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ABSTRACT
Inducing Mesenchymal stem cells to differentiate into cardiomyocycte-like cells and endothelial progenitor cells orientedly and evaluating
the curative effect of the associated cell transplantation on the rabbit myocardial infarction
(MI). Methods: Mesenchymal stem cells (MSCs)
were isolated from the bone marrow of 24 rabbits and cultured in special cell culture medium
containing 5-azacytidine (5-AZA), endothelial cell
growth supplements (ECGS), vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (BFGF) respectively. The cell transplantation was performed 2 weeks after MI. Rabbits were divided into control group, cardiomyocytes-like cell group, endothelial progenitor cell
group and combination group. We used the echocardiography to measure the heart function 2 to
4 weeks after MI, TTC to measure the area of the
infarction, flow cytometry to estimate the cell
apoptosis. Results: After induced, MSCs were
differentiated orientedly into cardiomyocycte-like
cells (CLCs) and endothelial progenitor cells
(EPCs). CLCs became greater and had a “stick”
or “ball” shape. Transmisson electron microscopy showed that the cells had oval nuclei positioned in the central part and well organized myofilaments, atrial granules and mitochomdrion.
RT-PCR showed the expression of the atrial natriuretic polypeptide, phospholamban and myosin heavy chain in CLCs. EPCs formed confluent one-celled layer which showed a cobblestone shape by phase-contrast microscope. The
expression of CD133 in EPCs was much at first
and then descended gradually. Compared with
the control group, cell transplantation could imCopyright © 2013 SciRes.

prove the heart function, reduce the size of MI,
decrease the left ventricular end systole diameter and end diastolic diameter, suppressed cell
apoptosis. The curative effect of cell transplantation was better in the associated-cell group
than in the single-cell transplantation group (LVEF:
32.49% ± 1.29% vs 53.22% ± 2.13% vs 56.91% ±
2.04% vs 62.61% ± 2.37%, P < 0.05; LVESD: 1.23
± 0.02 vs 0.98 ± 0.04 vs 0.98 ± 0.12 vs 1.11 ± 0.03,
P < 0.05; LVEDD: 1.53 ± 0.13 vs 1.24 ± 0.02 vs
1.21 ± 0.09 vs 1.01 ± 0.01, P < 0.05; the area of
infarction: 35.17% ± 0.98% vs 28.61% ± 1.24% vs
29.73% ± 2.11% vs 22.82% ± 3.12%, P < 0.05; apotosis: 8.6% ± 0.94% vs 6.94% ± 0.59% vs 6.4% ±
0.27% vs 4.63% ± 0.74%, P < 0.05). Conclusions:
This study showed that MSCs can differentiate
into CLCs and EPCs in the given conditions and
the associated cell transplantation is better than
the single cell transplantation to treat MI.
Keywords: Mesenchymal Stem Cell;
Cardiomyocycte-Like Cell; Endothelial Progenitor
Cell; Cell Transplantation

1. INTRODUCTION
The prognosis of the myocardial infarction (MI) has
been improved greatly by medication and intervention
therapy, but there are still many problems to be resolved.
Nowadays, lots of studies show that cell transplantation
has positive effect on treating MI. Cardiomyocytes-like
cells and endothelial progenitor cells are the two main
kinds of cells used for transplantation. Because the former is used for myocardial regeneration and the latter for
myocardial ischemia, if we transplanted only one kind of
cell, the therapeutic effect is limited. In this study, we
explore whether the associated cells transplantation is
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superior to the single cell transplantation [1,2].

2. METHODS
2.1. Experimental Animals and Cell
Transplantation
Ten Japanese big-ear rabbits, including both male and
female, weighing 2 - 2.5 kg, were anesthetized with 10%
urethane. Additional smaller doses were given as needed
to maintain deep anesthesia. Under controlled ventilation,
a thoracotomy through a left parasternal incision was
performed, the pericardium was incised and the anterior
wall of the left ventricle was exposed. The left anterior
descending (LAD) coronary artery of the animals was
identified and carefully separated, then ligated downstream 2 mm from where the first diagonal artery
branches out. After successfully producing an anterior
MI, which was confirmed by elevation of the ST segment
by more than 0.2 mV in leads I, II and aVL, the rabbits
were randomized into four groups, the control group
(Cont group), the cardiomyocycte-like cell group (CLC
group), the endothelial progenitor cell group (EPC group)
and the combination group (Comb group). All the rabbits
underwent another thoracotomy after 2 weeks of MI. We
identified the necrotic muscle which was pale and had
less motion, and then injected 100 μL cell suspensions
into six random points at the edge of the necrosis. The
Cont group was given saline instead of cell suspension.
The cell suspension contained 5 × 107 cells of CLCs,
EPCs, or both of them, which had been marked by Brdu
before cell transplantation. The total number of cells injected into per rabbit was 3 × 108. Postoperatively, each
rabbit received penicillin and gentamicin intramuscularly
daily for 7 days, and were treated kindly.

2.2. Mesenchymal Stem Cells (MSCs)
Isolation
Bone marrow (4 - 5 mL) was extracted from ilium,
moved into Percoll lysis, and centrifuged (1500 rpm, 20
min). The white homogenate with mononuclear cells was
moved into another centrifuge tube, washed with DMEM
culture medium and centrifuged twice (2000 rpm, 5 min).
After that, the cell precipitation (5 mL) was reserved,
cultured in the high- and low-sugar DMEM culture medium and blowed evenly. Then the cells were inoculated
into culture dish (2 × 106 cells per dish) and ventilated
with 5% CO2 at 37˚C. After 3 - 4 days, the suspended
cells were discarded. 5-azacytidine (5-AZA), endothelial
cell growth supplements (ECGS), vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor
(BFGF) were added into the dishes respectively, so as to
induce MSCs into CLCs and EPCs. Change the culture
medium every 2 or 3 days and observe the cells every
day.
Copyright © 2013 SciRes.

2.3. Cardiomyocycte-Like Cells (CLCs)
Detection
After adding 5-AZA, we used the phase-contrast microscope to observe the changes of the cell shape every
day and used the electron microscope to observe the ultrastructure of CLCs. We also used RT-PCR to analyze
the expression of β-myosin heavy main (β-MHC), phospholamban (PHO) and atrial natriuretic polypeptide
(ANP) quantificationally.

2.4. Endothelial Progenitor Cells (EPCs)
Detection
After adding ECGS, VEGF and BFGF, we used the
phase-contrast microscope to observe the changes of the
cell shape every day and used the flow cytometry to detect the expression of CD133 every week. The cells were
reserved after digested with 0.25% trypsin and discarded
the suspension. Mix the cells with 1 mL PBS, filter them
by nylon web and centrifuge it at 1000 rpm for 5 min.
Then reserve the precipitation and add 20 μL CD133
FITD into it. Finally, we used the flow cytometry to
demonstrate the expression rate of CD133 which was
showed by the number of the fluorescent cells per 1000
cells.

2.5. Evaluating the Heart Function and
Ventricle Remodeling
Echocardiography was performed to assess viable
myocardium via parasternal long-axis and short-axis
views by a veteran doctor. We measured the left ventricular end systole diameter (LVESD), the left ventricular end diastolic diameter (LVEDD), the left ventricular
posterior wall hypertrophy (LVPWH), the fractional
shortening (FS), the stork volume (SV) and the left ventricular ejection fraction (LVEF).

2.6. Evaluating the Area of MI and the
Apoptosis
After 4 weeks of cell transplantation, we executed the
rabbits and took out of the hearts. We cut down the left
ventricle and put it into the refrigerator at −80˚C for 3 - 5
min. Then we incised the left ventricle into 2 mm wide
slices along the axis from apex to base. The slices were
put into the 2% TTC solution and dyed for 30 min at
37˚C. Using the image analysis system to measure the
area of the infarction and calculate the area rate in each
slice. Repeating 3 times and calcutating the average as
the area of MI. 3 plots (5 × 5 mm) were cut from the infarction, washed with the saline and cut into small pieces.
digest with 0.25% trypsin and discard the suspension.
Mix the left cell precipitation with 1mL PBS, filter and
centrifuge (1000 rpm, 5 min). Then reserve the cell preOPEN ACCESS
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cipitation again. We added DNA-PrepTM LPR into it
and placed it for 1 min, then added DNA-PrepTM Stain
and placed it for 15 - 20 min avoiding the light. We
measured the content of the hypodiploid DNA in the total
DNA as the apoptosis, repeating 3 times and calculating
the average.

3. STATISTICAL ANALYSIS
Continuous variables are presented as mean ± SD. Statistical comparisons among the four groups were made
by ANOVA and q test. Statistical computing was performed by use of SPSS (Version 10.0, SPSS Inc.); for all tests,
a probability level of P < 0.05 was considered significant.

(a)

(b)

(c)

(d)

(e)

(f)

4. RESULTS
4.1. The Morphous of Cardiomyocycte-Like
Cells (CLCs) and Endothelial Progenitor
Cells (EPCs)
MSCs became bigger after induced by 5-AZA and
showed the shape of “short stick” or “pearl” (Figures 1(a)
and (b)). After 2 weeks, the cells syncretized and fusiformly arrayed with directionality. After culturing 3
weeks, the conjunctions among the cells were abundant
and the myotube structure appeared, but spontaneous
beats were not found. MSCs, induced by ECGS et al.,
proliferated rapidly after a short period of retention.
Within 1 - 2 days, the cells became fusiform and cluster.
After 16 - 18 days, the cells were nearly syncretized
completedly and showed the shape of cobblestone shope
or slabstone (Figure 2(a)).

4.2. The Indentification of CLCs and EPCs
in Vitro
Observed by transmission electron microscope, CLCs
had one orbicular-ovate nuclear locating in the center and
contained lots of mitochondria. ANPs were at the surrounding of the nuclear with high electron density and its
diameter was 200 - 300 μm. The myofilament arrayed
lengthways with directionality. But the sarcomere and the
intercalated disk could not be discovered (Figures
1(c)-(e)). After induced by 5-AZA for 4 - 5 weeks, MSCs
expressed the specific protein of ANP, PHO, β-MHC
(Figure 1(f)). β-MHC was expressed much, while the
ANPs were little and showed 3 bonds. In the EPCs
group, the rate of CD133 expression was 28.8％ ± 3%,
17.6％ ± 0.9%, 11.9％ ± 0.4% and 7.8％ ± 1.3% respectively after the first, second, third and forth week
and there was significant difference among these rates
(Table 1).

4.3. The Area of the MI and the Apoptosis
TTC dying showed the infarction in the Cont group
Copyright © 2013 SciRes.

Figure 1. MSCs were induced and differentiated into CLCs by
5-AZA. (a) After 3 days, there were a few of fusiform-shape
cells through phase-contrast microscope (×100); (b) After 1
week, there were short stick-like or pearl-like cells through
phase-contrast microscope (×100); (c) After 2 weeks, the fusiform-shape cells arrayed with directionality through phasecontrast microscope (×100); (d) After 4 - 5 weeks, the cell
showed one orbicular-ovate nuclear locating in the center by
transmission electron microscope (×8000); (e) The myofilament arrayed orderly by transmission electron microscope
(×8000); (f) The results of RT-PCR. From the left to the right is
β-actin, MHC (510000Da), Ladder, PHO (25000Da), ANP
(6000Da).

included the the epicardial (Epi) layer, midmyocardial
layer and the endocardial (Endo) layer in the anterior
wall of left ventricle. However, the infarction in the other
3 groups was limited in or under the the Epi layer (Figure 3). The area of MI was smaller in the cell transplantation groups than in the Cont group and was smallest in
the associated cell transplantation group. There was no
difference between the CLCs group and the EPCs group
(Figure 3).
OPEN ACCESS
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Figure 2. EPCs appeared the typical shape of cobblestone shope or slabstone.
Table 1. The rate of CD133 expression in EPCs at different
time.

※

Time

First week

CD133 (%)

28.8 ± 3

Second week Third week
17.6 ± 0.9※

11.9 ± 0.4※

Forth week

5.1. Oriented Differentiatinon of the MSCs

7.8 ± 1.3※

After induced by 5-AZA, MSCs became bigger and
appeared obvious myofilament and sarcotubule-like constitution between the cells after 1 week through the
phase-contrast microscope. After 10 days, MSCs appeared “short stick” or “pearl” shape and arrayed fusiformly with directionality. Transmission electron microscope showed that the CLCs have one nuclear in the
center. They were not binucleate or polynucleate cells
and the muscle fibers do not branch. We can distinguish
the CLCs from the skeletal muscle cells by these characters [4]. Transmission electron microscope also showed
ANPs with the diameter of 200 - 300 μm. ANPs locate at
the surrounding of the nuclear. They are special ultrastructures of CLCs [4]. Makino [5] studied the short
stick-like or pearl-like cells and found that these cells
had sarcomere, intercalated disk and the ultrastructure
which could beat spontaneously. So he considered these
as the characters of CLCs. However, our study did not
find these ultrastructures. The possible reasons are: 1) the
cells in Makino’s experiment were immortal cells and
they are superior to MSCs, as far as the regeneration and
the ability of differentiation were concerned; 2) CLCs are
not the mature myocardial cells, but the transitional cells
[6,7]; 3) the culture medium are different too. The fitting
internal environment is important to the cells’ maturation.
RT-PCR showed that ANPs, PHO, β-MHC were expressed in CLCs. ANPs is the main component of atrium
particle. It has 3 kinds of functional constitutent: α, β, γ,
which are not same in the molecular weight and the
number of amino acid. So we found 3 bands after electrophoresis. β-MHC is the main component of Myosin.
PHO is sarcoplasmic reticulum binding polypeptide and
it can activate the calcium pump to increase absorption
and storage of the calcium, which leads the myocardium
to relaxation. PHO and β-MHC are the special proteins

P < 0.05, compared with each group.

Figure 3. The results of TTC dying.

The pale region showed the infarction. The area of MI
from the left to the right is 35.17% ± 0.98% in the cont
group, 28.61% ± 1.24%in the CLCs group, 29.73% ±
2.11% in the EPCs group and 22.82% ± 3.12% in the
combination group respectively.

5. DISCUSSION
It is important to regenerate myocardial cells and repair the necrotic tissues after MI. And it needs the following conditions to perform these: 1) the capillary web
Copyright © 2013 SciRes.

and the big vessels to transport the oxygen and the nutrition; 2) the myocardial cells to proliferate. So it is necessary for the infarcted myocardium to possess the vascular endothelial cells and reproducible myocardial cells.
There are myocardial cells in the heart itself and these
cells can differentiate into the mature cells to replace the
necrotic cells. But the number of these cells is small,
what is more, their function decreases gradually with
aging, so they can not improve the heart function sufficiently [3]. There have been lots of studies to testify the
characters of mesenchymal stem cells (MSCs). It is believed that MSCs can be induced and differentiate into
all kinds of mesenchymal tissues, including cardiomyocycte-like cells (CLCs) and endothelial progenitor cells
(EPCs), which can regenerate the myocardial cells and
the vessels.
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of relaxation and contraction. They take part in the performance of the beat, so they are the markers of the ventricular cells.
The above results indicate that MSCs, after induced,
have not only the morphous of CLCs but also the special
proteins of contraction and relaxation. They are the molecular foundation of the heart function.
Our former experiments had showed that MSCs could
be induced and differentiated into EPCs. EPCs appeared
like cobblestone shope or slabstone. They can phagocytize the acetylated low density lipoprotein (LDL).
Immunohistochemistry showed there were vWF and te
lomerase in EPCs. vWF could become the vessels in
vitro [8,9]. Recent studies proved that the endothelial
precursor cells expressed CD133, CD34 and KDR highly;
however, CD133 was expressed only in the endothelial
ancestral cell, but not in the endothelial cells (ECs). It is
generally believed that CD133 was expressed little by
little when EPCs differentiate into ECs. So the rate of
CD133 expression can be used to distinguish EPCs from
ECs [10-13]. In this study, CD133 was highly expressed
in the induced MSCs, which indicated that the MSCs
could differentiate into endothelial ancestral cells.
At the beginning of induction, CD133 was highly expressed in EPCs. But CD133 decreased dramatically
after 2 weeks and it is a single that the EPCs begin to
differentiate into the ECs. So it is time to transplant the
cells into the infarcted myocardium. What’s more, the
terminal differentiated ECs can not be transplanted successfully, so it is better to transplant the EPCs in stead of
the ECs to regenerate and form the vessels [14]. Considering all of the above reasons, we chose the EPCs to
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transplant within 2 weeks of induction.
The rate of CD133 expression in our study is different
from that of the others. The possible reasons are: 1) the
methods to identify and purify the EPSc are not mature
and CD133 expresses in the other cells as well; 2) the
EPCs are instable. Its phenotype can change and its biologic activity can increase. All of these reasons can influence the results [15-17]; 3) the difference of experiment methods, animal genera and detection time can
affect the results too.

5.2. The Effect of Cell Transplantation on the
Myocardial Ischemia
Not only the singl-cell transplantation but also the associated-cell transplantation can improve the heart function (Table 2), increase the output of each beat, decrease
the area of MI, prevent the ventricle remodeling and inhibit the apoptosis (Table 3).
The mechanism about the cell transplantation to treat
MI is not very clear. We speculate the possible mechanisms are the following: 1) promoting the myocardial
cells and the vessels to regenerate. Compared with the
Cont group, the infarction was limited in the epicardial
(Epi) layer in the cell transplantation groups, and there
was seldom in the midmyocardial (M) layer or the endocardial (Endo) layer. It showed that the area was decreased after cell transplantation. Troponin I and CD34
antigen were expressed highly in the cell transplantation
groups. These indicate that the cell transplantation can
promote myocardial cells to regenerate and form the
vessels in the M layer and the Endo layer. It is beneficial

Table 2. The effect of the cell transplantation on the heart function.
The cont group
Pre

The CLCs group

Post

Pre

The EPCS group

Post

Pre

LVEDD (mm)

0.99 ± 0.01

1.53 ± 0.13

1.49 ± 0.11

1.24 ± 0.02

※

LVESD (mm)

0.62 ± 0.32

1.23 ± 0.02

1..08 ± 0..09

0.98 ± 0.04

※

LVPWH (cm)

0.21 ± 0.01

0.23 ± 0.02

0.27 ± 0.03

0.24 ± 0.02

FS (%)

37.51 ± 1.21

13.8 ± 0.36

27.43 ± 2.11

27.38 ± 3.12

SV (ml)

2.13 ± 0.02

1.93 ± 0.02

1.97 ± 0.12

2.13 ± 0.09

LVEF (%)

52.58 ± 3.12

32.49 ± 1.29

49.67 ± 1.24

53.22 ± 2.13

※

※

※

The Comb group

Post

Pre

Post

1.21 ± 0.09

※

1.51 ± 0.23

1.01 ± 0.01

1.03 ± 0.17

0.98 ± 0.12

※

1.37 ± 0.19

1.11 ± 0.03

0.23 ± 0.01

0.21 ± 0.01

0.28 ± 0.04

0.23 ± 0.03

20.62 ± 1.37

32.12 ± 3.41

2.64 ± 0.32

3.28 ± 0.21

54.27 ± 1.29

62.61 ± 2.37

1.35 ± 0.14

※

23.68 ± 1.25

26.98 ± 2.19

2.43 ± 0.11

3.40 ± 0.21

51.42 ± 2.31

56.91 ± 2..04

※

※

※

※

※

※

※

Pre means pre-transplantation; Post means post-transplantation; LVEDD means the left ventricular end diastolic diameter; LVESD means the left ventricular
end systole diameter; LVPWH means the left ventricular posterior wall hypertrophy; FS means the fractional shortening; SV means the stork volume; LVEF
means the left ventricular ejection fraction. ※P < 0.05, post vs pre.

Table 3. The rate of necrosis in each group.

※

Group

The Cont group

The CLCs group

The EPCs group

The Comb group

Necrosis (%)

8.6 ± 0.94

6.94 ± 0.59※

6.4 ± 0.27※

4.63 ± 0.74※

P < 0.05, the cont group vs the cell transplantation groups;

Copyright © 2013 SciRes.

＃

＃

P < 0.05, the associated cell transplantation vs the single cell transplantation.
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for enhancing the contraction and left ventricular ejection
fraction. Luciano injected the self stem cells into cardiac
muscle of female Yorkshire pigs whose left anterior descending had been ligated [18]. He found that myocardial
cells regenerated between the EPi layer and the Endo
layer and the cells regenerated more than those in the
control. Immunohistochemistry showed the regeneration-relative antigens, such as Ki-67 and c-kit, were expressed significantly in the cells. His experiment indicated that the cell regeneration is the main mechanism of
the cell transplantation to treat MI; 2) inhibiting the
apoptosis. This study shows the cell transplantation can
inhibit the apoptosis and this is an important aspect of
the cell transplantation. It is probably relative to the stem
cell factor (SCF). Firstly, the myocardium interstitium
fibroses and the inflammation take place after MI. Fibroblast and macrophage express SCF. MSCs have c-kit
expressed at its surface, which is the ligand of SCF.
When MSCs have been transplanted into the infarcted
myocardium, c-kit connects with SCF and the latter can
inhibit PIK3 and regulate phospholipase C (PPC) and
apoptosis activated by PPC [19-21]. Secondly, the necrotic tissues can cause inflammation, tumor necrosis
factor (TNF), transforming growth factor-β1 (TGF-β1).
These factors can induce apoptosis receptors, such as Fas,
TNF superfamily and TGF-β receptor, et al. These receptors connect with relevant ligands and activate the
apoptosis induced by caspases superfamily. What’s more,
SCF can inhibit the apoptosis induced by TNF and
TGF-β1 [22-24]; 3) the number of the transplanted cells.
If the MSCs were induced and differentiated into CLCs
and EPCs in vivo, the number of CLCs and EPCs is
small and it will reduce the curative effect [25]. We can
increase the number of the cells by inducing MSCs in
vitro. And it is benefit to concentrate the cells by injecting them into the surrounding of the infarcted myocardium. This method is feasible in our experiment; 4) interfering in the ventricle remodeling. This study indicates
that the heart function has been improved after the cell
transplantation, such as, the LVEDD and the LVESD
shortening, the output of each beat increasing, and so on.
It is probably because the cell transplantation interferes
in the ventricle remodeling. Its possible mechanism is
that the cell transplantation inhibits the myocardium interstitial fibrosis. The researchers [26] transplanted the
MSCs into the infarced myocardium of the rats and detected the expression of collagen I, II, matrix metalloproteinase and TGF-β1 by the means of immunohistochemistry, RT-PCR and in-situ hybridization. After one
month, they found that the concentration of collagen I, II,
matrix metalloproteinase and TGF-β1 decreased significantly in the MSCs group, however, extracellular matrix
and TGF-β1 increased in the MI control group. TGF-β1
is the most important factor which can cause myocarCopyright © 2013 SciRes.

dium interstitial fibrosis so far. It can regulate the synthesis and the decomposition of extracellular matrix and
promote the fibroblast regeneration. So the cell transplantation can prevent ventricle remodeling, but the thickness of the ventricle wall is not different between the
Cont group and the cell transplantation group. It is probably because of the short time of observation [27].
In a conclusion, the heart function in the Cont group
worsened gradually after MI. However, the heart function and the ventricle remodeling improved in the cell
transplantation groups. Compared among the cell transplantation groups, the associated cell transplantation is
superior to the single cell transplantation at the aspects of
the heart function, necrosis and the area of MI. There is
no difference between the CLCs group and the EPCs
group considering the curative effect. Maybe it is because the CLCs regenerate the myocardial cells and increase the contraction, but do not improve the blood flow
[28]. While the EPCs form the vessels and enhance the
perfusion, but do not increase the contraction. The associated cell transplantation offer both the CLCs and the
EPCs, so it can improve the contraction and the perfusion. It is better for the transplanted cells to survive and
the hibernating myocardial cells and the stunning myocardial cells to recover. What’s more, after the MSCs are
induced, the receptors and the ligands at their surface
change. They can react with some cytokine and inflammatory factors and take positive action in the inflammatory reaction, antagonize ischemia and hypoxia and improve the apoptosis caused by oxygen-derived free radicals [29]. And these effections are better in the associated cell transplantation than in the single cell transplantation. After the associated cell transplantation, CLCs
and EPCs react with each other and lead EPCs to differentiate into the active myocardial cells, so it increases the
number of the myocardial cells. It is more benefit to improve the heart contraction [30].
There are limitations in our study. Firstly, MSC can
not differerntiate into CLCs abundantly very much after
induced by 5-AZA. Secondly, it is not enough to determine the time of the EPCs transplantation by the concentratin of CD133. Thirdly, the cells have not been purified
after induced and differentiated orientatedly [31].
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