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Abstract. In the present study, we aimed to investigate the 
effect of transplantation of cardiac stem cells (CSCs) overex-
pressing integrin‑linked kinase (ILK) on cardiac function of 
rats with acute myocardial infarction (MI). A total of 60 rats 
were randomly divided into normal saline (NS) group (n=20), 
green fluorescent protein  (GFP)‑CSC group (n=20) and 
ILK‑CSC group (n=20). In the ILK‑CSC group, CSCs in rats 
were transfected with GFP adenovirus vector overexpressing 
ILK. The rat model of MI was established. The cardiac 
function 4 weeks after transplantation was detected via echo-
cardiography, and the exhaustive swimming experiment was 
performed to observe the exercise load capacity. Moreover, 
Ki‑67 and P‑H3 proteins in myocardial tissues of rats were 
detected via immunohistochemistry, and the expression of 
GFP was observed under a fluorescence microscope. Cells 
in the GFP‑CSC group were transfected with the empty GFP 
adenovirus, while those in NS group were not transfected, and 
other treatments in these two groups were the same as those 
in the ILK‑CSC group. Four weeks after transplantation, left 
ventricular end‑systolic diameter (LVESD) and left ventricular 
end‑diastolic diameter  (LVEDD) of rats in the ILK‑CSC 
group were smaller than those in the GFP‑CSC group, but left 
ventricular ejection fraction (LVEF) (69.88±5.61 mm) was 
higher than that in the GFP‑CSC group (P<0.05). The exercise 
time in the ILK‑CSC group (12.69±0.58 min) was longer than 
that in the GFP‑CSC and NS groups (P<0.05). The expression 
levels of Ki‑67 and P‑H3 proteins in myocardial cells of rats in 
the ILK‑CSC group were higher than those in the GFP‑CSC 
and NS groups (P<0.05). The number of transplanted cells 
retained around the infarct region in the ILK‑CSC group 
3 days after transplantation was obviously larger than that in 

the GFP‑CSC group (P<0.001). Intramyocardial injection of 
CSCs overexpressing ILK immediately after the establishment 
of rat model of MI can promote myocardial cell proliferation, 
improve cardiac function and increase exercise capacity of 
rats.

Introduction

Myocardial infarction (MI), also known as myocardial infarct, 
refers to local myocardial necrosis due to ischemia after inter-
ruption of blood flow caused by coronary occlusion, and it is 
a kind of heart disease seriously threatening human healthy, 
which can lead to such complications as arrhythmia, heart 
failure or shock (1,2). The traditional treatment methods of 
MI include drug therapy, interventional therapy and coronary 
artery bypass grafting. However, these treatment methods 
bring different degrees of physical or psychological burden to 
patients due to poor efficacy or complications (3‑6). Poulos (7)
studied and showed that stem cell transplantation can promote 
the regeneration of myocardial cells in the local infarct region, 
thereby repairing the heart and improving the cardiac func-
tion. At present, the main stem cells applied include bone 
marrow mesenchymal, hematopoietic, embryonic and cardiac 
stem cells  (CSCs)  (8‑11), among which CSC, with strong 
proliferation and differentiation capacities, is an innate undif-
ferentiated cell derived from the heart (12). CSCs possess the 
regenerative potential and appear in the myocardial ischemic 
region in animal model experiment, which can be directionally 
differentiated into myocardial, vascular smooth muscle and 
vascular endothelial cells and fibroblasts, thereby participating 
in repairing the cardiac function (5,9). CSCs are characterized 
by low tissue specificity and immunogenicity, so their thera-
peutic effect in transplantation is better than those of other 
stem cells (9,10,13). Integrin‑linked kinase (ILK) is a kind of 
serine/threonine protein kinase (14), which is highly expressed 
in the heart and involved in various pathophysiological 
processes, such as myocardial proliferation, contraction and 
hypertrophy, and plays an important role in cardiac transplan-
tation and repair (15‑17).

In this study, the rat model of MI was established, CSCs 
in rats were transfected with green fluorescent protein (GFP) 
adenovirus vector overexpressing ILK, and the effects of 
transplantation of CSCs overexpressing ILK on cardiac func-
tion, exercise capacity and myocardial cell proliferation of rats 
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with acute MI were investigated, so as to provide a certain 
basis for the new therapeutic direction of acute MI.

Materials and methods

Experimental animals and reagents. Male Sprague‑Dawley 
(SD) rats of clean grade, aged 49‑56 days old and weighing 
250‑300  g, were purchased from the Laboratory Animal 
Center of Guangzhou University of Traditional Chinese 
Medicine (Guangzhou, China). ILK complementary deoxy-
ribonucleic acid (cDNA) adenovirus vector was purchased 
from Invitrogen (Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). Lipofectamine 2000, phosphate‑buff-
ered saline (PBS), type Ⅱ collagenase, trypsin, Dulbecco's 
modified Eagle's medium (DMEM)/Ham's F12 medium, and 
Iscove's modified Dulbecco's medium (IMDM) were bought 
from Gibco (Gibco; Thermo Fisher Scientific, Inc.). Rabbit 
anti‑rat ILK, rat Ki‑67 and P‑H3 antibodies, and horseradish 
peroxidase‑labeled goat anti‑rat immunoglobulin G  (IgG) 
were bought from Abcam (Cambridge, MA, USA).

The study was approved by the Ethics Committee of 
Weifang People's Hospital (Weifang, China).

Isolation, culture and adenovirus transfection of CSCs. Male 
SD rats (aged 49‑56 days) were anesthetized by an intra-
peritoneal injection of 3% sodium pentobarbital (at a dose of 
30 mg/kg), and sacrificed via cervical dislocation. The rats were 
housed in pairs in a temperature-controlled room (21-22˚C) 
with 40-50% humidity under a 12-h light/dark cycle and were 
allowed free access to food and water. The large artery was 
removed from the heart under sterile conditions, and the heart 
was placed in a petri dish, cut into pieces and rinsed with 
PBS. Then 0.2% trypsin and type Ⅱ collagenase were added 
at 37˚C for 5 min, and the operation was repeated 3 times. 
After trypsin was removed, the pieces were washed twice 
with complete culture solution (IMDM containing 10% fetal 
bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin, 
2  mmol/l glutamine and 0.1  mmol/l 3‑mercaptoethanol). 
The above culture solution was added into a culture flask for 
culture. After 1 week, the pieces were rinsed twice with PBS, 
and the exfoliated cells were collected and inoculated into the 
culture flask at a density of 1x105 cells/ml, followed by culture 
using the mixed culture solution (35% IMDM, 65% DMEM 
and Ham's F‑12). When 80% CSCs were fused, the medium 
was replaced, and Ad‑ILK (GFP adenovirus overexpressing 
ILK) or Ad‑null (empty GFP adenovirus) was added at 37˚C 
for 2 h. Finally, the cells were collected after 48 h of culture.

Construction of rat model of MI and cell transplantation. A 
total of 60 SD rats were randomly divided into MI + normal 
saline group (NS group, n=20), MI + CSC transfected with 
empty vector group (GFP‑CSC group, n=20) and MI + CSC 
transfected with ILK group (ILK‑CSC group, n=20). The rat 
model of MI was constructed via ligation of the left ante-
rior descending coronary artery. At 15 min after successful 
modeling, 30  µl NS, GFP‑CSC (1x105  cells/30  µl) and 
ILK‑CSC (1x105 cells/30 µl) were injected into the MI region 
at three different points. Then muscles and skin were sutured, 
and penicillin was intramuscularly injected to prevent infec-
tion at 1 week after operation.

Echocardiography method. Four weeks after modeling, all rats 
underwent echocardiography using the Philips SONOS 5500 
color ultrasonic apparatus. After rats were anesthetized 
via intraperitoneal injection of 3% sodium pentobarbital 
(30 mg/kg), the chest hair was shaved off under a supine posi-
tion, and then left ventricular end‑systolic diameter (LVESD), 
left ventricular end‑diastolic diameter  (LVEDD) and left 
ventricular ejection fraction (LVEF) of rats in each group were 
measured. The measurement was repeated for 3 times and the 
average was taken.

Exhaustive swimming experiment. Four weeks after transplan-
tation, exhaustive swimming experiment was performed for 
all rats to detect the exercise capacity. The rat tails were loaded 
with the weights weighing 5% of its weight for weight‑bearing 
swimming in a water tank [45 cm (depth) x 1 m (length) x 1 m 
(width)]. The sinking of rats in swimming was the main focus, 
and the swimming time of rats was recorded.

Observation of the survival of transplanted cells. Three days 
and 4 weeks after transplantation, 5  rats were sacrificed, 
respectively, and heart specimens were frozen and stored. The 
specific method is as follows: the heart tissues were rewarmed 
to ‑20˚C. The left and right ventricles were separated along 
the ventricular wall, the myocardial tissues in the infarct 
region and marginal infarct region of 3 rats in each group 
were collected, fixed in 4% paraformaldehyde solution, and 
embedded in paraffin. The paraffin‑embedded tissue was 
sliced into 5 µm‑thick sections. The GFP expression was 
observed under a fluorescence microscope (BX53; Olympus, 
Tokyo, Japan) and analyzed using SigmaScan software.

Detection of Ki‑67 and P‑H3 protein expressions in myocardial 
tissues of rats via immunohistochemistry. After echocardiography 
and exhaustive swimming experiment, 5 rats were sacrificed in 
each group, respectively. After heart tissues were prepared into 
paraffin‑embedded sections, they were dewaxed, incubated with 
3% H2O2 for 10 min, washed with PBS for 3 times (3 min/time). 
After treatment with 0.5% Triton X‑100 for 30 min, sections 
were washed with PBS for 3 times (3 min/time) and sealed in 
10% goat serum for 30 min. After the serum was removed, 
rabbit polyclonal Ki‑67 antibody (diluted at 1:100; ab833), rabbit 
polyclonal Histone H3 (phospho S28) antibody (diluted at 1:100; 
ab5168), and goat anti-rabbit IgG H&L (Biotin) (ab6720) (dilu-
tion: 1:500) (all purchased from Abcam), were added dropwise, 
and the sections were placed in a wet box at 4˚C overnight 
and washed again with PBS for 3 times (3 min/time). After 
the secondary antibody horseradish peroxidase‑labeled goat 
anti‑rat immunoglobulin G (IgG) was added for incubation at 
room temperature for 2 h, the sections were washed with PBS 
for 3 times (3 min/time), followed by color development via 
diaminobenzidine and hematoxylin counterstaining. Finally, the 
sections were rinsed with PBS and deionized water and sealed, 
and the brown‑yellow particles with positive protein expression 
in myocardial cells were observed under the fluorescence micro-
scope (BX53; Olympus). The optical density value was measured 
using Image‑Pro Plus 6.0 software.

Statistical analysis. Statistical analysis was performed 
using Statistical Product and Service Solutions (SPSS) 13.0 
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software (SPSS, Inc., Chicago, IL, USA). Analysis of variance 
or t‑test was used for quantitative data in line with normal 
distribution, and Student‑Newman‑Keuls (SNK)‑Q test was 
used for the pairwise comparison after analysis of variance. 
ANOVA followed by post hoc test (Dunnett's test) was used 
to evaluate the quantitative data. All P‑values indicated the 
two‑tailed probability, and the inspection level α=0.05.

Results

Four weeks after transplantation of the myocardial cells, 5 rats 
died of heart failure, including 3 rats in the NS group, 1 rat in 
the GFP‑CSC group and 1 rat in the ILK‑CSC group. Finally, 
17 rats in the NS group, 14 rats in the GFP‑CSC group and 
14 rats in the ILK‑CSC group were analyzed.

Detection results of cardiac function of rats. Four weeks after 
transplantation, LVESD and LVEDD of rats in the ILK‑CSC 
group were smaller than those in the GFP‑CSC group (P<0.05), 
but LVEF was higher than that in the GFP‑CSC group (P<0.05). 

In addition, LVESD and LVEDD of rats in the GEP‑CSC group 
were smaller than those in the NS group (P<0.05), but LVEF 
was higher than that in the NS group (P<0.05) (Table I).

Measurement results of exercise capacity of rats in each group. 
Results of the swimming experiment showed that the exercise 
time in the ILK‑CSC group (12.69±0.58 min) was longer than 
that in the GFP‑CSC (10.21±0.65 min) and NS (9.65±0.73 min) 
groups, and differences were statistically significant (P<0.05). 
In addition, the exercise time in the GFP‑CSC group was 
longer than that in the NS group (P<0.05) (Fig. 1).

GFP expression in the myocardial tissues in the GFP‑CSC 
and ILK‑CSC groups. GFP protein was expressed in the 

Table I. Detection results of cardiac function of rats in each 
group mean ± standard deviation (SD).

	 Rats	 LVESD	 LVEDD	 LVEF
Groups	 (n)	 (mm)	 (mm)	 (%)

NS	 17	 7.01±0.48	 11.19±0.52	 50.17±4.08
GFP-CSC	 14	 5.85±0.21a	 8.96±0.57a	 56.70±4.25a

ILK-CSC	 14	 4.11±0.28a,b	 7.16±0.44a,b	 69.88±5.61a,b

F value		  6.899	 12.561	 18.108
P-value		  0.012	 <0.001	 <0.001

aP<0.05 vs. NS group; bP<0.05 vs. GFP-CSC group. LVESD, left ventricular 
end‑systolic diameter; LVEDD, left ventricular end‑diastolic diameter; LVEF, 
left ventricular ejection fraction; NS, normal saline; GFP, green fluorescent 
protein; CSC, cardiac stem cell; ILK, integrin‑linked kinase.

Figure 1. Measurement results of the exercise capacity of rats in each group. 
Results of the exhaustive swimming experiment show that the exercise time 
in the ILK‑CSC group (12.69±0.58 min) is longer than that in the GFP‑CSC 
(10.21±0.65 min) and NS (9.65±0.73 min) groups, and differences are statisti-
cally significant (*P<0.05). In addition, the exercise time in the GFP‑CSC 
group is longer than that in the NS group (*P<0.05). ILK, integrin‑linked 
kinase; CSC, cardiac stem cell; GFP, green fluorescent protein; NS, normal 
saline.

Figure 2. Survival of the transplanted cells in the peripheral infarct region. 
According to the observation under the fluorescence microscope, the 
GFP protein is expressed in the peripheral infarct region in both groups 
at 3 days after transplantation, and the expression of GFP protein in the 
GFP‑CSC group (138±4 counts/field) is higher than that in the ILK‑CSC 
group (67±3 counts/field), and there is a statistically significant difference 
(*P<0.05). The GFP protein expression in the ILK‑CSC (20±5 counts/field) 
and GFP‑CSC (18±4 counts/field) groups 4 weeks after transplantation are 
lower than those at 3 days after transplantation (*P<0.05), and there is no sta-
tistically significant difference between the two groups (P>0.05). GFP, green 
fluorescent protein; ILK, integrin‑linked kinase; CSC, cardiac stem cell.

Figure 3. Expression of Ki‑67 protein in the myocardial tissues of rats in each 
group. Results of immunohistochemical staining manifest that the optical 
density value of Ki‑67 protein (3.95±0.31) in the myocardial tissues of rats 
in the ILK‑CSC group is higher than that in the GFP‑CSC (1.87±0.20) and 
NS (1.46±0.18) groups, and differences are statistically significant (*P<0.05). 
ILK, integrin‑linked kinase; CSC, cardiac stem cell; GFP, green fluorescent 
protein; NS, normal saline.
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peripheral infarct region in both the GFP‑CSC and ILK‑CSC 
groups at 3 days after transplantation, and the expression of the 
GFP protein in the GFP‑CSC group (138±4 counts/field) was 
higher than that in the ILK‑CSC group (67±3 counts/field), and 
there was a statistically significant difference (P<0.05). The 
GFP protein expression in the ILK‑CSC (20±5 counts/field) 
and GFP‑CSC (18±4 counts/field) groups 4 weeks after trans-
plantation was lower than those 3 days after transplantation 
(P<0.05), and there was no statistically significant difference 
between the two groups (P>0.05) (Fig. 2).

Expression of proliferation‑related proteins in myocardial 
tissues of left ventricle of rats in each group. Immunohi
stochemical staining was performed for proliferation‑related 
proteins (Ki‑67 and P‑H3), and results manifested that 
the optical density values of Ki‑67 (3.95±0.31) and P‑H3 
(5.68±0.19) proteins in the myocardial tissues of rats in the 
ILK‑CSC group were higher than those in the GFP‑CSC 
(1.87±0.20, 2.03±0.11) and NS (1.46±0.18, 1.94±0.09) groups, 
and differences were statistically significant (P<0.05). The 
optical density values of the two kinds of proteins had no 
statistically significant differences between the GFP‑CSC and 
NS groups (P>0.05) (Figs. 3 and 4).

Discussion

MI is an issue seriously threatening public health and safety, 
as well  as a global health problem. After MI, irreversible 
death occurs in myocardial cells, leading to cardiac dysfunc-
tion, such as decline in local cardiac contractility, and even 
heart failure  (2). Traditional treatment methods, such as 
percutaneous transluminal coronary angioplasty, myocardial 
reperfusion therapy or coronary artery bypass grafting, can 
improve patients' cardiac function to some extent, but the 
prognosis is poor  (5). CSCs have superior performance of 
directional differentiation, which can be directionally differ-
entiated into myocardial cells, providing a new choice for 
cardiac cell transplantation therapy after MI (8). Zhong and 
Rao (18) studied and showed that after the treatment of isch-
emic cardiomyopathy with CSC transplantation therapy, the 

migration and proliferation capabilities of CSCs are superior, 
there are many new cells and blood vessels in the MI region, 
and cardiac function recovery is better. ILK can regulate intra-
cellular signaling pathways and transmit extracellular signals 
into cells, thereby promoting cell survival, reducing apoptosis 
and promoting cell proliferation and differentiation (3,19,20).

In this study, CSCs in rats were transfected with GFP 
adenovirus vector overexpressing ILK to investigate the effects 
of transplantation of CSCs overexpressing ILK on cardiac 
function, exercise capacity and myocardial cell proliferation 
of rats with acute MI. During the experimental process, the 
experimental procedures were strictly implemented, and the 
scientific, standardized and strict internal quality control 
was also adopted, so experimental results had high accuracy 
and reliability. Echocardiography results demonstrated that 
LVESD and LVEDD of rats in the ILK‑CSC group 4 weeks 
after transplantation were smaller than those in the GFP‑CSC 
group, but LVEF was higher than that in the GFP‑CSC group, 
suggesting that transplantation of CSCs overexpressing ILK 
can improve cardiac function, and its efficacy is better than 
that of ordinary CSCs. Moreover, results of the exhaustive 
swimming experiment revealed that the exercise time in 
the ILK‑CSC group was longer than those in the GFP‑CSC 
and NS groups, indicating that the transplantation of CSCs 
overexpressing ILK can improve the rats' exercise capacity. 
Hannigan et al (20) studied and showed that injecting adeno-
virus overexpressing ILK around the infarct region in rats 
after acute MI can improve cardiac function, increase myocar-
dial cell proliferation and reduce apoptosis. ILK can protect 
the myocardial cells of neonatal rats from apoptosis, increase 
the survival rate of myocardial cells, and improve cardiac 
function, thereby improving the exercise capacity of rats after 
transplantation (21,22).

Rats were sacrificed 3 days and 4 weeks after transplantation, 
and frozen sections were observed under the fluorescence micro-
scope to detect the GFP expression in myocardial tissues in the 
infarct region. Results demonstrated that the GFP expression was 
observed in the peripheral infarct region of rats in the IKL‑CSC 
and GFP‑CSC groups at 3 days after transplantation, and it was 
significantly increased in the ILK‑CSC group compared with 
that in the GFP‑CSC group, indicating that the high expression 
of ILK can promote the survival ability of transplanted cells 
in the peripheral infarct region after MI. Ki‑67 is a cell cycle 
marker that is specifically expressed in proliferating cells (23), 
and P‑H3 is a kind of phosphorylated histone that is a marker 
of cell mitosis, both of which exist in the process of cell DNA 
synthesis and can reflect the cell proliferation (24). Results of 
immunohistochemical staining manifested that the expression 
levels of Ki‑67 and P‑H3 proteins in the myocardial cells of rats 
in the ILK‑CSC group were higher than those in the GFP‑CSC 
and NS groups, indicating that ILK‑CSC transplantation has a 
stronger effect on activating the proliferation of myocardial cells. 
In a word, results of this study were basically consistent with those 
in other studies (25,26). The possible reason for the enhanced 
proliferation of myocardial cells is that the ILK overexpression 
contributes to the survival of CSCs in the myocardium, and then 
CSCs are differentiated into myocardial cells with proliferation 
capacity, or myocardial cells secrete regulatory factors after the 
ILK‑CSC transplantation, which is beneficial to the survival and 
proliferation of original myocardial cells (27).

Figure 4. The expression of P‑H3 protein in the myocardial tissues of rats 
in each group. Results of immunohistochemical staining manifest that the 
expression level of P‑H3 protein (5.68±0.19) in the myocardial tissues of rats 
in the ILK‑CSC group is higher than that in the GFP‑CSC (2.03±0.11) and 
NS (1.94±0.09) groups, and differences are statistically significant (*P<0.05). 
ILK, integrin‑linked kinase; CSC, cardiac stem cell; GFP, green fluorescent 
protein; NS, normal saline.
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In conclusion, a rat model of MI was established, and the 
experiment was carried out on rats transplanted with ILK‑CSC 
in this study. Results indicated that transplantation of CSCs 
overexpressing ILK can promote proliferation of myocardial 
cells and restore cardiac function and exercise capacity. 
Therefore, transplantation of CSCs overexpressing ILK can be 
used as a new direction in the treatment of MI.
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