
Am J Transl Res 2013;5(3):327-335
www.ajtr.org /ISSN:1943-8141/AJTR1303005

Original Article
Acute myocardial infarction induced functional 
cardiomyocytes to re-enter the cell cycle

Yongjun Li1*, Shengda Hu1*, Genshan Ma1, Yuyu Yao1, Gaoliang Yan1, Jia Chen2, Yefei Li1, Zhuoli Zhang3

1Department of Cardiology, Zhongda Hospital, Medical School of Southeast University, Nanjing, China; 2RCIS, Cath 
& EP Lab, Inova Fairfax Hospital, Virginia, USA; 3Department of Radiology, Northwestern University, Chicago, USA; 
*Equal contributors to this work.

Received March 7, 2013; Accepted March 29, 2013; Epub April 19, 2013; Published April 30, 2013

Abstract: Background: Loss of cardiomyocytes after myocardial infarction (MI) causes heart failure. In this study, we 
investigate whether the in situ cardiomyocytes can re-enter the cell cycle and to what extent cell division of cardio-
myocytes occurs after acute MI (AMI) in rats. Methods: Sprague Dawley (SD) rats were used in this study; the left 
anterior descending coronary artery was ligated. At time points (3 days, 1 week, 2 weeks, 3 weeks, and 4 weeks) 
after the operation, five rats were euthanized, respectively. An additional five sham-operated rats serves as a con-
trol group and were euthanized at 3 days post-operation. The expressions of cyclin A2, Ki-67, phospho-histone H3 
(H3P), and Aurora B in myocardial tissues were detected by Western blot and immunofluorescence. Results: The ex-
pression levels of cyclin A2 were significantly higher in all groups with AMI except the 4-week group than those found 
in the sham-operated group (P < 0.01). The percentage of Ki-67–positive nuclei in the border zones was significantly 
higher than the percentage in the distant normal myocardium (P < 0.01). Conclusions: our results demonstrate that 
cardiomyocytes re-enter the cell cycle after AMI and that cyclin A2 is a reliable marker for the detection of cell cycle 
activity in cardiomyocytes.
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Introduction

Myocardial infarction (MI) is one of the most 
important ischemic heart diseases. Scarring of 
the myocardium occurs in the infarction area 
and the surviving cardiomyocytes become 
hypertrophic following acute MI (AMI) [1, 2]. 
These processes constitute the cardiac remod-
eling. The concept that cardiomyocytes cannot 
divide originated from the difficulty of identify-
ing mitotic figures in vivo and from the inability 
to induce mitotic division in vitro. Thus, the 
dogma was introduced that no proliferation of 
ventricular muscle cells occurs once cell divi-
sion has ceased, shortly after birth in the mam-
malian heart.  Therefore, many studies 
focusing on the implantation of stem cells have 
made some progress for treatment of heart fail-
ure; but have still encountered numerous diffi-
culties [3, 4]. However, other studies have pro-
vided evidence of cardiomyocyte proliferation 
in the adult heart and especially in the failing 

human heart [3, 4]. It has also been reported 
that isolated adult cardiomyocytes can re-enter 
the cell cycle and undergo karyokinesis and 
cytokinesis under certain conditions [5, 6]. If 
adult cardiomyocytes can really divide effec-
tively, this process may offer a novel way to 
treat a variety of heart diseases caused by AMI. 
Cyclin A2 plays a key role in cell cycle regulation 
that controls both the G1/S transition into DNA 
synthesis as well as the G2/M entry into mitosis 
[7, 8]. Therapeutic delivery of cyclin A2 induces 
myocardial regeneration and improves cardiac 
function following MI [9]. Ki-67 is a vital mole-
cule for cell proliferation that is expressed in 
proliferating cells during the active cell cycle, 
but is absent in resting (G0 phase) cells [10]. 
Both Ki-67 and cyclin A2 are markers of the 
nuclear synthesis phase of the cell cycle. H3P 
and Aurora B are mitosis-specific markers that 
are expressed during karyokinesis and cytoki-
nesis, respectively [5, 11]. We test the hypoth-
esis that the in situ cardiomyocytes re-enter the 
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cell cycle and to what extent cell division of car-
diomyocytes occurs after AMI in rats by the 
analysis of these markers.

Materials and methods

Animal model

All animals were housed and handled accord-
ing to Southeast University Institutional Animal 
Care and Use Committee guidelines and all ani-
mal work was approved by the appropriate 
committee. The protocol was approved by the 
local Ethics committee (ethics committee, 
Southeast University) and all animals received 
humane care in compliance with “The Principles 
of Laboratory Animal Care” formulated by the 
National Society for Medical Research and the 
“Guide for the Care and Use of Laboratory 
Animals” published by the National Institutes of 
Health (NIH Publication No. 86-23, revised 
1996).

Male Sprague Dawley (SD) rats (n = 25, 8 ± 0.5 
weeks old, 210 ± 23 g body weight) were anes-
thetized with chloral hydrate (320 mg/kg, 
Sigma-Aldrich, Sheboygan Falls, WI, USA) by 
intraperitoneal injection, endotracheally intu-
bated with a 14-gauge angiocatheter and 
mechanically ventilated (tidal volume: 3-4 
ml/100 g, frequency: 60 breaths/min). AMI was 
created by ligation of the left anterior descend-
ing coronary artery as described previously 
[12]. All animals were performed by echocar-
diography before and after the procedure. 
Briefly, two-dimensional (2D) guided M-mode 
echocardiography was conducted in each ani-
mal in vivo using a Toshiba PowerVision 6000 
ultrasound system (Model SSA-370A, PLM-
1204AT 12MHz-transducer) as previously 
described [13, 14], rats were anesthetized by 
intraperitoneal injection. Chests of the rats 
were shaved and echocardiography was per-
formed. Diastolic and systolic left ventricle [3] 
end-diastolic dimension (LVEDD), LV end-systol-
ic dimension (LVESD), and LV Ejection fraction 
(LVEF) were calculated. AMI was confirmed by 
echocardiography. Rats were randomized into 
five groups (each group n = 5) and were eutha-
nized with CO2 according to the time points: 3 
days, 1 week, 2 weeks, 3 weeks, and 4 weeks 
post-surgery after echocardiography. An addi-
tional sham-operated rat group (n= 5) serves 
as control group and were euthanized at 3 days 
following sham-operation. The left LVEF value 

was measured to assess the severity of the AMI 
by echocardiography.

Preparation of tissue samples

After 3 day, 1 week, 2 weeks, 3 weeks, and 4 
weeks of postoperative echocardiograph, each 
five rats were euthanized with carbon dioxide 
(CO2) and heart were resected immediately, 
respectively. The myocardial samples were 
obtained and were used for western blot analy-
sis, for histological analysis/immunohisto-
chemistry, and for immunofluorescent 
staining.

Western blot

Myocardial samples from the border zones and 
the distant normal myocardium of AMI were 
harvested at 3 days, 1 week, 2 weeks, 3 weeks, 
and 4 weeks and were frozen immediately in 
liquid nitrogen. Total protein was isolated from 
samples using the EpiQuik Nuclear Extraction 
Kit (Epigentek, Farmingdale, NY, USA), and pro-
teins were separated on a 7.5% gel by sodium 
dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE, Life Technologies Corporation, 
Carlsbad, CA, USA) and transferred to a polyvi-
nylidene difluoride membrane. The membranes 
were incubated with rabbit anti-cyclin A2 anti-
body (ab-7956, Abcam, Cambridge, MA, USA) 
and goat anti-rabbit immunoglobulin G (IgG)-
horseradish peroxidase conjugate (GE 
Healthcare, Life Sciences, Amersham, UK). 
Targeted immunoreactive proteins were detect-
ed by enhanced chemiluminescence (Life 
Sciences, Amersham, UK) and quantified using 
ImageJ (Bethesda, MD, National Institutes of 
Health, USA).

Histological analysis

Hearts were excised with heparin (30 μg/kg, 
intraperitoneally), weighed and the entire heart 
from base to apex was cut into 1-mm-thick slic-
es along the short axial plane. The parts of 
middle capillary muscle were kept in 10% for-
malin. For histological staining, the slices were 
further sectioned into 4 μm slides to examine 
infarct size and its percentile by Masson’s tri-
chrome staining (MTS, Dako North America, 
Inc., Carpinteria, CA, USA) for assessment of 
the infarct area. The infarct area was measured 
on short axial section from the section of slice 
corresponding to the position of middle papil-
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lary muscle of left ventricle [3]. Infarction area 
percentage was defined as the infarcted area 
divided by whole LV muscular area using ImageJ 
(V1.46, NIH Bethesda, MD, USA).

Immunohistochemistry

To detect whether AMI activates the cell cycle, 
immunohistochemistry analysis was performed 
for cyclin A2 [7, 8]. Paraffin-embedded sections 
(5µm thickness) were incubated with rabbit 
anti-cyclin A2 antibody followed by secondary 
antibody. The sections were then stained with 
DAB AR1000 (WHIGA, Guangzhou, Guangdong, 
China). Finally, hematoxylin was used to coun-
terstain the nuclei. The ratio of cyclin A2-positive 
nuclei to the total number of nuclei was calcu-
lated and was averaged over at least five ran-
domly selected fields per specimen.

Immunofluorescence analysis

To determine whether AMI promotes cardio-
myocyte proliferation, immunofluorescence 
analysis was performed for cyclin A2, Ki-67 (Ki-
67 antibody, sc-7846-FITC, Santa Cruz Biotech, 
CA, USA) [10], phospho-histone H3 (phospho-

histone H3 antibody, sc-8656-R, Santa Cruz 
Biotech, CA, USA) and Aurora B (Aurora B anti-
body, ab2254, Abcam, Cambridge, MA, USA). 
Frozen sections (5µm thickness) were blocked 
with 5% normal goat serum and incubated with 
primary antibodies against one of the above 
four antigens and α-sarcomeric actin (α-Actin 
antibody, sc-58670, Santa Cruz Biotech, CA, 
USA) overnight at 4°C. The sections were then 
incubated with a secondary antibody mixture 
containing FITC-conjugated goat anti-rabbit 
antibody (sc-2012, Santa Cruz Biotech, CA, 
USA) and PE-conjugated goat anti-mouse anti-
body (sc-3768, Santa Cruz Biotech, CA, USA) 
for 1 hr at room temperature. The nuclei were 
counterstained with DAPI (sc-3598, Santa Cruz 
Biotech, CA, USA). Subsequently, the speci-
mens were processed for confocal microscopy 
and examined with a laser scanning confocal 
microscope (oil lens) (MRC-1000 Confocal 
Imaging System, Bio-Rad, Hercules CA, USA). 
The expression data were obtained by counting 
the number of positive nuclei in five consecu-
tive visual fields (×100, magnification).

Statistical analysis: All data are expressed as 
mean ± standard deviation (SD). The signifi-

Figure 1. Echocardiography of a normal heart and a heart with AMI. A. a representative echocardiograph from a 
sham-operated heart; B. a representative echocardiograph from a heart with AMI (1 week after the operation); C. 
Masson staining to meaure the size of the infarct (1 week after the operation) (red indicates the myofibrils, and blue 
indicates the collagen fibers); D. The LVEF value at 3 days, 1 week, 2 weeks, 3 weeks, and 4 weeks post-surgery. E. 
The areas of the infarct at 3 days, 1 week, 2 weeks, 3 weeks, and 4 weeks post-surgery.
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cance of the differences was determined using 
Student’s t-test for comparisons of two values 
and by the Bonferroni method for multiple com-
parisons. A P value of < 0.05 was considered to 
be statistically significant, and all analyses 
were performed with SPSS version 18.0 (SPSS, 
Chicago, Illinois).

Results

AMI animal model

AMI model was verified by cardiac ultrasound 
image (Figure 1A and 1B), and re-verified by 
histopathology at post-operation 1 week 
(Figure 1C). The LVEF values for these animals 
was measured at 3 days, 1 week, 2 weeks, 3 
weeks, and 4 weeks post-surgery (Figure 1D). 
This LVEF value was significantly lower than 
that of the sham-operated group, which was 
78.31 ± 7.91% (range: 67.13% to 86.27%) (P < 
0.001) (Figure 1D). The size of the infarct was 
measured at 3 days, 1 week, 2 weeks, 3 weeks, 
and 4 weeks post-surgery (Figure 1E).

The expression of cyclin A2

The expression of cyclin A2 was detected in the 
border zone of AMI with immunohistochemistry 
and western blot (Figures 2 and 3). The expres-
sion levels of cyclin A2 were significantly higher 
in all groups with AMI except the 4-week group 
than those found in the sham-operated group 
(P < 0.01). The expression maximum occurred 
at 2 weeks after infarction and then declined 
rapidly. By the fourth week after the operation, 
there was no significant difference between the 
operated group and sham-operated group (P > 
0.05). At 2 weeks after the operation, the per-

Figure 2. The expression of cyclin A2 in cardiomyocytes (border zones). A. 3 days after operation; B. 1 week after 
operation; C. 2 weeks after operation; D. 3 weeks after operation; E. 4 weeks after operation; F. The sham-operated 
group (arrows denote the positive staining, and triangles denote the negative staining; ×40 magnification); G. The 
percentage of cyclin A2-positive cells (border zone) (mean ± SD).

Figure 3. The expression of cyclin A2 in cardiomyo-
cytes by western blotting (A) and quantification (B).
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centage of cyclin A2-positive nuclei in cardio-
myocytes from hearts with AMI was 11.46 ± 
1.28% in samples from the border zone, which 
was significantly higher than the percentage 
observed in the distant normal myocardium. 
(6.3 ± 0.97%) (P < 0.01). The percentages of 
cyclin A2-positive nuclei in the border zone and 
the distant normal myocardium of AMI were sig-
nificantly higher than those found in the hearts 
of sham-operated animals (P < 0.001 for both 
comparisons). Furthermore, an inverse correla-
tion was found between the LVEF value and the 
number of cyclin A2-positive cell nuclei 
(Pearson’s product-moment correlation coeffi-
cient r = -0.96; P < 0.01) (Figure 4). 
Subsequently, we detected the expression of 
cyclin A2 by confocal microscopy at 14 days 
after AMI and obtained similar results (Figure 
5A).

The expression of Ki-67, H3P and aurora B

At 14 days, the percentage of Ki-67–positive 
nuclei was 13.69 ± 1.40% in samples from the 
border zone of AMI (Figure 5B). This was signifi-
cantly higher than the percentage in the distant 
normal myocardium. (7. 87 ± 1.33%) (P < 0.01), 
but the percentages of Ki-67-positive nuclei in 
both regions were significantly higher than 
those found in the corresponding regions of the 
sham-operated hearts (0.47 ± 0.10%, both P < 
0.001).

Subsequently, we observed the expression of 
H3P (Figure 5C and 5D) and Aurora B (Figure 
5E and 5F) to evaluate the cardiomyocyte 

mitotic index [5, 11]. The expression of these 
proteins was examined using the same 
approach as was used to measure the expres-
sion of Ki-67. The expression levels of H3B and 
Aurora B were found to be considerably lower 
than those of cyclin A2 and Ki-67 when the 
numbers of positive nuclei were counted in 5 
consecutive visual fields (× 100 magnifica-
tions). The numbers of H3P-positive and Aurora 
B-positive cardiomyocytes in the border zone 
were 9.50 ± 1.26% and 8.66 ± 1.24%, respec-
tively, while in the distant normal myocardium. 
They were found to be 4.14 ± 1.01% and 3.31± 
0.86%, respectively. When compared with the 
expression levels observed in sham-operated 
hearts, the expression levels in infarcted hearts 
were all significantly elevated, and those of the 
border zone were significantly higher than 
those of the distant normal myocardium. 
(Figure 5G) (P < 0.01 for all comparisons).

Discussion

Cyclins are a family of proteins that control the 
progression of cells through the cell cycle by 
activating cyclin-dependent kinase (Cdk) 
enzymes [7, 8]. Cyclin A2 complexed with cdk2 
is essential for the G1/S transition and cyclin 
A2/cdk1 promotes entry into mitosis [7, 8]. 
Cyclin A2 is the only cyclin that is completely 
silenced in quiescent cells. The appearance of 
cyclin A2 expression occurs at a rate consistent 
with the rate of entry into the cell cycle [15]. 
When a cyclin A2-expressing adenoviral vector 
was delivered to rat hearts after left anterior 
descending coronary artery ligation-mediated 
AMI, evidence of cardiomyocyte proliferation, 
peri-infarct geometric enhancement, and car-
diac functional improvement were subsequent-
ly observed [9]. This study provides a detailed 
analysis of the expression of cyclin A2 in cardio-
myocytes after AMI. The expression of cyclin A2 
increased significantly, and this response 
peaked 7 to 14 days following AMI. Cyclin A2 
expression had declined to levels comparable 
to those in non-infarcted hearts at 4 weeks fol-
lowing AMI. The data suggest that the number 
of cardiomyocytes re-entering the cell cycle 
may follow the same trend. Similar results have 
been reported previously [9, 16]. Furthermore, 
the number of cycling cardiomyocytes is signifi-
cantly greater in the border zone of AMI than in 
the distant normal myocardium. AMI leads to 
both local and systemic changes and induces 

Figure 4. The correlation between LVEF and cyclin A2 
at the different time points following AMI.
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the release of various cytokines, which pro-
mote cardiomyocyte cell cycle re-entry. 
Cytokine concentrations also change with time 
and space. Cytokine concentrations are higher 
in cases of more extensive infarction and are 
increased in regions that are in close proximity 
to the infarcted area, thereby promoting cardio-
myocyte proliferation appropriately. However, 
the specific mechanism of this response needs 
to be studied further.

Ki-67 is a nuclear antigen that is expressed in 
all phases of the cell cycle except G0, and it is 
strongly expressed late in the nuclear synthesis 
phase (S phase) [10]. Ki-67 is a well-accepted 
indicator of cellular proliferation, and all types 
of proliferating cells express cyclin A2 and 
Ki-67 [17, 18]. The expression of cyclin A2 and 
Ki-67 is required for cells to enter the cell cycle 
and to undergo cell division [19]. Our study 
showed that the consistent changes in Ki-67 
expression that were observed at 2 weeks after 
infarction were mirrored by changes in cyclin 
A2, and this finding suggests that cyclin A2 is 
also an indicator of nuclear synthesis. Although 
cyclin A2 and Ki-67 mark cells in S phase and 
identify cardiomyocytes that have re-entered 
the cell cycle, positive staining for these factors 
alone does not demonstrate that the cells are 
undergoing mitosis.

The incorporation of BrdU or tritiated thymidine 
into DNA is often used to detect DNA synthesis 
and cell proliferation but these markers cannot 
be used directly as unequivocal markers of 
mitosis because DNA synthesis also occurs in 
nuclei undergoing DNA repair, hyperplasia and 
changes in ploidy. There is not a single example 
of a Ki-67–positive cell that cannot divide [10, 
17-20], but Ki-67 expression does not directly 
demonstrate that cardiomyocytes are able to 
accomplish cell division. Unlike the myocytes of 
humans [21], some ventricular myocytes in 
rodents are multinucleated [16, 22, 23], and it 
is possible that these arise from a process in 
which karyokinesis is not followed by cytokine-
sis. Furthermore, 3 other studies of adenovi-
rus-mediated expression of the indirect cell-
cycle regulators E2F [24], E1A [25] and FGF-5 
[26] have all demonstrated cell cycle re-entry to 
some degree, so we subsequently examined 
the expression of H3P and Aurora B to detect 
karyokinesis and cytokinesis, respectively, 
instead of using BrdU and tritiated thymidine. 

Figure 5. Detection of cyclin A2, Ki-67, H3P and Au-
rora B expression in cardiomyocytes from infarcted 
hearts by immunofluorescence analysis (border 
zone, 2 weeks after infarction) (A-E. ×100 magnifi-
cation; F. ×60 magnification). Both dark red and red 
fluorescence show staining of the myocyte cytoplasm 
by the sarcomeric α-actin antibody, while blue fluores-
cence shows the nuclei. In panel A, the green fluores-
cence documents the localization of cyclin A2 in the 
nuclei (arrows). In panel B, the green fluorescence 
documents the localization of Ki-67 in the nuclei 
(arrows). In panels C and D, the green fluorescence 
documents the localization of H3P (arrows), while 
the bright fluorescence shows the overlay of the red, 
blue and green fluorescence (asterisk). In panel E, 
the bright fluorescence shows a combination of the 
accumulation of actin and Aurora B by overlay of the 
dark red and green fluorescence (arrow). In panel F, 
the green fluorescence documents the localization of 
Aurora B (arrow). G. The percentage of cyclin A2, Ki-
67, H3P, Aurora B-positive cells in the border zone, 
the distance of cardium, sham group (mean ± SD).
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We found that the expression levels of H3P and 
Aurora B significantly increased to the same 
degree and that this was especially noticeable 
in the border zone and in hearts with lower EF 
values where tissue oxygenation must be large-
ly maintained [27]. This finding is direct proof 
that cardiomyocytes complete mitotic division, 
that is, cell proliferation. Both markers were 
scarcely present in the heart without infarction. 
Thus, infarction or other heart diseases caus-
ing a loss of cardiomyocytes seem to be 
required for these responses. Injury seems to 
be required for stem cell migration, multiplica-
tion and differentiation into the cell lineages of 
the damaged heart or other organs [28, 29].

In this study, although the expression levels of 
the 4 markers were significantly increased, it 
was obvious that the expression levels of Ki-67 
and cyclin A2 were significantly higher than 
those of H3P and Aurora B. The number of 
cycling cardiomyocytes is much higher, by near-
ly 50-fold, than that of mitotic cardiomyocytes 
because karyokinesis and cytokinesis occur-
ring in anaphase are completed in approxi-
mately 30 minutes [30] whereas the duration 
of the myocyte cell cycle in vivo is approximate-
ly 25 hrs [31]. Furthermore, as mentioned 
above, some ventricular myocytes in rodents 
are multinucleated [16, 22, 23], which means 
that some cycling cardiomyocytes do not 
accomplish mitosis and that karyokinesis in 
this case is not followed by myocyte 
cytokinesis.

This study has demonstrated that some cardio-
myocytes can divide. In contrast to most adult 
cardiomyocytes, fetal cardiomyocytes do prolif-
erate [32], so we assume that the dividing cells 
we observed were immature cardiomyocytes. 
Subsequently, the key issue is the origin of the 
immature cells in normal and diseased hearts. 
To date, two types of stem cells, including bone 
marrow–derived stem cells that reach the 
scarred myocardium after infarction [28] and 
cardiac stem cells [33], have been shown to dif-
ferentiate into cardiomyocytes. The cyclin 
A2-positive cardiomyocytes we observed 
should originate from one or both of these stem 
cell types. As in the damaged brain [34], repair 
of the necrotic myocardium may involve inter-
ventions that promote the migration of endog-
enous and/or exogenous types of stem cells to 
the infarcted region.

Proliferation and differentiation of stem cells 
[33, 35-38] into cardiomyocytes can compen-
sate for the loss of cardiomyocytes, but the 
number of these stem cells is relatively small 
and cannot prevent cardiac remodeling, includ-
ing cardiac hypertrophy and fibrosis of the 
infarcted area, and the onset and evolution of 
cardiac failure after AMI. Because restoration 
of the infarcted myocardium, even in part, 
might interfere with the progression of the 
structural and functional alterations of the dis-
eased heart [28] and thereby delay any irre-
versible ventricular dysfunction, these respons-
es are still very important in determining the 
prognosis. The proliferative response is enough 
to compensate for the loss of a few cardiomyo-
cytes and to maintain normal heart function, 
and this is especially true for the continuous 
replacement of the aging cardiomyocytes [39]. 
It may be a theoretically ideal approach to apply 
specific extracellular factors to induce native 
cardiomyocyte proliferation with the aim of 
enhancing cardiac regeneration [40-43].

Based on our present study, we conclude that 
there is still a subpopulation of cardiomyocytes 
that can re-enter the cell cycle and undergo cell 
division soon after infarction and that cyclin A2 
is a reliable marker for the detection of cardio-
myocytes actively undergoing the cell cycle. 
The proliferative response of the organism may 
be a spontaneous compensatory reaction, but 
it is not enough to compensate for the damage 
caused by AMI, and follow-up studies should be 
focused on how to strengthen this compensa-
tory response.
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