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Transplantation of Wharton’s Jelly
Mesenchymal Stem Cells to Improve Cardiac
Function in Myocardial Infarction Rats

Abstract

Background: Myocardial infarction (Ml) is a fatal disease that is increasing in
incidence. The worst sequelae of Ml include myocardial fibrosis and deterioration
of pumping function that can lead to irreversible heart failure. This study aims
to compare the therapeutic effect of undifferentiated versus TGF-B2—stimulated
Wharton’s jelly mesenchymal stem cells (WJ-MSCs) in Ml rats.

Results: Left anterior descending (LAD) artery ligation-induced myocardial infarct
rats were used to evaluate changes in left ventricular function and fibrosis
following injection of PBS or 1.6 x 10° undifferentiated or TGF-B2-stimulated
WIJ-MSCs into the infarct border zone of myocardium. Electrocardiograph,
echocardiogram, serum cardiac Troponin | level, Masson’s Trichrome staining,
immunohistochemistry were used to analyze the therapeutic effects. We found
that transplantation of both undifferentiated and TGF-B2 stimulated WJ-MSCs
decreased serum Cardiac Troponin | levels, improved fractional shortening,
ameliorated ejection fraction changes, and decreased the area of myocardial
fibrosis. Moreover, some of the transplanted human WJ-MSCs survived in the
myocardium.

Conclusions: Transplantation of either undifferentiated or TGF-B2 stimulated
WJ-MSCs improved left ventricular function after Ml and increased survival. The
effects were most marked using undifferentiated WJ-MSCs. These results indicate
WJ-MSCs as a potential stem cell source for use in myocardial infarct therapy.
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Background

Myocardial infarction is an ischemic heart condition caused by
occlusion of a coronary artery. The occlusion most commonly
occurs in the left anterior descending branch of the coronary
artery. Injury of myocardiocytes and subsequent heart failure
can occur 20-30 minutes after the onset of cardiac ischemia [1-
3]. Once acute myocardial infarction (AMI) occurs, myocardial
atrophy, degeneration, fibrosis and other pathologies may develop
[4]. Healthy myocardiocytes must then increase their contractile
force to compensate for dead cells to maintain normal pumping.
This compensation leads to a vicious cycle whereby compensatory
mechanisms proceed to accelerate cardiac hypertrophy [5].
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Management of a patient with AMI is a medical emergency. The
current standard treatment of acute myocardial infarction is
reperfusion therapy such as percutaneous coronary intervention
(PCl) or thrombolytic drugs. Either treatment can rescue the
infarction symptom but cannot reverse the ischemia or apoptotic
myocardiocytes. Compared with fibrinolysis, PCI results in less
reocclusion, improved left ventricular function and improved
overall outcome (including reduced risk of stroke). Thus, PCI
is the preferred treatment. However, this treatment requires
sophisticated cardiologists with advanced equipment. Some
patients may need a coronary artery bypass graft (CABG) due
to PCI failure, coronary occlusion not amenable to PCI, the
presence of refractory symptoms after PCl, cardiogenic shock,
or mechanical complications such as ventricular rupture, acute
mitral regurgitation, ventricular septal defect, or multivessel
disease. Unfortunately, CABG is a highly risky surgical procedure
under such circumstances and may cause many severe sequelae.
Stem cell transplantation may be another therapeutic choice.

Mesenchymal stems cells (MSCs) are multipotent stem cells
that were first isolated from bone marrow [6]. MSCs express
specific surface markers such as CD73, CD90, and CD105, while
hematopoietic cell antigens such as CD45 and CD34 are absent
[7]. MSCs can differentiate into cells of the 3 germ layers [8,9],
including smooth muscle cells and endothelial cells of blood
vessels, nerve cells, adipocytes, chondrocytes, hepatocytes, and
cardiomyocytes [8-10]. In addition to bone marrow, Wharton’s
Jelly MSCs (WIJ-MSCs) are another sources of MSCs [11]. Under
appropriate culture conditions, WJ-MSCs can differentiate into
cardiomyocytes, adipocytes, chondrocytes, and osteocytes
[11,12]. WI-MSCs can also differentiate into nerve cells, liver cells
[13], and germ cells [14]. WJ-MSCs lack type Il human leukocyte
antigen (HLA-2), HLA-DR, -DP, and -DQ which reduces the
immune response and immune suppression effects [15]. Since
WIJ-MSCs possess immunomodulatory and immunosuppressive
capabilities [16], they can inhibit the immune response caused by
T lymphocytes in allogenic transplantation [17,18].

Stem cells from many different sources have been used to repair
myocardial injury in animal experiments, including human
bone marrow mesenchymal stem cells [19], human endothelial
progenitor cells [20], and human bone-marrow—derived very small
embryonic-like stem cells [21]. In addition, Min and colleagues
reported that the use of embryonic stem cells in regenerative
therapy after myocardial infarction is highly feasible in mice. The
implantation of embryonic stem cells into sites of myocardial
infarction induces their differentiation into cardiomyocytes that
partially restore cardiac function [22]. While such research gives a
positive outlook on the therapeutic potential of stem cell therapy
after AMI in animals, whether therapeutic stem cells should be
differentiated before implantation is not clear.

Current research suggests that 3 types of transforming growth
factor-B (TGF-B) play distinct regulatory effects during cell growth
and differentiation [23]. TGF-f1 induces embryonic stem cells
to differentiate into smooth muscle cells [24]. TGF-B3 promotes
chondrogenic differentiation in human MSCs, and TGF-f3
knockout mice suffer from cleft palate [25]. TGF-B2 knockout
mice have defects in the lungs and urinary system [26,27].
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TGF-B2 knockout mice also have cardiovascular anomalies such
as failure of normal looping, endocardial cushion differentiation,
and ventricular remodeling [23,28,29]. In addition, treatment
with TGF-B2 significantly increases the differentiation of beating
cardiomyocytes from mouse embryonic body cells [30,31]. In
general, TGF-B2 but not TGF-B1 or TGF-B3 plays a crucial role in
the differentiation of the mesoderm, exerting particular influence
on the growth and development of the cardiovascular system.

In this study, we compare the therapeutic effects of
undifferentiated and differentiated mesenchymal stem cells.
We also study the process whereby MSCs repair myocardial
infarction in rats. The results of this study should provide basic
and necessary information to allow future use of cell regenerative
therapy in myocardial infarct patients.

Methods
Cell Culture

Institutional Review Board approval was obtained for all
procedures. With the written informed consent of parents, fresh
human umbilical cords were obtained after birth and stored
in Hank’s balanced salt solution (Biological Industries, Israel)
for no more than 24 hours before tissue processing to obtain
MSCs. MSCs were isolated from umbilical cord Wharton’s jelly
as previously described [11]. The blood vessels were removed,
followed by scraping the mesenchymal tissue from the Wharton's
jelly with a scalpel. The mesenchymal tissue was centrifuged at
250 x g for 5 minutes at room temperature. The pellet was washed
with serum-free Dulbecco's modified Eagle's medium (DMEM)
(Gibco, Grand Island, NY), resuspended in 10 mL of DMEM and
centrifuged at 250 x g for 5 minutes at room temperature. The
pellet was resuspended in 15 mL of DMEM containing 0.2 g/mL
of collagenase and incubated for 16 hours at 37°C. Cells were
washed, resuspended in 10 mL of DMEM containing 2.5% trypsin,
incubated for 30 minutes at 37°C. The cells were then washed
and cultured in DMEM with 10% fetal bovine serum (FBS; Sigma,
St. Louis, MO) and glucose (4.5 g/L) in 5% CO2 in a 37°Cincubator.
At the fourth to sixth passage, the WJ-MSCs were induced to
differentiate into cardiomyocyte cells by culturing for 7 days in
4 ng/mL TGF-B medium with 10% FBS (Sigma, St. Louis, MO) and
1% penicillin/streptomycin/amphotericin B (Biological Industries,
Kibbutz Beit Haemek, Israel).

Myocardial Infarction (MI) Model

All experiments were performed in accordance with the animal
use guidelines of Yang Ming University, and the experimental
protocol was approved by the Yang Ming University research
animal resources committee. Eight-week-old Sprague-Dawley
rats (laboratory animal center, Yang Ming University, Taiwan)
weighing 300-400 g were randomly placed into 4 groups: 1)
Sham group, underwent sham surgery involving left thoracotomy
without left anterior descending artery (LAD) ligation; 2) Control
group, underwent LAD ligation and received normal saline (NS)
injections; 3) MSC group, underwent LAD ligation and received
injections of undifferentiated human WJ-MSCs; 4) TGF-B2 group,
underwent LAD ligation and received injection of TGF-f2-
stimulated human WJ-MSCs. There were 8 rats in each group.
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The animals were not fed for at least 4 hours before surgery and
were anesthetized with 40 mg/mL sodium pentobarbital (40 mg/
kg, peritoneal injection). The anterior chest areas were shaved
before surgery. The rats were then intubated and ventilated
with a mechanical ventilator to enable oxygen as well as 2%
isofluothane flow to lungs. Electrocardiography (ECG) electrodes
were applied, and continuous ECG was recorded.

After disinfection with beta-iodine, a 2-cm transverse intercostal
incision was made over the left anterior chest wall where
heartbeats are felt most strongly. The thoracic cavity was
entered, and the heart was explored. A wound retractor was
used to extend the wound. Saline gauze was placed between
the heart and lungs to push the lungs aside to avoid lung injury
during the operation. The pericardium was opened, and the LAD
was identified. Prolene (8-0) was used to ligate the LAD by tying 8
knots 2 mm below the tip of the left auricle. ECG was checked 15
minutes after ligation, and ST elevation was thought to indicate a
successful model MI. Normal saline, undifferentiated human WJ-
MSCs (1.6 x 106) or TGF-B2—stimulated human WJ-MSCs (1.6 x
106) were injected directly into the myocardium around the site
of ligation 15 minutes after LAD ligation in rats in the control,
MSC, and TGF-B2 groups. Five equal injections for a total volume
of 0.2 mL were given. The wound was then closed with 3-0 Vicryl
and 4-0 Nylon in layers. All the rats were placed under a warming
lamp postoperatively and returned to cages after recovery of
consciousness.

Serum Biochemical Testing

Blood samples were collected from the tail vein before LAD
ligation and 6 hours, 2 days, 1 week, 2 weeks, 4 weeks, and 15
weeks after LAD ligation. The blood samples were centrifuged for
10 minutes at room temperature, and the serum was obtained
to analyze cardiac troponin-l (C-Tnl) levels by enzyme-linked
immunosorbent assay (ELISA).

Measurements of Cardiac Function - Echocardiog-
raphy

Echocardiography assessments were obtained before LAD ligation
and 2 days, 2 weeks, 4 weeks, and 15 weeks after LAD ligation. The
rats were anaesthetized with ketamine hydrochloride (100 mg/
kg, intramuscular injection), placed in the supine position, and
the chest area shaved. Ultrasound transmission gel was spread
evenly over the left chest. A 2-D/M mode echocardiogram was
obtained using a Philips iU22 ultrasound operating system with
a compact linear array probe L15-7io (7-15 mhz) to measure the
left ventricular end diastolic diameter (LVEDD) and left ventricular
end systolic diameter (LVESD). Echocardiography was performed
5 times for each examination. LVEDD and LVESD values were
recorded and used to calculate the mean.

Left ventricular (LV) fractional shortening (FS) indicates the
percent change in LV cavity dimensions at the base with systolic
contraction, which is limited by significant apical wall motion
abnormalities. The FS is calculated as [(LVEDD — LVESD) / LVEDD]
x 100%. The Simpson method allows determination of the left
ventricle volume. The LV ejection fraction (EF) was calculated as
[(LVEDD3 — LVESD3) / LVEDD3 ] x 100%.

© Under License of Creative Commons Attribution 3.0 License
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Measurements of Cardiac Function: ECG Monitoring

ECG assessments were obtained during the LAD ligation and 2
weeks, 4 weeks, and 15 weeks after LAD ligation. Rats were
anaesthetized with ketamine hydrochloride (100 mg/kg,
intramuscular injection), placed in the supine position, and ECG
electrodes were applied subcutaneously.

Perfusion and tissue embedding

Rats were anaesthetized with 40 mg/mL sodium pentobarbital
(40mg/kg, intraperitoneal injection). The abdominal cavity was
opened 1lcm below the xiphoid process of the sternum. The
thoracic cavity was opened by cutting the diaphragm and cutting
the ribs along the lateral surface up towards the second rib. The
adhesion between the heart and sternum was separated. The
pericardium was opened, and an 18G intravenous retention
needle connected to a peristaltic pump was inserted into the
left ventricle. The right auricle was cut to allow blood drainage.
The rat was perfused with 400 mL 1X phosphate buffered saline
(PBS) and then fixed in 4% paraformaldehyde (Ferak, Berlin,
Germany). The heart was then transected into several sections
every 3-5 mm and placed sequentially in 30% sucrose, 1:1 30%
sucrose plus Optimal Cutting Temperature compound (OCT)
(Sakura Finetek USA Inc, Torrance, CA), and OCT for 16—18 hours
at 4°C to dehydrate the sections. A small amount of OCT was
added to cover the bottom of an appropriately-sized aluminum
foil container. Excess OCT was removed, and the heart tissue was
placed in the container and submerged in OCT. The container was
flash-frozen in liquid nitrogen until the OCT solidified.

Frozen tissue cryostat sections

The temperature of the cryomicrotome was adjusted to -30°C
and the chamber temperature set to -25°C. The heart tissue
was placed onto the loading platform and then cut into 0.5 um
sections. The slices were affixed to slides and stored at -20°C.

Masson’s Trichome staining

Tissue sections were placed at room temperature to thaw for
15 minutes. Tissue sections were washed with 1x Tris-buffered
saline (TBS) for 5 minutes 3 times and treated with Bouin’s fixative
(Sigma, St. Louis, MO) at 56°C for 15 minutes. After cooling at
room temperature, tissue sections were rinsed with tap water
until excess Bouin’s fixative was removed. Tissue sections were
then stained with hematoxylin (Merck) for 7 minutes, rinsed with
tap water for 5 minutes, followed by a final rinse with double-
distilled water. Tissue sections were stained with Biebrich scarlet
acid fuchsin (Sigma, St. Louis, MO) for 5 minutes then rinsed
with double-distilled water. A 1:1 solution of phosphomolibdic
acid (Sigma, St. Louis, MO) and phosphotungstic acid (Sigma, St.
Louis, MO) was applied for 15 minutes. After blotting dry with
wipes, aniline blue stain (Sigma, St. Louis, MO) was applied for 8
minutes. Tissue sections were rinsed with double-distilled water
and fixed in 1% frozen acetic acid solution (Merck) to stabilize
staining. After rinsing with double-distilled water, sections were
sequentially placed in 70% to 95% alcohol for dehydration. The
slides were then air-dried and viewed with a microscope using
appropriate filters.
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Immunohistochemistry

After thawing at room temperature for 15 minutes, tissue
sections were washed with 1x TBS for 5 minutes 3 times, treated
with acetone (Merck) for 3 minutes, and then washed with 1x
TBS for 5 minutes 3 times. Proteinase K in TE-CaCl2 (20 ug/
mL) (Protech) was applied for 5 minutes and washed with 1x
TBS for 5 minutes 3 times. After treating with blocking buffer
for 30 minutes at room temperature, the tissue sections were
incubated in a solution of primary antibody (Mouse anti-human
nuclei monoclonal antibody, 1:200 (Chemicon); Mouse anti-
human c-Troponin | monoclonal antibody, 1: 200 (Hytest); Rabbit
anti-human connexin 43 polyclonal antibody, 1:50 (Invitrogen)
at 4°C for 16-18 hours. After 4 5-min washes with 1 x TBS,
tissue sections were incubated for 1 hour in the dark at room
temperature with Dylight488-labeled antibody to rabbit IgG, 1:
200; Dylight549 antibody to mouse IgG, 1: 200). After 3 washes
with 0.05% TritonX-100 in TBS for 5 minutes, 1mg/mL Hoechst
33258 (Sigma, St. Louis, MO) was added for 5 minutes. The tissue
sections were finally washed 3 times with 0.05% TritonX-100
(Sigma, St. Louis, MO) in TBS for 5 minutes and viewed with a
fluorescence microscope using appropriate filters.

Statistical Analysis

Each series of experiments was performed in triplicate. The
results obtained from a typical experiment are expressed as the
mean + standard deviation (SD). Statistical analysis was carried
out using the SPSS 14.0 software program (Statistics Package for
Social Sciences, SPSS Inc. Chicago, Illinois, USA). All continuous
data are presented as the mean + SD. Group comparisons were
made by one-way ANOVA followed by Dunnett’s test. Survival
was assessed using Kaplan-Meier survival curves. p < 0.05 was
considered statistically significant.

Results

TGF-B2 successfully stimulate WJ-MSCs differentia-
tion into cardiomyocyte

The immunofluorescence staining of the cardiogenic
differentiation marker, such as c-Troponin-l and connexin-43 were
found to highly expression in the TGF-f2 stimulated WJ-MSCs,
confirming that 6 days TGF-B2 treatment induced cardiomyocyte
differentiation (Figure 1).

Normalization of ECG in Ml rats after transplantation
of human umibilical cord undifferentiated WJ-MSCs or
TGF-32 stimulated WJ-MSCs

When myocardial infarction occurs, ECG will show ST elevation
followed by ST depression or T-wave inversion. The ECGs of the
sham group exhibited a normal pattern, while that of controls
showed significant ST depression that progressed to ventricular
tachycardia 15 weeks after LAD ligation, indicating that the
myocardial infarction did not improve with time. In the TGF-2
group, the ECG at 2 weeks after LAD ligation showed ST depression
that gradually returned to normal by 15 weeks after LAD ligation.
In the MSC group, the ECG 2 weeks after LAD ligation also showed
ST depression and returned to a normal pattern by 4 weeks after
LAD ligation. These results demonstrate the reparative function
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WI-MSCs treated with TGF-B2
Blue: TOTO3, Green: ¢-Tnl

~

untreated WI-MSCs
Blue: TOTO3, Green: ¢-Tnl

‘WJI-MSCs treated with TGF-p2
Blue: TOTO3, Green: connexin-43

untreated WJ-MSCs
Blue: TOTO3, Green: connexin-43

Figure 1 The immunofluorescence staining of the cardiogenic dif-
ferentiation marker.
C-Troponin-l and connexin-43 were found to highly
\ expression in the TGF-B2 stimulated WJ-MSCs J

of both undifferentiated WJ-MSCs and TGF-2 stimulated WJ-
MSCs transplanted into damaged rat myocardium (Figure 2).

Transplantation of human umbilical cord
undifferentiated WJ-MSCs or TGF-B2—stimulated WJ-
MSCs into MI rat myocardium rapidly reverses the
increase in serum cardiac troponin | after LAD ligation

At the onset of myocardial infarction, the damaged myocardium
releases specific enzymes into the bloodstream. Thus, serum
testing for these specific cardiac enzymes is another indicator of
acute myocardial infarction. Serum was collected from each group
before surgery and 6 hours post surgery. There was no significant
increase in cardiac troponin | (c-Tnl) in the sham group, but obvious
increases were detected in rats 6 hours after receiving LAD ligation in
the other 3 groups (Control, MSC, TGF-B2 groups), indicating that all
rats receiving LAD ligation experienced acute myocardial infarction
with severe myocardial damage. In addition, the serum c-Tnl level
was significantly lower in both the MSC and TGF-2 groups than
in controls. Thus, the transplanted MSCs appear to reverse cardiac
damage after LAD ligation (Figure 3).

Transplantation of human umbilical cord
undifferentiated WJ-MSCs or TGF-B2-stimulated WJ-
MSCs into myocardium of Ml rats improves cardiac
function

Echocardiography in M-mode revealed gradual thinning of
the left ventricular wall and decreased systolic function in the

This Article is Available in: www.jbiomeds.com
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2 weeks after 4 weeks after 15 weeks after
before thoracotomy thoracotomy thoracotomy thoracotomy
A B C D
Sham
group
E F G H
Ctrl
group
I J K L
MsC
group
M N [0} P
TGF-B2
group

Figure 2 ECG changes.

While the ECG of control group progressed to ventricular
tachycardia 15 weeks after LAD ligation, that of MSC
group and TGF-B2 group gradually returned to normal by
15 weeks after LAD ligation.

A-D: ECG of rats in sham group. E-H: ECG of rats in Ctrl
group. |-L: ECG of rats in MSC group. M-P: ECG of rats in
TGF-B2 group.

A, E, I, M: before thoracotomy. B, F, J, N: 2 weeks after
thoracotomy. C, G, K, O: 4 weeks after thoracotomy. D, H,
L, P: 15 weeks after thoracotomy.

N

control group (Figure 4, E to H). M-mode images from the MSC
and TGF-B2 groups also revealed thinning of the left ventricular
walls at 2 weeks after LAD ligation (Figure 4, J and N). However,
the degree of thinning and decrease in systolic function were
less marked than the control group at 2 weeks, 4 weeks, and 15
weeks after LAD ligation. The improvements were better in the
MSC group than in the TGF-B2 group (Figure 4).

The LVESD and LVEDD both increased in rats that had undergone
LAD ligation (Table 1). Anincrease in LVEDD indicates enlargement
of the heart after myocardial infarction, and an increase in LVESD
indicates disturbances in systolic function. Rats in the MSC and
TGF-B2 groups had smaller increases in LVESD and LVEDD than
controls, indicating that cardiac enlargement and loss of systolic
function due to Ml were attenuated. This attenuation was greater
in the MSC group than in the TGF-2 group.

Fractional shortening represents the rate of change in LVEDD and
LVEDD and is used as an estimate of myocardial contractility. The
ejection fraction is the fraction of blood pumped out of the left
ventricle with each beat and is a useful measure of left ventricular
performance. Because the FS and EF vary between rats, it is not
meaningful to directly compare these parameters. Instead, we
determined the percent of FS and EF for each rat as compared to
the values before thoracotomy (day 0, 100%). We found that the
FS% and EF% in controls decreased significantly and progressively
at 2 weeks and 4 weeks after LAD ligation, demonstrating the

© Under License of Creative Commons Attribution 3.0 License
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severe impact of LAD ligation on systolic function in Ml rats. In
contrast, the FS% and EF% in the MSC and TGF-B2 group were
significantly lower at 2 weeks but after LAD ligation had improved
at 4 weeks (Figure 5A, B). At 15 weeks after LAD ligation, the
increase in FS% and EF% was higher in the MSC group than in the
TGF-B2 group (Figure 5C, D).

Transplantation of human umbilical cord
undifferentiated WJ-MSCs or TGF-B2-stimulated
WIJ-MSCs into MI rat myocardium decreases
myocardial fibrosis

Gross examination of hearts from control rats revealed a large
white necrotic area related to fibrosis on the anterior to lateral
side of the left ventricle. Heart cross-sections showed significant
thinning of the left ventricular wall, with white regions of fibrosis.
Masson's Trichrome staining revealed a significant regional
distribution of blue fibers on the inside of the left ventricular wall.
Gross morphological observations of the MSC and TGF-B2 group
revealed white areas of fibrosis that were smaller than those
of controls. The cross-sections of heart showed no significant
thinning of the left ventricular wall in either the MSC or the
TGF-B2 group. Masson's Trichrome staining revealed only a few
blue fibers on the outside of the left ventricular wall (Figure 6).

Survival of the transplanted human umbilical cord
WIJ-MSCs in rat myocardium

2 days after transplantation of human umbilical cord
undifferentiated WJ-MSCs or TGF-f2 stimulated MSCs, we
observed fluorescent human cell nuclei in the region where
the MSCs had been transplanted, confirming the survival of
the transplanted stem cells. However, no clear expression of
myocardial specific protein (cardiac Troponin 1) co-localized
with the fluorescent nuclei (Figure 7A, B). At 15 weeks after
transplantation, there were still fluorescent signals indicating
human cell nuclei, although the signals were weaker. Similar to
the results at 2 days after transplantation, no co-localization of
cardiac Troponin | was observed (Figure 7C, D).

Transplantation of human umbilical cord
undifferentiated WJ-MSCs or TGF-B2-stimulated
WIJ-MSCs into MI rat myocardium leads to better
survival

The survival rate of rats in the control group was 67% at 15 weeks.
All rats in the other 3 groups survived to 15 weeks (Figure 8).

Discussion

Previous research has found that injection of embryonic
stem cells treated with TGF-B2 into myocardial infarction
sites improved cardiac function and inhibited fibrosis [32].
Other studies have successfully induced the differentiation of
embryonic stem cells into beating cardiac myocytes using TGF-32
treatment [30-32], demonstrating the important role of TGF-f2
in cardiac repair and myocardial differentiation. Before starting
this study, we observed increased expression of the myocardial-
specific proteins C-troponin | and connexin 43 6 days after MSCs
were stimulated with TGF-2, confirming that TGF-B2 treatment
induced cardiomyocyte differentiation.
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* #

Day
0 O u O 0]
0Hr 6 Hr 2 day 1 Week 2 Week 4 Week 15 Week
Sham 0.0091 0.0092 0.0082 0.0085 0.0083 0.0095 0.0087
—-Ctrl 0.0085 23.8699 0.0583 0.0227 0.0113 0.0526 0.0321
—e=MSC 0.0081 123547 0.0131 0.0087 0.0083 0.0088 0.0079
—8-TGF-B2 0.0092 93322 0.0092 0.0087 0.0093 0.0097 0.0085

Figure 3 Changes in serum c-Tnl level.

N

Change in serum cardiac troponin-I (c-Tnl) before (0 Hour), 6 hours, 2 days, 1 week, 2 weeks, 4 weeks, and 15 weeks after LAD
ligation in 4 groups. The serum c-Tnl level was significantly lower in both the MSC and TGF-B2 groups than in controls 6 hours after
LAD ligation. (*p < 0.05 vs 0 hour; #p < 0.05 vs 6-hour Ctrl group).

/

Table 1 Echocardiography M-mode measurements.

M-mode Measurement (cm)

MsC

Day 0 LVEDD 0.575 £ 0.024 0.597 +£0.037 0.578 £ 0.022 0.577 £0.015

LVESD 0.211 +£0.014 0.224 £ 0.022 0.199 +0.010 0.215 +0.021

2 week LVEDD 0.600 +0.018 0.765 + 0.059* 0.682 +0.022" 0.721 +0.064™
LVESD 0.200 £ 0.011 0.461 + 0.072" 0.336 £ 0.021™"" 0.395 +0.080™"
4 week LVEDD 0.611 +0.022 0.764 £ 0.057" 0.635 +0.023 0.739 £ 0.072™"
LVESD 0.202 +0.012 0.479 £ 0.075" 0.279 £ 0.012™ 0.353 £ 0.069"

15 week LVEDD 0.700 £ 0.049 0.710 £ 0.057 0.600 +0.043 0.736 + 0.054™
LVESD 0.241 £ 0.053 0.402 £ 0.054 0.245 £ 0.006 * 0.372 £0.067 **

"p<0.05; "p<0.01; “"p<0.001 vs day O

In this study, we investigated the therapeutic effects of
undifferentiated WJ-MSCs and TGF-B2 stimulated WJ-MSCs on
left ventricular dysfunction in rats with myocardial infarction.
Clinical indicators of myocardial infarction were observed in rats
after ligation of the left anterior descending artery, including ECG
with ST elevation, increased serum c-Tnl, and decreased FS and
EF as measured by echocardiography. We observed the effects
of transplantation with undifferentiated WJ-MSCs or TGF-B2
stimulated WJ-MSCs into myocardial infarction rats. We found
that both FS and EF, useful indicators of left ventricular function,
gradually recovered from 2 to 4 weeks after transplantation,
whereas those of the control group did not. Echocardiography

6

at 15 weeks after transplantation showed this improvement
persisted in both groups injected with undifferentiated WIJ-
MSCs and TGF-B2-stimulated WJ-MSCs, in contrast to the
control group which exhibited continued deterioration. ECGs
were consistent with the echocardiography results. Our data
showed not only short-term but also long-term improvement
of cardiac function and inhibition of fibrosis in myocardial
infarction rats after transplantation of undifferentiated WJ-MSCs
or TGF-B2—stimulated WJ-MSCs. The FS and EF of the MSC group
improved significantly as early as 2 weeks after transplantation
and continued to 15 weeks. While the FS and EF of the TGF-32
group were similar to those of the control group at 2 weeks, they

This Article is Available in: www.jbiomeds.com
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4 weeks after
thoracotomy

M-mode images from the MSC and TGF-B2 groups revealed less marked degree of thinning of the left ventricular wall at 2 weeks, 4

A, E, I, M: before thoracotomy. B, F, J, N: 2 weeks after thoracotomy. C, G, K, O: 4 weeks after thoracotomy. D, H, L, P: 15 weeks after

2 weeks after
before thoracotomy thoracotomy
Sham
group
Ctrl
group
MSC
group
TGF-p2
group
Figure 4 Echocardiography M-mode image of left ventricular systolic function in rats.
weeks, and 15 weeks after LAD ligation than the control group.
A-D: Sham group. E-H: Ctrl group. I-L: MSC group. M-P: TGF-B2 group.
thoracotomy.

15 weeks after
thoracotomy

J

indicated significant recovery at 4 weeks and continued to 15
weeks. The results demonstrate excellent improvement in left
ventricular function by the transplantation of undifferentiated
WIJ-MSCs and TGF-B2-stimulated WJ-MSCs, with greatest
improvements resulting from treatment with the undifferentiated
WIJ-MSCs.

Immunohistochemical staining of rat myocardium 2 days and
15 weeks after transplantation revealed the presence of human
WIJ-MSCs, indicating that the transplanted human WJ-MSCs
had successfully grafted into the rat myocardium. However, the
number of human WJ-MSCs was small. One possible reason could
be that infarcted rat myocardium is a hypoxic environment, lacking
nutrients and not conducive for cell growth. Other one study has
also reported very low survival rates of bone marrow-derived

© Under License of Creative Commons Attribution 3.0 License

very small embryonic-like cells in infarcted rat myocardium, even
though left ventricular dysfunction and remodeling was attenuated
after transplantation of embryonic-like cells [33]. Several studies
have pointed out that MSCs were not detectable two week after
transplantation [34,35], and the fraction of MSCs was about 1.33%
of the injected cell number. MSCs were hard to detect even 4 weeks
after transplantation, and the transplanted cells exhibited no signs of
myocardial differentiation [34,35]. However, in the studies of stem
cell therapy for myocardial infarction, the survival of stem cells in
the infarcted myocardium, true engraftment, and cell function were
equally important [36-40].

In general, improved survival rates of stem cells in the infarcted
myocardium would lead to greater long-term reparative function
andtherapeuticeffects. Somescientists have focused onimproving
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Figure 5 Change in left ventricular systolic function as assessed by echocardiography.

The FS$% and EF% in the MSC and TGF-B2 group were significantly lower at 2 weeks but had improved at 4 weeks (Figure 4A, B).
At 15 weeks after LAD ligation, the increase in FS% and EF% was higher in the MSC group than in the TGF-B2 group. A: Short-term
change in FS% in 4 groups. B: Short-term change in EF% in 4 groups. Results are relative to preoperative values (day 0), assigned
as 100%. (*p < 0.05 vs day 0; **p < 0.01 vs day O; ***p < 0.001 vs day O; # p < 0.05 vs 2 weeks.)C: Long-term net change in FS% in
4 groups. D: Long-term net change in EF% in 4 groups. (*p < 0.05 vs day 0; **p < 0.01 vs day 0; ***p < 0.001 vs day 0).
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survival rates of transplanted cells through pretreatment with
melatonin [41,42]. Others have used intramyocardial peptide
nanofiber injection to improve survival and retention rates in
damaged myocardium [43,44]. In our study, we transplanted
stem cells directly into the myocardium, allowing them to act
directly on the damaged myocardiocytes without having to travel
through the blood, a journey that results in the loss of injected
cells. This direct transplantation method may account for the
survival of human cells not only 2 days after but also 15 weeks
after transplantation, although the number of cells was small.

Stem cell transplantation is regarded as a promising approach
in the field of regenerative medicine for heart disease. As a
result, many types of stem cells from different sources have
been used in myocardial infarction treatment research. For
example, CD133+ cells isolated from human umbilical cord
blood possess hematopoietic and angiogenic capabilities. In one
study, observation one month after transplantation into athymic
infarcted rat myocardium revealed that the presence of CD133+

8

cells led to thicker scar tissue formation, achieving a protective
effect. Echocardiography also revealed greater improvement in
left ventricular function, exerting positive effects extending to
the spleen and liver [45]. A 2007 study demonstrated that bone-
marrow—derived MSCs from ischemic heart disease patients
transplanted into infarcted myocardium of NOD mice exhibited
signs of vascular endothelial cell differentiation and improved left
ventricular function [46]. Researchers attempting stem cell repair
of myocardial infarction in animal models speculate that stem cells
may differentiate into myocardial or vascular endothelial cells to
compensate for sites of damage in the infarcted myocardium
and to provide the required angiogenesis [34-36,38-40,47]. In
addition, stem cells secrete cytokines such as vascular endothelial
growth factor, stromal cell-derived factor-1, and interleukin-10,
which promotes angiogenesis, inhibits inflammation, decreases
fibrosis, and prevents apoptosis [48-51].

In this study, both undifferentiated and TGF-f2-treated human
umbilical cord Wharton'’s jelly MSCs had therapeutic effects on

This Article is Available in: www.jbiomeds.com
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Figure 6

The gross morphology of heart and Masson’s
Trichrome-stained heart tissue cross-sections 15
weeks after thoracotomy are shown. Red regions
indicate normal myocardium; blue regions indicate
fibrosis. Decreased myocardial fibrosis was found in
MSC group and TGF-B2 group.

A-C: sham group. D-F: Ctrl group. G-I: MSC group. J-L:
TGF-B2 group.

A, D, G, J: gross anatomy of heart. B, E, H, K: cross-
sections of heart tissue (40x). C, F, |, L: cross-sections

K of heart tissue (400x). J

myocardial infarction by reducing fibrosis and thinning of the left
ventricular wall to improve left ventricular function. In addition,
our study found human cells in the transplanted WJ-MSCs in
rat myocardium but no evidence of co-localized expression of
cardiac-specific proteins. Thus, we hypothesize that the MSCs
could achieve their therapeutic effects without differentiating
into new cardiac cells to replace cells lost due to apoptosis. In
other studies, researchers have also speculated that stem cells do
not directly repair the damaged myocardium, but rather promote

© Under License of Creative Commons Attribution 3.0 License
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myocardial repair through paracrine mechanisms. The secretion
of factors into the circulatory system either stimulates autologous
stem cells to differentiate into cardiac cells to repair damage or
induces angiogenesis, raising levels of oxygen and nutrients in the
myocardium [52].

Conclusion

In this study, transplantation of both undifferentiated WJ-MSCs
and TGF-B2-stimulated WJ-MSCs improved left ventricular
function and survival rates and decreased fibrosis in myocardial
infarction rats. These effects were particularly pronounced with
undifferentiated WJ-MSCs. These results indicate a potential
stem cell source for myocardial infarct therapy. Elucidation of the
specific mechanisms underlying these effects requires further
investigation.
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Figure7 Detection of c-Tnl expression and human nuclei through immunofluorescence staining of rat cardiac tissue sections.

Fluorescent human cell nuclei were observed 2 days as well as 15 weeks after transplantation of human umbilical cord
undifferentiated WJ-MSCs or TGF-B2 stimulated MSCs, confirming the survival of the transplanted stem cells.

A: 2 days after LAD ligation and transplantation of undifferentiated MSCs

B: 2 days after LAD ligation and transplantation of TGF-B2—stimulated MSCs

C: 15 weeks after LAD ligation and transplantation of undifferentiated MSCs

D: 15 weeks after LAD ligation and transplantation of TGF-B2—stimulated MSCs
a: blue fluorescence, Hoechst 33258 staining for cell nuclei

b: red fluorescence, staining for human nuclei

c: green fluorescence, staining for c-Tnl

d: merged image of a, b, and c; arrows indicate transplanted human cells. J

Survival rate © MSC
120-
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Figure 8 Survival rates of rats in MSC group and TGF-B2 group
K were higher than control group.c. J
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