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Inhibitory effect of oxidative damage on
cardiomyocyte differentiation from Wharton's
jelly-derived mesenchymal stem cells
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Abstract. Ischemic heart diseases are a serious health problem
worldwide. The transplantation of mesenchymal stem cells
(MSCs) has been investigated in numerous clinical trials
on various other diseases due to the self-renewal capacity of
these cells and their potential to differentiate into a variety of
cell types. The presence of excess reactive oxygen species in
injured myocardium causes cardiac dysfunction and leads to
inefficient repair of the heart. The poor outcomes of stem cell
transplantation have been suggested to result from residual
oxidative damage affecting the transplanted cells. The aim
of the present study was to compare the effects of hydrogen
peroxide (H,0,) on Wharton's jelly-derived MSCs (WJ-MSCs)
and bone marrow-derived MSCs (BM-MSCs) in vitro, in order
to provide information useful for the future selection of MSC
types for cardiac differentiation and transplantation. H,O,
at concentrations of 200, 500 and 1,000 xM was applied to
WIJ-MSCs and BM-MSCs under cardiogenic differentiation
conditions. The morphology of MSCs treated with H,O, was
similar to that of untreated cells, whereas the cell density
decreased in direct association with the dose of H,0,. Cardiac
differentiation markers were then evaluated by immunofluores-
cence analysis of GATA4 and cardiac troponin T (¢TnT). The
fluorescence intensity levels of the two markers were identi-
fied to be diminished by increasing doses of H,O, from 500 to
1,000 M. The expression levels of homeobox protein Nkx2.5,
¢I'nT and cardiac a-actin were also examined, and were identi-
fied to be low in the WJ-MSCs treated with 1,000 xM H,0,,
which was similar to the findings observed in BM-MSCs. These
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results suggested that oxidative stress affects cardiomyocyte
differentiation via the downregulation of cardiac genes and
cardiac proteins. Furthermore, it should be noted that there was
a marked difference in the effect depending on the source of
MSCs. This evidence provided supportive information for the
use of stem cells in transplantation.

Introduction

Ischemic heart disease (IHD) is a serious health problem
worldwide, as reported by the World Health Organization in
2016 (1). Several risk factors are associated with IHD, which
include smoking, lack of exercise, diabetes mellitus and
elevated cholesterol levels. The pathogenesis of IHD starts
with an inflammatory reaction that leads to scar formation,
interstitial fibrosis and vascular remodeling, ultimately causing
dysfunction of the heart muscles. This myocardial dysfunction
is due to oxidative stress under hypoxic conditions, which is
influenced by the presence of reactive oxygen species (ROS).
ROS, which are recognized as toxic cellular radicals, affect
the viability of cardiomyocytes through the activation of apop-
totic pathways (2), induction of mitochondrial damage (3) and
inhibition of cardioprotective processes (4).

The conventional medical and surgical treatments for IHD
aim to promote blood circulation to the myocardium in order
to restore cardiomyocyte functions. However, dead myocardial
tissue cannot be rescued. Thus, treatments that effectively
recover damaged tissue are important for sustaining the heart
function. At present, stem cell therapy is considered to be a
primary option for salvaging damaged cells. The treatment of
IHD using various types of stem cells, such as hematopoietic
stem cells, cardiac stem cells and mesenchymal stem cells
(MSCs), has been extensively studied in numerous clinical
trials (5).

MSCs are multipotent stem cells that may be isolated from
various tissue types, including perinatal tissues and Wharton's
jelly. Wharton's jelly-derived MSCs (WJ-MSCs) are regarded
as a promising tool for cell therapy due to their expression
of numerous embryonic markers, such as (sex-determining
region Y) box 2, NANOG, LIN28, stage-specific embryonic
antigen (SSEA) 1, SSEA3, SSEA4, Kelch-like factor 4,c-MYC,
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Criptic family 1 and REX1 (6). Elevated expression levels of
embryonic markers are strongly associated with pluripotency,
anti-inflammatory properties (7), deceleration of senes-
cence (8), low immunogenicity (9) and shorter doubling-time
compared with bone marrow-derived MSCs (BM-MSCs) (10).

The utility of MSCs in cell therapy is due to their secre-
tion of several survival factors. MSC secretory factors, such as
transforming growth factor 3, platelet-derived growth factor
and fibroblast growth factor, have been reported to promote
MSC proliferation and differentiation (11). In addition, these
factors may also function as growth-stimulatory factors for
other cell types (12). Furthermore, proteins secreted from
MSCs have been demonstrated to be involved in the migra-
tion of primitive stem cells from bone marrow to local sites
of injury, the reduction of scar formation and fibrosis, the
enhancement of cardiac function via formation of new blood
vessels and the differentiation of stem cells into cardiomyo-
cytes (13). However, numerous studies have demonstrated poor
survival of MSCs following transplantation, which is thought
to be due to their response to the noxious microenvironment;
oxidative stress present in the damaged tissues may cause the
death of transplanted cells through apoptotic pathways and
upregulation of inflammatory mediators in local injury (14,15).
In an attempt to counteract this, anti-oxidant enzymes may
be expressed at a high level in MSCs to antagonize the envi-
ronmental oxidative damage (16). However, the underlying
mechanisms and effects of oxidative environments on MSC
function remain to be fully established.

In the present study, WJ-MSCs were used as an alterna-
tive cell source and their response to treatment with H,O,
was studied. In particular, the cell number, viability and
morphology as well as the expression of cardiac-specific genes
and proteins were observed in order to determine the possible
effects of oxidative stress on MSC function.

Materials and methods

Chemicals and reagents. Alizarin Red S (cat. no. 130-22-3),
Oil Red O (cat. no. 00625), dexamethasone (cat. no. D4902),
ascorbic acid (cat. no. 508107), B-glycerophosphate (cat.
no. 35675) and MTT reagent (cat. no. M6494) were purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
All antibodies for flow cytometry were supplied by BD
Pharmingen@ (San Jose, CA, USA). Cell culture reagents,
including Dulbecco's modified Eagle's medium (DMEM) (cat.
no. 31600-034), 0.25% trypsin-EDTA (cat. no. 25200-056),
PenStrep (cat. no. 15140-122) and GlutaMAX (cat.
no. 35050-061), were purchased from Gibco (Thermo Fisher
Scientific, Inc., Waltham, MA, USA).

Isolation and expansion. MSCs derived from Wharton's jelly
were collected from the umbilical cords of mothers after a
full-term, healthy delivery (n=6; age of mother, 25-35 years).
This collection step and the informed consent process were
approved by the Mahidol University Institutional Review
Board (protocol no. 147.1311). Written informed consent was
obtained from all participants. The umbilical cords were
washed several times with PBS prior to cutting them into
small pieces (length, 3 cm). Each piece of Wharton's jelly was
longitudinally cut for removal of all blood vessels. The matrix
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was scraped and minced into small pieces prior to diges-
tion with 3 mg/ml collagenase type II (cat. no. 44S51434A;
Worthington Biochemical Corp., Lakewood, NJ, USA) in
DMEM for 1 h at 37°C, following washing by centrifuga-
tion at 25°C, 2,000 x g for 5 min and incubation with 0.25%
trypsin-EDTA for 20 min at 37°C. Following the trypsin
digestion step, all samples were collected and washed twice by
centrifugation at 25°C, 2,000 x g for 5 min each. The pellet was
re-suspended in complete medium consisting of low-glucose
DMEM (DMEM-LG) supplemented with 10% fetal bovine
serum (FBS; cat no. ES-009-V Merck KGaA, Darmstadt,
Germany), 1% PenStrep and 1% GlutaMAX. The harvested
cells were cultured at 37°C in 5% CO, and 95% humidified air.
Non-adherent cells were removed after 3 days of culture and
medium replacement was performed twice per week.

BM-MSCs were purchased from Merck KGaA (cat.
no., SCC034 and lot no, 2460401). BM-MSCs were cultured
in complete Dulbecco's modified Eagle's medium-low glucose
(DMEM-LG) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin streptomycin and 1% GlutaMAX. After
reaching 80% cell confluence, sub-passaging was performed
using 0.25% trypsin-EDTA. WJ-MSCs and BM-MSCs at
passage 4-7 were utilized in this study.

MSC characterization. WJ-MSCs and BM-MSCs were char-
acterized following the minimal criteria for defining MSCs as
outlined by the International Society for Cellular Therapy (17).

The differentiation of WJ-MSCs and BM-MSCs into
adipocytes was performed according to the adipogenic differ-
entiation protocol provided by the manufacturer. WJ-MSCs
were seeded into 35-mm dishes (3x10* cells per dish) with
adipogenic differentiation medium (cat. no. 05403; Stem Cell
Technologies, Vancouver, Canada) and cultured for 35 days.
Differentiated cells were stained with Oil Red O. Briefly, Oil
Red O staining was performed as follows: differentiated MSCs
were rinsed with 1X phosphate buffered saline (PBS) twice
and fixed with formalin vapour for 10 min at room tempera-
ture. MSCs were stained with 0.3% Oil Red O for 20 min at
room temperature. Cells were washed twice and observed
using light microscopy.

For osteogenic differentiation, WJ-MSCs and BM-MSCs
were plated into 35-mm dishes (3x10* cells per dish) with
osteogenic differentiation medium (complete DMEM-LG,
0.1 uM dexamethasone, 50 pg/ml ascorbic acid and 10 mM
[B-glycerophosphate) and cultured for 35 days. Differentiated
cells were stained with Alizarin Red S. In brief, the culture
medium was discarded from the culture flask, and rinsed twice
with 1X PBS. The differentiated cells were fixed with 10%
formaldehyde for 15 min at room temperature. Cells were
washed twice with distilled water (DW) followed by DW
removal. A total of 40 mM Alizarin red S (pH 4.1) was applied
for 20 min with gentle agitation. All staining steps were
performed at room temperature. The excess dye was removed
and washed with DW three times. The samples were examined
by inverted microscopy.

For flow cytometric studies of MSCs, WJ-MSCs and
BM-MSCs were trypsinized for 5 min at 37°C to produce
single-cell suspensions. The cell suspensions were collected
and washed twice prior to resuspension in PBS containing
2% FBS and 1 mM EDTA. Cells were adjusted to 1x10° in
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100 ul cells suspension. For cell surface labelling, cells
suspensions were incubated at 4°C for 30 min with 5 ul of anti-
bodies (dilution, 1:20) against MSC-specific surface markers
[phycoerythrin (PE)-conjugated mouse anti-human CD105
(cat. no. 560839), PE-Cy7-conjugated mouse anti-human
CD73 (cat. no. 561258) and allophycocyanine-conjugated
mouse anti-human CD90 (cat. no. 559869)] and hematopoietic
stem cell (HSC)-specific markers [(PE-conjugated mouse
anti-human CD34 (cat. no. 343606) and peridinin chloro-
phyll-conjugated mouse anti-human CD45 (cat. no. 304026)].
All antibodies were supplied by BD Pharmingen™ (San Jose,
CA, USA). Cell surface marker analysis was performed by use
of a BD FACSCanto™ II Flow Cytometer and FACSDIVA
software version 6.1.3 (BD Biosciences, San Jose, CA, USA).

Cell viability assay. According to previous studies (18,19),
treatment with 100-2,000 uM H,O, was able to influence
the cellular senescence of MSCs. In a preliminary study
performed by our group, MSCs were treated with 50, 100,
200, 500, 700 and 1,000 uM H,0O,. There was no difference
in the MTT results among the groups treated with 50, 100 and
200 uM H,0,. Thus, 200 uM was selected as the minimal dose
of H,0, in the present study. WJ-MSCs and BM-MSCs were
seeded in 96-well plates at a density of 1x10* cells/well, and
allowed to attach to the plastic surface. Wells were inoculated
with various concentrations (200, 500 and 1,000 xM) of H,O,
(cat. no., 107209; Merck KGaA) in culture medium. All treat-
ments for each time-point were performed in triplicate cell
samples. After incubation for 24,48 or 72 h, 50 ul MTT reagent
was applied. MTT was reduced by succinate dehydrogenase
enzyme into an insoluble formazan crystal product. The intra-
cellular crystals were solubilized by dimethyl sulfoxide (cat.
no., 2743C104; Amresco, Solon, OH, USA) and the absorbance
was measured at 570 nm. The absorbance values were then
recorded and compared with those of the control cells.

Analysis of the effect of H,0, on cardiogenic differentiation
of WJ-MSCs. To study the effect of H,O, on the cardiogenic
differentiation of MSCs, they were treated with 5-azacytidine
followed by various doses of H,0, (20). Cardiomyocyte differ-
entiation was initiated by treatment with 10 M 5-azacytidine
for 24 h followed by different doses of H,O, for 24 h. The
short-term effect on cardiogenic markers was observed at days
3 and 7 after treatment with H,0,. These optimized time-points
were selected because the properties of MSCs dedifferentiate
after day 7 (data not shown). WJ-MSCs and BM-MSCs were
plated in culture vessels and incubated overnight. Complete
DMEM supplemented with 10 M 5-azacytidine was applied
to adherent cells for 24 h. The medium containing 5-azacyti-
dine was then removed, and the cells were washed twice with
DMEM-LG. Complete DMEM supplemented with 200, 500 or
1,000 uM H, 0, was applied for 24 h prior to washing twice and
replacement with fresh complete medium. Treated WJ-MSCs
and BM-MSCs were maintained in culture for further detec-
tion of cardiogenic marker expression on days 3 and 7.

Reverse-transcription quantitative polymerase chain reaction
(RT-qPCR) analysis of cardiac-specific genes. RNA was
collected using TRIzol® reagent (cat. no., 15596026; Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
isolated using Direct-zol columns (cat. no., R2050; Zymo
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Research, Irvine, CA, USA), following the manufacturer's
instructions. Quantification of RNA was performed with a
Nanodrop 2000 ultraviolet-vis spectrophotometer (Thermo
Fisher Scientific, Inc.). RNA (2 ug/sample) was converted to
complementary DNA using Sensiscript Reverse Transcription
kits (cat. no., 205211; Qiagen, Valencia, CA, USA). To study
cardiogenic genes, qPCR was performed with SYBR Green
Supermix (cat. no., 170-8880; Bio-Rad Laboratories, Inc.,
Hercules, CA, USA), according to the manufacturer's instruc-
tions. The PCR mixture was composed of 12.5 ul of iQ™
SYBR® Green Supermix, 0.5 pl of 10 uM forward primer,
0.5 pl of 10 uM reverse primer 5.5 ml of nuclease-free water
and 1 ul of cDNA (100 ng/ul). The detection was performed
with a CFX96 Real-Time PCR platform (Bio-Rad Laboratories,
Inc.). The PCRs were performed in duplicate and conditions
were as follows: 95°C for 3 min; followed by 40 cycles of 95°C
for 3 sec (denaturation), 60°C for 30 sec (annealing tempera-
ture) and 72°C for 45 sec (elongation); and 72°C for 5 min. The
primers were as follows: Nkx2.5 forward, 5'-CTGCCGCCGC
CAACAAC-3' and reverse, 5'-CGCGGGTCCCTTCCCTAC
CA-3'; cardiac troponin T (cInT) forward, 5~ AGAGCGGAAA
AGTGGGAAGA-3' and reverse, 5-CTGGTTATCGTTGATC
CTGT-3"; and cardiac a-actin forward, 5“-TCTATGAGGGCT
ACGCTTTG-3' and reverse, 5'-GCCAATAGTGATGACTTG
GC-3'; GAPDH forward, 5-CAACTACATGGTTTACATGTT
CCAA-3" and reverse, 5-CAGCCTTCTCCATGGTGGT-3'.
The levels of the cardiac-specific genes (Nkx2.5, cInT and
cardiac a-actin) were analyzed using Bio-Rad CFX Manager
version 3.1 (Bio-Rad Laboratories, Inc.) and normalized to the
level of GAPDH (21).

Immunofluorescence staining. Treated WJ-MSCs and
BM-MSCs were fixed with 4% paraformaldehyde prior to
being washed twice with PBS. Permeabilization was performed
using 0.3% Triton X (cat. no. 9002931; Merck KGaA). Prior to
staining with primary antibodies, cells were non-specifically
blocked with 3% bovine serum albumin (cat. no. A7906;
Invitrogen; Thermo Fisher Scientific, Inc.). Subsequently,
cells were incubated overnight at 4°C with anti-GATA4 (cat.
no. sc-25310; Santa Cruz Biotechnologies, Inc., Danvers, TX,
CA, USA) and anti-cTnT (cat. no. MAB1693; Merck KGaA)
antibodies (1:100 dilution). Cells were washed with PBS
prior to incubation with Alexa Fluor® 568-conjugated goat
anti-mouse immunoglobulin antibodies (cat. no. A-11004;
Invitrogen; Thermo Fisher Scientific, Inc.) and fluorescein
isothiocyanate (FITC)-conjugated rabbit anti-mouse immu-
noglobulin antibodies (cat. no. F0232; Dako Cytomation,
Tokyo, Japan) for 45 min at room temperature. Cells were
washed twice with PBS prior to mounting with ProLong®
Gold Antifade Mountant with DAPI solution (cat no. P36941;
Invitrogen; Thermo Fisher Scientific, Inc.,). The fluorescent
micrographs were captured using a confocal laser scanning
microscope and analyzed with FluoView FV1000 Software
version 3.01 (Olympus Corp., Tokyo, Japan). To evaluate fluo-
rescence intensity, the micrographs captured at a magnification
of x40 were equally divided into 9 areas, and 5 counting areas
(4 corner squares and 1 center square) were selected as regions
of interest (ROIs) for subsequent study. Only positively stained
cells in the ROIs were quantified for fluorescence intensity
measurements (22,23).
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Figure 1. (A) Images of enzymatically disaggregated Wharton's jelly-derived cells in primary culture displaying their fibroblastoid shape, similar to that of
BM-MSC:s (scale bars, 500 ym). (B and C) Mesodermal differentiation of MSCs into osteoblasts and adipocytes was performed. (B) BM-MSCs and WJ-MSCs
cultured in osteogenic differentiation medium for 35 days displayed positive Alizarin Red S staining, indicating osteoblastic differentiation (scale bars,
100 gm). (C) BM-MSCs and WJ-MSCs cultured in adipogenic differentiation medium for 35 days were positive for Oil Red O staining, indicating adipogenic
differentiation (scale bars, 50 ym). (D) Flow cytometric analysis of MSC surface markers indicated reactivity for CD73, CD90 and CD105, and no reactivity
for CD34 and CD45. BM-MSCs, bone marrow-derived mesenchymal stem cells; WJ-MSCs, Wharton's jelly-derived MSCs.

Statistical analysis. WJ-MSCs from 6 donors were performed
independently (n=6) all values were expressed as the
mean =+ standard error of the mean. Statistical analysis was
performed using PASW Statistics version 18 (IBM Corp.,
Armonk, NY, USA). The Mann-Whitney U test was used to
analyze differences between groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

Characterization of MSCs. WJ-MSCs were isolated from
Wharton's jelly; the cells usually grew from the cell cluster
after 3 days of culture. WI-MSCs and BM-MSCs exhibited a
fibroblast-like morphology and a high level of adherence to the
plastic culture flasks (Fig. 1A). Characterization of the MSCs
was subsequently performed.

For osteogenic and adipogenic differentiation, MSCs were
cultured with osteogenic and adipogenic differentiation medium,
respectively, for 5 weeks. Under osteogenic differentiation
conditions, the morphology of the MSCs became osteoblast-like
with matrix accumulation (Fig. 1B). In MSCs cultured in adipo-
genic differentiation medium, fat droplet-containing cells were
observed (Fig. 1C). Cytochemical staining with Alizarin Red

S and Oil Red O indicated differentiation into osteoblast-like
and adipocyte-like cells, respectively.

The analysis of specific cell surface markers revealed that
MSC:s at passage 4 exhibited high rates of positive staining for
CD73 (99.3+0.4%),CD90 (96.9+1.1%) and CD105 (99.9+0.4%),
but were mostly negative for the hematopoietic markers CD34
(1£0.3%) and CD45 (1.3+0.6%) (Fig. 1D).

Viability of MSCs after treatment with H,O,. The effect of
H,0, on the viability of MSCs was investigated. MSCs treated
with H,0, alone and compared with the control (no H,O, treat-
ment using an MTT assay. The absorbance was measured at
24, 48 and 72 h. The absorbance ratios of control vs. treated
cells were used for the calculation of the percent viability. The
viability of WJ-MSCs after treatment with H,O, was decreased
in a dose- and time-dependent manner (Fig. 2A). The viability
of BM-MSCs was only slightly decreased after treatment with
200 and 500 M H,0,, but significantly decreased after treat-
ment with 1,000 uM H,O, (Fig. 2B).

Effect of H,O, on MSC morphology and cardiac-specific
marker expression. The morphology and cardiomyocyte
differentiation of MSCs were observed after treatment with
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Figure 2. The viability was evaluated in MSCs treated with H,0, alone comparison with the control (no H,O, treatment). MSCs were treated with H,O,
(200, 500 or 1,000 M) at 24, 48 and 72 h. (A) The viability of WJ-MSCs relative to that of the control cells was reduced by H,O, treatment in a
dose-dependent manner. (B) The viability of BM-MSCs differed from that of control cells only after treatment with 1,000 xM H,0,. Values are expressed
as the mean + standard error of the mean of six separate experiments performed in triplicate in WJ-MSCs and three separate experiments performed in
triplicate in BM-MSCs. #"P<0.05 vs. control group for WI-MSCs or BM-MSCs, respectively. BM-MSCs, bone marrow-derived mesenchymal stem cells;
WI-MSCs, Wharton's jelly-derived MSCs.
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Figure 3. Phase contrast microscopy images of MSCs following treatment with H,O, alone for 3 and 7 days. (A) WJ-MSCs treated with different doses of H,O,
(200, 500 or 1,000 M) exhibited a lower cellular density than the control group (no H,O, treatment). (B) BM-MSCs treated with different doses of H,O, (200,
500 or 1,000 uM) exhibited a lower cellular density than the control group (scale bar, 200 xM). BM-MSCs, bone marrow-derived mesenchymal stem cells;
WIJ-MSCs, Wharton's jelly-derived MSCs.

5-azacytidine with and without H,0, (200, 500 and 1,000 uM).  fibroblastoid shape. However, the cell density was attenuated
Cells in all treatment groups appeared similar, with a by treatment with increasing H,O, concentrations (Fig. 3).
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Figure 4. (A) Schematic diagram representing the process used to study the cardiomyocyte differentiation of MSCs using 5-azacytidine and hydrogen peroxide.
(B) Cardiac-specific gene expression in WJ-MSCs after treatment for 3 and 7 days. The levels of Nkx2.5, ¢cInT and cardiac o-actin were significantly reduced
after treatment for 3 days compared with untreated cells (MSCs treated with 5-azacytidine to make them differentiate into cardiomyocytes, but not with
H,0,), and these expression levels recovered after culture for 7 days. In BM-MSCs, the relative expression levels of cardiac-specific markers after treatment
were decreased compared with those of untreated cells only after culture for 7 days (C). Values are expressed as the mean + standard error of the mean of six
separate experiments performed in duplicate in WJ-MSCs and three separate experiments performed in duplicate in BM-MSCs. “P<0.05 vs. untreated cells
for WJ-MSCs or BM-MSCs, respectively. BM-MSCs, bone marrow-derived mesenchymal stem cells; WJ-MSCs, Wharton's jelly-derived MSCs; DMEM-LG,
low-glucose Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; ¢InT, cardiac troponin T.

Quantitative analysis of the mRNA expression levels of
cardiac-specific genes (Nkx2.5, cInT and a-cardiac actin)
was performed by RT-qPCR. After culture for 3 days as
illustrated in Fig. 4A, the expression of Nkx2.5, cI'nT and
cardiac a-actin in 5-azacytidine-treated MSCs was reduced in
a dose-dependent manner following treatment with H,O, (200,
500 or 1,000 uM). The gene expression levels then recovered
and returned almost to the expression levels of the untreated
cells. The recovery of gene expression was observed in treated
cells after culture at day 7 (Fig. 4B and C).

MSCs were exposed to 10 xM of 5-azacytidine and treated
with 200, 500 or 1,000 uM H,0O, for 24 h. The differentiated
cells were stained with antibodies against GATA4 (labelled
with Alexa Fluor 568) and ¢TnT (labelled with FITC).
Immunofluorescent micrographs of WJ-MSCs (Fig. 5A) and
BM-MSC:s (Fig. 5B) were captured and analyzed to assess the

fluorescence intensity (using ROISs) at days 3 and 7 which was
presented in Fig. 6.

Following treatment with H,O,, the fluorescence intensity
of GATA4 in BM-MSCs and WJ-MSCs was dose-dependently
decreased compared with that in untreated cells (Fig. 6A and
C).Similarly, the fluorescence intensity of cInT in H,O, treated
WI-MSCs was decreased after culture for 3 and 7 days, and was
significantly different from that of untreated cells. In BM-MSCs,
a significant decrease of ¢InT fluorescence intensity was only
observed after treatment for 7 days (Fig. 6B and D).

Discussion
Stem cell therapy is a novel and promising method for treating

degenerative disorders. One of the most interesting therapeutic
applications is MSC transplantation in IHD. Previous studies
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Figure 5. Immunofluorescence micrographs of the cardiac-specific proteins GATA4 and c¢TnT in 5-azacytidine-treated (A) WJ-MSCs and (B) BM-MSCs
with or without H,O, treatment (scale bars, 100 xM). Lower fluorescence intensities of the two markers were observed in H,O,-treated cells compared with
untreated cells. BM-MSCs, bone marrow-derived mesenchymal stem cells; WJ-MSCs, Wharton's jelly-derived MSCs; ¢InT, cardiac troponin T.

have demonstrated that the IHD conditions trigger the death of
cardiomyocytes due to the presence of excessive ROS in the
infarct area. This results in premature senescence (24), apop-
tosis (14), impairment of immunomodulatory function (25)
and fibrous tissue formation (26). Stem cell transplantation

approaches for the treatment of cardiac injury have been inves-
tigated in several animal studies and clinical trials (27,28). The
efficacy of MSC transplantation depends on the survival and
differentiation ability of MSCs and their role in the recovery of
cardiac function (25,26). The rate of successful transplantation
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Figure 6. Fluorescence intensities of (A) GATA4 and (B) ¢TnT on day 3 as well as (C) GATA4 and (D) ¢cInT on day 7 were decreased after exposure to hydrogen
peroxide (200, 500 or 1,000 xM) when compared with that in untreated cells at the same time-points. Values are expressed as the mean + standard error of the
mean of six separate experiments performed in WJ-MSCs and three separate experiments performed in BM-MSCs. #“P<0.05 vs. untreated cells for WJ-MSCs
or BM-MSCs, respectively. BM-MSCs, bone marrow-derived mesenchymal stem cells; WJ-MSCs, Wharton's jelly-derived MSCs; ¢TInT, cardiac troponin T.

outcomes remains low, likely due to the effect of residual oxida-
tive stress on the transplanted cells in damaged tissues (15).
However, the underlying mechanisms of this inefficiency have
remained to be fully elucidated.

In the present study, the effect of ROS on one particular
function of MSCs, namely cardiomyocyte differentiation, was
evaluated. The characteristics of WJ-MSCs and BM-MSCs
were assessed, which revealed that MSCs from each of these
two sources exhibited the same characteristics, in that they
were positive for Oil Red O and Alizarin Red S staining
after induction of adipogenic and osteogenic differentiation,
respectively. Mesenchymal surface markers (CD90, CD73 and
CD105) were present on MSCs from each of the two sources
(>95% of cells), whereas they were mostly negative for HSC
markers (<2% of cells), which was in accordance with previous
studies (29). WJ-MSCs and BM-MSCs were cultured under
stress conditions to evaluate their survivability. The viability
of only the WJ-MSCs was demonstrated to be significantly
reduced by H,O, in a dose- and time-dependent manner.
This suggested that BM-MSCs may have higher resistance to
ROS compared with WJ-MSCs. Under stress conditions, this
property may be modulated in BM-MSCs via the release of
hydrogen peroxide-scavenging enzymes, such as superoxide
dismutase, catalase and glutathione peroxidase, providing
resistance to oxidative stress-induced cell death (30). However,
studies on the effects of ROS on MSCs of different origin
have yielded controversial and inconclusive results. Certain
studies suggested that WJ is an optimal source of MSCs due
WIJ-MSCs having a higher potential for proliferation (31)

and differentiation (32) than other types of MSCs, such as
BM-MSCs. This was supported by the fact that WJ-MSCs had
higher expression levels of several cell cycle-associated genes,
including cyclin (CCN)D2, cell division cycle (CDC)25A,
CCNA2, CCNBI, CDC28, cyclin-dependent kinases (CDK)
regulatory subunit 2, CDC25C, CDC20 and aurora B kinase,
compared with the levels in BM-MSCs. These genes promote
the cell cycle transition from S to G2/M phase. By contrast,
compared with WJ-MSCs, BM-MSCs exhibit increased
expression levels of B-cell lymphoma 2 and CDK inhibitor
1B, which mediate delayed transition into S phase (33). These
findings implied that endogenous differences between MSC
sources may lead to different responses between BM-MSCs
and WJ-MSCs. Therefore, further studies should be performed
to prove that the different properties of MSCs depend on their
origin.

MSCs originating outside of the bone marrow appear to
manage oxidative stress differently; they may resist oxidative
insults to a greater extent than normal somatic cells, such as
fibroblasts (34). For instance, Ertas et al (35) identified that
BM-MSCs and adipose-derived MSCs possessed higher resis-
tance to H,0,-induced apoptosis, but had a greater tolerance for
H,0, compared with BM-MSCs. The underlying mechanisms
of these anti-oxidant properties are largely unknown. Release
of extracellular vesicles from WJ-MSCs may be an important
mechanism, as reported by Zhang et al (36), who demon-
strated that WJ-MSCs cultured in conditioning medium may
improve the function of kidney cells and decrease apoptosis
following acute renal injury. In that study, the extracellular
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vesicles isolated from the conditioning medium attenuated
oxidative damage in injured kidney tissue, and this antioxi-
dant effect was demonstrated to result from nuclear erythroid
2-related factor 2/antioxidant responsive element activation.
Pre-conditioning of WJ-MSCs with 200 xM H,0, in vitro
promoted the expression of interleukin-6, leading to increased
migration, proliferation and neovascularization properties of
endothelial cells. A previous animal study also revealed that
the infusion of H,0O,-pre-conditioned WJ-MSCs in to the tail
vein significantly enhances myocardial contractility (37).

In the present study, the cardiogenic differentiation of
BM-MSCs and WJ-MSCs was evaluated under normal condi-
tions and in the presence of ROS. The RNA expression of
cardiogenesis-associated genes (Nkx2.5, ¢cI'nT and cardiac
a-actin) and proteins (GATA4 and cTnT), which contribute to
cell fate in the early development of cardiomyocytes (38), were
identified to rapidly decrease in WJ-MSCs following exposure
to H,0,, and then recover by day 7. In BM-MSCs, a reduc-
tion in GATA4 expression was detected on day 3 and day 7,
however, in cInT expression, reduction in expression was
detected only on day 7. In vitro studies of the effect of ROS on
MSCs have frequently reported that ROS acts to promote cell
growth inhibition (39), apoptosis (40) and premature senes-
cence (41). The effect of ROS on differentiation capacity has
also been reported in other cell types, such as osteoblasts (42).
In a previous study, ROS had a different impact on BM-MSCs
and WJ-MSCs, but the underlying mechanisms remained
elusive (43). WJ-MSCs had certain advantages as a cell
therapy for myocardial injury over adult or fetal BM-MSCs.
Furthermore, the in vivo transplantation of WJ-MSCs was
demonstrated to have a high potential for homing to infarcted
myocardium and decreasing tissue damage (43). Thus, the type
of MSCs used for transplantation must be selected with aware-
ness of the specific aim; MSCs from different origins have
similar but varying characteristics, and these distinctions must
be considered to optimize the outcome of transplantation.

Transplantation efficiency is currently under extensive
study for the purpose of identifying strategies for improve-
ment. The concept of cell death prevention has been widely
explored based on several concepts. Overexpression of
antioxidants was considered to be highly promising, but the
results are controversial; although high ROS levels cause
cellular damage and dysfunction, it is thought that a low basal
level of ROS is necessary and advantageous for maintaining
cellular proliferation, differentiation and survival. ROS also
has an important role in the post-infarction healing process by
augmenting inflammation and tissue repair through the release
of proteolytic enzymes, cytokines and growth factors (44,45).
Therefore, understanding the effects of ROS on stem cell
behaviour is important and requires further study to allow for
improvement of stem cell transplantation outcomes.

In conclusion, the present study suggested that the differ-
entiation potency of MSCs of different origin may be helpful
for selecting suitable cell sources to obtain better outcomes.
Improvement of the selection of cells used for transplantation
may be achieved through enhancing the current understanding
of the underlying mechanisms of how MSCs respond to ROS.
Comparing different abilities of WJ-MSCs and BM-MSCs in
in vitro studies will help in selecting the optimal cell source
for clinical trials.
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