for the entire duration (4
weeks) of incubation. However, the treatment media were
replaced after every 3 days.

Gene Expression Dynamics

The cardiac-specific gene expression was examined using
qRT-PCR. The expressions of GATA4, Mef2D, Wnt-2,
cardiac troponin I (¢Tnl), cardiac troponin T (¢TnT), and
cardiac alpha myosin heavy chain (cMHC) were assessed
in treated as well as untreated cells. Total RNA was iso-
lated using the Trizol reagent (Invitrogen) following the
manufacturer’s guidelines. The total RNA isolated was
reverse-transcribed to cDNA using the RevertAid™
First strand cDNA synthesis kit. Primers for gene expres-
sion analysis were designed online with primer-BLAST
(www.ncbi.nlm.nih.gov/tools /prime r-blast /) and syn-
thesized by IDT Technologies, USA (Table 1). The gPCR
reaction was performed in three biological replicates of
20 pL reaction volume each, with an amplification pro-
gram comprised of initial denaturation for 5 min at 96
°C, followed by 40 cycles of denaturation at 96 °C (30 s),

@ Springer

annealing at 58-60 °C (30 s), and a final extension of 10
min at 72 °C in a 96-well optical plate. The expression
of target genes was normalized according to the B-actin
gene as a reference by the AACt method.

Immunofluorescence Staining

The differentiation of hMSCs into cardiomyocytes was
further confirmed by the expression of cardiac markers
by immunocytochemistry. The cardiac proteins GATA-
4, cMHC, alpha-actinin, and stem cell stemness marker,
Stro-1, were analyzed by immunofluorescence staining.
Quantification of fluorescent intensity was performed
with ImagelJ software. Cells were selected and fluores-
cent intensity was calculated and plotted in MS Excel
software.

Establishment of Myocardial Infarction Model

Adult Wistar male rats (250-300 g) were used for the
study. The surgical procedures were in a dedicated surgical
theater in animal grade biosafety cabinet. They underwent
either a sham operation or left anterior descending coro-
nary artery (LAD) ligation under anesthesia. LAD artery
ligation was performed as previously described[17].

Cellular Transplantation

The animals were transplanted with normal hMSCs
and WIKI4-treated hMSCs. To track the cells’ migra-
tion in vivo, normal and WIKI4-treated hMSCs were
labeled with a fluorescent dye, 1,1'-dioctadecyl-3,3,3",3'-
tetramethylindocarbocyanine perchlorate (Dil) (Molecular
Probes, Invitrogen, USA) as per manufacturer’s instruc-
tions. One million cells suspended in PBS were transplanted
in the left ventricular wall after LAD artery ligation.

Echocardiography Assessment

The success of the development of the MI model and poten-
tial regeneration by MSCs were evaluated by functional
analysis through echocardiography as previously reported
[17, 18] at the end of the 2nd and 4th week of surgery and
transplantation.

Histological Evaluation of Cardiac Tissues
After the completion of 4 weeks, rats were euthanized,

and their hearts were harvested using perfusion assembly.
The chest cavity was dissected and a cardioplegic solution
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Fig.2 Cytotoxic testing of hBM-MSCs treated with WIKI4 using
Acridine orange/Propidium iodide (AO/PI) staining: the number of
live and dead cells were counted at different concentrations (0, 0.1,
0.5, 1, 5, and 10 pM) of WIKI4 using a dual fluorescence cell coun-
ter. hMSCs treated with different concentrations of WIKI4 showed

was infused in the heart to fully open the cardiac chambers.
The right atrium was cut with a scissor to allow the flow
of blood. PBS solution was flow through the heart, till
blood was drained, then the fixative solution (4% PFA)
was passed through the heart. The heart was removed, cut,
and placed in the PFA solution for postperfusion fixation
overnight at RT. The next day, the tissue was dehydrated

non-significant number of dead cells. Quantification of live hMSCs
using AO/PI staining assay showed that WIKI4 did not present cyto-
toxicity at the tested concentrations. Values are presented as mean +
SD,n=5

with graded alcohol solutions and embedded in paraffin
for slide preparation. The paraffin cassettes were dried and
5-pm-thick sections were sliced using a microtome. The
tissue slices were allowed to spread at 42 °C in a water bath
and picked on the gelatin-coated slides. The slides were
dried at 42 °C on a hot plate for 8 h. The fibrosis in the
harvested heart tissue was assessed by Masson’s trichrome
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(Carl Roth, Germany) staining following the manufacturer’s
instructions. Histological changes were observed using
bright-field microscopy and images were captured at
different magnifications. In all the groups, the MI infarct
size and cardiac remodeling including chamber dilatation,
fibrotic area, and ventricular wall thickness were examined
and quantified by ImagelJ software. The homing potential of
transplanted labeled MSCs was evaluated on heart sections
by processing through cryomicrotomy. Briefly, the heart
sections were molded in optimal cutting medium (OCT)
and frozen at —20 °C overnight. The sections (5 pm) were
sliced with cryomicrotome and placed on polylysine-coated
glass slides. Images were taken using a CCD camera using
NIS-Elements software. The presence of cardiac markers,
myosin heavy chain (¢tMHC), and cTnT was analyzed in
cryosectioned slides of heart tissues by immunofluorescence
staining. Images were taken with a fluorescent microscope.

Statistical Analysis

Data is expressed as mean values + standard devia-
tion (SD). Statistical analysis was performed by one-
way analysis of variance (ANOVA) and Tukey’s test
for multiple comparisons, using GraphPad Prism
version 6.07 for Windows (GraphPad Software, San
Diego, CA, USA, www.graphpad.com). Differences

were considered statistically significant for P value of
at least p<0.05.

Results
Characterization of hMSCs

The hMSC cell line showed good proliferation and adher-
ence ability. The cells were elongated with fibroblast-like
morphology in a culture flask. The cultured hMSCs were
evaluated for the presence of MSC-specific cell surface
markers using immunocytochemistry. The cells were
positive for MSC markers; CD73, CD105, CD117, and
vimentin as shown in Fig. 1. They were also observed
for tri-lineage differentiation potential by culturing in
respective induction media. The results showed effec-
tive differentiation into adipogenic, chondrogenic, and
osteogenic lineages after 3 weeks of culturing. Adipo-
genic differentiation was confirmed by visualizing lipid
droplets produced within the cells using the Oil Red-O
stain. The chondrogenic differentiation was detected by
the synthesis of proteoglycans and glycosaminoglycans
(GAG) using an Alcian blue stain. Whereas osteogenic
differentiation was assured by staining mineral deposits
in cells using Alizarin red stain as shown in Fig. 1.
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Fig.3 Gene expression analysis in WIKI4-treated hBM-MSCs: gene
expression was analyzed by real-time PCR after 4 weeks of treat-
ment of hMSCS with WIKI4, in comparison to untreated control
cells. There was significant upregulation of cardiac markers, includ-
ing GATA-4, Mef, and Wnt, cardiac troponin I (cTnl), cardiac tro-
ponin T (cTnT), and myosin heavy chain (MHC). Quantitative 2-fold
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(2AAACTY (difference of means is represented by AACt method and
was subjected to ANOVA, Bonferroni’s post hoc analysis. Values are
shown as mean + SD from three independent biological triplicates.
The asterisk sign represents only significant (p < 0.05%, p < 0.01%%,
and p < 0.001#**) fold change compared to the respective controls.
The experiments were performed in triplicate
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Fig.4 Immunocytochemical analysis of WIKI4-treated hMSCs: A
Expression of cardiomyocyte-specific proteins Gata-4, Actinin, and
Myosin heavy chain after 4 weeks of treatment with different concen-
trations of WIKI4, and Stro-1, stemness marker for MSCs. B Quanti-
fication of fluorescent intensities of control and treated group. Alexa

Stro-1/F-actin

=
=
A

fluor 546/488 anti-mouse secondary antibody was used for detection.
F-actin is stained with phalloidin in Stro-1 expression. Nuclei were
stained with DAPI. Fluorescent intensity was quantified with Imagel.
Values are shown as mean + SD (n=10). The asterisk sign represents
significant (p < 0.001***) compared to the respective controls
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Cytotoxicity of WIKI4

Cell viability assay with acridine orange and propidium
iodide staining showed that there was no significant dif-
ference in the number of dead cells between control and
WIKI4-treated MSCs at concentrations of 0.1, 0.5, 1,
and 5 mM; however, the number of dead cells increased
non-significantly at 10 mM concentrations as shown in
Fig. 2.

Expression of Cardiac-Specific Genes in Treated
MSCs

gPCR analysis for the expression of cardiac-specific
genes showed that after 4 weeks of treatment with
WIKI4, the induced cardiac progenitor cells expressed
GATA4, MEF, cardiac troponin T, cardiac troponin I,
myosin heavy chain, and wnt as shown in Fig. 3.

B

Expression of Cardiac Proteins in Treated MSCs

After separate treatments with WIKI4 at concentrations
0.1, 0.5, 1, 5, and 10 pM for 4 weeks, MSCs continued
to proliferate and differentiate. After 4 weeks of cell cul-
ture, the cells showed the expression of cardiac proteins
Gata-4, cardiac alpha actinin, and myosin heavy chain
was significantly upregulated (p< 0.001) while stem
cell pluripotency marker Stro-1 was downregulated (p<
0.001) as shown in Fig. 4 at 5 and 10 pM concentration;
however, the lower concentrations 0.1, 0.5, and 1 pM did
not show any significant change.

In Vivo Studies

The successful development of MI models and the effect
of transplantation of hMSCs in the infarcted heart were
assessed with echocardiographic measurements after 2
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weeks and 4 weeks of development of the model and
cellular transplantation. While the histological assess-
ment was performed after 4 weeks of transplantation of
hMSCs, and WIKI4-treated MSCs.

Cardiac Function Measurements
by Echocardiography

M-mode echocardiographic measurements in the paraster-
nal long axis were analyzed after two and 4 weeks of
MI induction and transplantation of hMSCs and WIKI4-
treated MSCs. Cardiac functional parameters were quan-
tified and plotted and showed substantial improvement
(p<0.001) in cardiac efficiency. There was a significant
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Fig.5 Cardiac functional assessment by echocardiography: M-mode
echocardiographic images in the parasternal long axis were ana-
lyzed after two and 4 weeks of MI induction and transplantation of
cells. Cardiac functional parameters were quantified and plotted, and
showed significant improvement (***P<0.001) in cardiac efficiency.
There was a significant (¥***p<0.001) decrease in cardiac perfor-
mance in MI model as compared to control animals. Improved car-
diac function was observed as evidenced by the decreased left ven-

(p<0.001) decrease in cardiac performance in the MI
model as compared to control animals. Although in the
WIKI4-treated MSC group there was improved cardiac
function observed, as evidenced by the decreased left ven-
tricle dilation and improved contractility after transplan-
tation of pre-differentiated MSCs. The treated hMSCs
showed a significant (p<0.001) increase in ejection frac-
tion and fraction shortening (p<0.05) as shown in Fig. 5.

Histological Analysis of Harvested Hearts
For histological studies, the heart tissue was cut in cross

section to observe the anterior left ventricular wall. The
fibrotic areas were stained by differential staining using
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tricles dilation and improved contractility after transplantation of
pre-differentiated MSCs. The treated hMSCs showed a significant
(***%p<0.001) increase in ejection fraction and fraction shortening
(¥*p<0.05). Values are presented as mean + SD (n = 5). For statistical
analysis, one-way ANOVA followed by Bonferroni’s post hoc analy-
sis was used; the level of significance is P < 0.05 (*P < 0.05, **P <
0.01, and ***P < 0.001)
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«Fig. 7 Immunohistochemistry of the cardiac tissues: untreated and
WIKI4-treated hMSCs were labeled with red fluorescent dye Dil and
were transplanted in the infarcted heart. The WIKI4-treated hMSCs
showed better homing in the infarcted myocardium as compared to
the normal hMSC group. The expression of cardiac proteins was eval-
uated using human primary antibodies against cardiac myosin heavy
chain (cMHC) and cardiac troponin T (cTnT). Alexa fluor 488 sec-
ondary antibodies were used for the detection of primary antibodies.
The Dil-labeled cells were quantified and the fluorescence intensities
were presented in bar graphs. Fluorescence intensity was significantly
high (**P < 0.001) in WIKI4-treated MSC group as compared to
normal MSCs in the infarcted myocardium

Masson’s trichrome. The intact myocardium appeared red
when stained with Masson’s trichrome. There was signifi-
cant fibrosis tracked in the MI+ve sections as compared
to the sham group. The total fibrotic area was quantified,
and it was evident that the group transplanted with WIKI4-
treated hMSCs showed significant reduction (p<0.001) in
the fibrotic area in comparison to the MI+ve group and
untreated hMSCs group. The myocardium wall thickness
was also measured and found to be better preserved in
the treated hMSC transplanted group as compared to the
untreated hMSC group as shown in Fig. 6. The tracking of
hMSCs labeled with florescent dye (Dil) transplanted in the
LV myocardial wall showed that the treated hMSCs were
sequestered in the infarcted region due to the intrinsic capa-
bility of MSCs of homing in the injured area. The expression
of cardiac proteins in the Dil-labeled cells was evaluated
using human primary antibodies against cardiac myosin
heavy chain (¢c(MHC) and cardiac troponin T (cTnT), in the
pre-treated MSCs group which confirms the myogenic dif-
ferentiation of the transplanted hMSCs besides its homing
in the myocardium shown in Fig. 7.

Discussion

MSCs possess immunomodulatory properties that allow
allogeneic transplantation in various clinical settings [19,
20]. For use in regenerative medicine, the fundamental req-
uisites for MSCs are their survival after transplantation, dif-
ferentiation to the required cell type, and the avoidance of
the formation of teratomas by the undifferentiated stem cells
[21]. To overcome the undesirable effects of MSC transplan-
tation, earlier studies evaluated the effect of various small
molecules like ascorbic acid, beta-mercaptoethanol, demeth-
ylating agents (5-azacytidine, zebularine), dexamethasone,
and retinoic acid on differentiation of stem cells into neuron-
like, osteogenic, adipogenic, muscle-like, and cardiac-like
cells [22].

@ Springer

Small molecules and growth factors were used to pro-
duce ventricular-like cardiomyocytes from hESC with high
competence and reproducibility utilizing computational and
system-biology approaches. They modulated the canonical
Wnt pathway using IWR-1 which was found to have a role
in cardiomyocyte subtype characterization [23] The small
molecules that modulate the Wnt and BMP-4 signaling
pathways in human pluripotent stem cells (hPSC) have led
to efficient differentiation of stem cells to cardiomyocytes
with improved electrophysiological functioning [24]. Using
small molecules which modulated Wnt/b-Catenin signaling
was found to enhance cardiac differentiation and more than
50-60% of cells were cardiac troponin positive [25].

In the current study, the hMSCs were cultured, expanded,
and characterized according to the minimum criteria suggested
by the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy. They were found
to be fulfilling these criteria such as hMSCs adhered to the
plastic in optimum culture conditions; they expressed CD73,
CD105, CD117, and vimentin. It proved that the cultured cells
were MSCs. They also differentiated in vitro to adipocytes,
chondroblasts, and osteoblasts which further confirmed
that the isolated cells were MSCs. This can be supported by
the criteria previously established [26]. The concentration
of WIKI4 for the treatment of hMSCs was optimized using
acridine orange/propidium iodide staining, as described
earlier [27]. The lower concentrations (0.1, 0.5, 1, and 5 mM)
of WIKI4 showed that there was no significant difference in
the number of dead cells between control and WIKI4-treated
hMSCs. However, the number of dead cells increased non-
significantly at 10 mM concentrations. Pre-conditioning of
hMSCs with different concentrations of WIKI4 for 14 days in
culture media leads to morphological changes in hMSCs; the
cells became large and flattened with the formation of myotube-
like inter-cellular structures. To confirm the differentiation of
MSC:s to cardiac-like cells, we analyzed treated MSCs for the
expression of cardiac-specific genes; these are in agreement
with previous studies [21, 28, 29]. The gene analysis showed
that the pre-differentiated cells express various cardiac genes
including, Mef2D, GATA-4, cardiac troponin T (cTnT), cardiac
troponin I (cTnl), cardiac myosin heavy chain (¢cMHC), and
Whnt-2. It is shown that MEF2D is one of the primary MEF2
expressed in the adult heart, mice lacking Mef2d possesses
an impaired response to stress signals that normally lead to
cardiac hypertrophy, fibrosis, and fetal gene activation [30].
Gata4 is an important transcription factor for cardiovascular
development; targeted deletion of Gata4 in mice results in early
embryonic lethality and cardiac bifida [31]. Likewise, cTnl and
cTnT are localized in cardiac striated muscle. Their structure is
important for the function of the cardiac muscles and regulates
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the contraction and relaxation of myocardial tissue. Mutations in
genes encoding troponin proteins led to contractile dysfunctions
and cardiomyopathies [31]. Moreover, cMHC is considered the
molecular motor of the muscle and regulates contractile function
[32]. Furthermore, Wnt family proteins are essential in a wide
array of developmental and physiological processes [33]. The
positive expression of all these cardiac markers confirmed that
WIKI4 was able to differentiate hMSCs into cardiac lineage.
Several studies earlier have reported that molecules such as
5-aza, zebularine, salvianolic acid B, and cardiomyocytes lysis
medium induced the expression of cardiac proteins including
GATA-4, cTnT, alpha-actinin, and cMHC in MSCs [22, 28].

For evaluating the effect of pre-differentiated hMSCs on
cardiac regeneration in MI models, one million cells were
implanted to the left ventricle immediately following liga-
tion. It is known that the transplanted cells have challenges
of survival and homing in the harsh hypoxic microenviron-
ment of the MI [34]. MSCs were labeled with Dil (floures-
cent dye) to track their localization in the myocardium for
tracking their homing and integration into the injured myo-
cardium [18, 21]. Histological analysis revealed that trans-
planted cells successfully localized and integrated into the
myocardium at the infarcted site in both the untreated hMSCs
and WIKI4-treated hMSCs. The Dil-labeled section was also
evaluated for the expression of cardiac proteins cMHC and
cTnT, and was found positive for the expression of cardiac
markers, indicating the engraftment, survival, homing, and
cardiomyogenic differentiation of transplanted hMSCs. These
results are in agreement with earlier studies which reported
that small molecule-based differentiated stem cells are in
therapeutic applications clinically [21, 29].

Heart function was evaluated by echocardiography by
measuring cardiac parameters like percent ejection fraction
(EF%), percent fraction shortening (FS%), and left ventri-
cle (LV) dilatation. LV dilatation is an effective indicator
for assessing left ventricular remodeling [35]. Similarly,
non-invasive techniques like left ventricular end-systolic
volume (LVESV) and left ventricular end-diastolic vol-
ume (LVEDV) was used to detect cardiac function [36].
Reduced EF% and FS% can signify a higher risk of heart
failure [37]. All the transplanted MSCs group showed a sig-
nificant increase in EF% as compared to MI +ve group was
observed. Whereas a non-significant increase in FS% by the
normal hMSCs while significant in WIKI4 groups as com-
pared to MI +ve group. In addition, the LV dilatation was
also decreased in the treated hMSCs group indicating the
regeneration of the injured myocardium.

The xenogeneic transplantation of human MSCs into the
rat MI model seems to present a significant hurdle from the
host immune response. Previous investigations have shown that
MSCs remain non-immunogenic in cases of allogenic trans-
plants. MHC-I molecules are expressed on surfaces of MSCs,
but not MHC-II molecules.

The ability of xenogenic MSCs to be transplanted cross-
ways is made possible by their distinct lack of MHC-II mol-
ecules. MSCs have been linked to the release of cytokines
and growth factors that modulate the host immune response
[38], making them less immunogenic in pre-clinical and
clinical settings [39]. They are thought to be safe for use
in allogeneic and xenogeneic therapeutic applications
[40-42], since they are not implicated in the immunoin-
flammatory response [43—45]. These cells are said to sur-
vive for 12 weeks without immunosuppressive medications
while showing no signs of immunoreactivity. According to
other reports, these cells survived xeno-transplantation for
4 months without displaying any signs of immunological
rejection [46—48]. Additionally, it has been reported that
human MSCs have been implanted in xenogeneic models
for regeneration.

Conclusion

Treatment of human bone marrow—derived mesenchymal
stem cells with WIKI4 induced differentiation of these
MSCs into the cardiomyogenic lineage. WIKI4 treatment
did not show a cytotoxic effect and was able to differenti-
ate MSCs into cardiomyogenic lineage evident from gene
and protein expression. These xenogeneic MSCs and their
derivatives in form of induced cardiac progenitors when
implanted into the infarcted rat’s heart showed survival, dis-
tribution, integration and differentiation into the myogenic
lineage. Transplanted cells maintained the thickness of the
left ventricular wall, infarct area was reduced, and hearts
performed better function.
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