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Abstract

Background: Exercise training (ET) has a cardioprotective effect and can induce new cardiomyocyte formation in physiological car-
diac remodeling. However, following a large myocardial infarction (MI), the changes in cardiac regeneration and the subsequently
different intensities of ET remain unexplored. We investigated the effect of different intensities of ET on the expression of C/EBPβ
and CITED4 after an MI.
Methods: Adult male Wistar rats were exposed to left coronary artery ligation (LAD). Following an echocardiographic evaluation at
four weeks after surgery, MI-operated animals were randomly assigned to either the MI-sedentary (MI-Sed) or the MI-trained groups
(low intensity interval training (LIIT), moderate intensity interval training (MIIT), and high intensity interval training (HIIT)). MI-
trained animals performed six weeks ET protocols (five days/week).
Results: Ten weeks after surgery, HIIT and MIIT animals had significantly higher LV ejection fraction compared to MI-Sed animals.
HIIT animals had significantly diminished mRNA levels of C/EBPβ compared to MI-Sed. The mRNA level of CITED4 in HIIT and MIIT
were significantly high compared to MI-Sed.
Conclusions: The present study demonstrates that cardiac functions are ET intensity-dependent, following a MI. It seems that
higher intensities of ET are most effective agents in promoting the expression of C/EBPβ and CITED4. Thus, ET has emerged as an
important variable in preclinical and clinical investigations.
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1. Background

Cardiovascular diseases (CVD) are the main cause of
death in developed communities (1, 2). The exceedingly ter-
rible clinical situation of CVD is represented by an intense
myocardial infarction (MI) (3, 4). MI brings about a huge
loss of cardiomyocytes and increases fibrocytes prolifera-
tion resulting in scar tissue formation and cardiac disor-
ders (3). A few years ago, the idea that the heart is a post-
mitotic organ with no regenerative limit had grabbed at-
tention (5, 6). Nonetheless, information from animal mod-
els and human examinations recommended that the heart
additionally has a constrained ability to produce new car-
diomyocytes from ancestor cells and existing cardiomy-
ocytes (7, 8). In fact, portions of the cardiomyocytes are
supplanted within a typical human longevity (9, 10).

Exercise is a well confirmed intercession for the pre-

vention and treatment of CVD (7, 11). Exercise applies its ad-
vantageous impacts by decreasing cardiovascular risk fac-
tors, and influencing the cellular and molecular remodel-
ing of the heart (11, 12). Generally, increment in cardiomy-
ocyte size is probably the central mechanism of exercise
actuated cardiovascular development (11). Of late, it has
been demonstrated that exercise training (ET) determines
cardiac growth through the generation of new cardiomy-
ocytes (13-17). It has been clinically proven that exercise
is useful in averting and treating CVD. Past investigations
have shown that ET could decrease the unfavorable remod-
eling of the harmed heart and enhance cardiac perfor-
mance following a MI (12, 13).

The importance of the intensity (MIIT & HIIT) of ex-
ercise and its relationship with cardiovascular effects has
been investigated in many studies (14-17). Still, the optimal
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dosage, intensity, frequency, and duration of exercise have
remained unclear. Although a few weeks of vigorous ET can
significantly augment cardiomyocyte formation (18), alter-
nations in cardiac regeneration capacity following various
intensities of ET after MI are yet to be elucidated.

2. Objectives

In this study, we have investigated the effects of low,
moderate, and high intensity of ET on cardiac regeneration
markers (C/EBPβ and CITED4) after a MI.

3. Methods

3.1. Study Design and Animals

Fifty-five adult male Wistar rats (230 g – 300 g ~ 10
weeks of age) were utilized for this investigation. Food
and water were accessible ad libitum. All animal proce-
dures were performed in accordance with the ethics com-
mittee of Rajaie Cardiovascular Medical and Research Cen-
ter (RHC.AC.IR.REC.1393.28). The investigation conformed
to the guide for the care and use of laboratory animals pub-
lished by the United States National Institutes of Health
(NIH Publication, 8th edition, 2011).

3.2. Coronary Artery Ligation Procedure

Rats were orally intubated with a 16-gauge intravenous
catheter in the wake of being anesthetized with intraperi-
toneal infusion of a blend of ketamine (75 mg/kg) and
xylazine (5 mg/kg). A positive pressure ventilation was
kept up with room air and oxygen utilizing a Harvard ro-
dent ventilator (model 683, USA). The site of operation was
shaved, and then disinfected with either Betadine or alco-
hol. Once the animal was unresponsive to toe-pinch, left-
sided thoracotomy was performed and the left anterior de-
scending coronary artery (LAD) was for all time ligated uti-
lizing a 6 - 0 prolene (Ethicon Inc., USA) suture. Legitimate
ligation of the LAD was affirmed by watching the whiten-
ing of the myocardial tissue distal to the suture and dysk-
inesia of the anterior wall (19). Sham-operated rats experi-
enced a similar operation without coronary artery ligation
to serve as the control group (Sham; n = 6). At the end of
the operation, cefazolin (25 mg/kg IM), flunixin (1 - 2 mg/kg
IM), and warm sterile saline (0.5 - 1 mL, SC) were infused and
the rats were left on the warming cushion until the effect of
anesthesia wore off. Postoperative care was kept utilizing
analgesia and hemodynamic monitoring for 24 h (1, 20).

3.3. Echocardiographic Measurements

Transthoracic echocardiography was performed using
a VIVID 7 dimension system (General Electric-Vingmed Ul-
trasound, Horten Norway), equipped with a 12-MHz elec-
tronic transducer.

Echocardiographic assessments were performed a
month after surgery and towards the end of the exami-
nation protocols. Under a similar anesthesia as for the
infarct surgery which was kept up all through the echocar-
diographic examination, echocardiographic parameters
had been recorded according with the American Society of
Echocardiography guidelines. Left parasternal short-axis
views of the left ventricle at the level of the papillary mus-
cles was used to measure the following parameters: Left
ventricular end-diastolic diameter (LVEDD), left ventricu-
lar end-systolic diameter (LVESD), posterior wall thickness
in diastole (PWTd) and posterior wall thickness in systolic
(PWTs). LV ejection fraction (EF) and fractional shortening
(FS), was calculated according to the following formulas
(21, 22):

%FS =
LV EDD − LV ESD

LV EDD
× 100

%EF =
LV EDD2 − LV ESD2

LV EDD2 × 100

Echocardiographic appraisal was used a month after
surgery. This was to assess the degree of MI and measure
the cardiac contractile performance before initiation of
further experimental procedures. Rats with high level of
myocardial harm and created MI, assessed at FS≤35%, were
incorporated into the examination (23).

3.4. Training Protocol

Out of 55 MI-operated rats, 25 rats which were survived
from MI met the inclusion criteria as training protocol. The
rats were assigned randomly to MI-trained groups high
intensity interval training (HIIT, n = 6), moderate inten-
sity interval training (MIIT, n = 6), and low intensity inter-
val training (LIIT, n = 6). Familiarization with the motor-
ized treadmill (Iranian Danesh Salar Company, Iran) was
performed for MI-trained groups in the third and fourth
week after surgery by walking for 5 m/min at slow pace
five days per week for 5 min/day. The animals had 2 days
rest before taking maximal oxygen consumption (VO2max).
VO2max for each rat was resolved utilizing a maximal exer-
cise test. VO2max measured and applied at maximal stress
test to evaluate the running speed of each rat (24). High,
medium and low intensity interval training rats were ex-
ercised up to 70 min, five days a week. The training pro-
tocol included 10 minutes of warm-up (40% - 50% VO2max)
and 60 minutes of interval training (25, 26). Four minutes
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running protocol was assessed with different intensities
such as HIIT (85% - 90%), MIIT (65% - 70%) and LIIT (55% -
60%) of measured VO2max, and 2 minutes of active recovery
between each interval HIIT and MIIT (50% - 60%) and LIIT
(45% - 50%) of measured VO2max. No ET was gained by MI-
Sed and Sham animals during this experiment procedure
(25, 26). In previous studies the relationship between maxi-
mum VO2 and running speed in similar post-MI rat models
was varied for every week (24). In particular, the running
speed was expanded continuously for six weeks of training
by 0.02 m/s every week (25). Treadmill inclination during
training and testing was 0º (26).

3.5. Quantitative RT PCR (qRT-PCR)

The total RNA isolated from cardiac tissue was rou-
tinely used for reverse transcription polymerase chain re-
action (RT-PCR) or quantitative real-time PCR (qPCR). The
total RNA was extracted using EasyPure RNA Kit (TransGen
Biotech, China) following the manufacturer’s instructions.
For RT-PCR, the cDNAs were synthesized using TransScript
First-Strand cDNA Synthesis SuperMix (TransGen Biotech,
China) with total RNA as templates. qRT-PCR was per-
formed using TransStart Top Green qPCR SuperMix (Trans-
Gen Biotech, China) on Rotor-Gene 6000 system (Corbett,
Concorde, NSW, Australia). The PCR-reaction mixtures con-
tained 5 µL TransStart Top Green qPCR SuperMix, 1 µL of
template cDNA, 1µL forward and reverse primers, and 3µL
of sterile distilled water. The thermal cycling conditions
comprised an initial denaturation step at 95°C for 2 min,
followed by 40 cycles of 95°C for 10 s, 60°C for 30 s. β-actin
was used for normalization and 2-∆∆Ct method was ap-
plied for the evaluated mRNA expression of the target gene
(27) All the reactions were carried out in triplicate. All eval-
uations were performed by specialists who were unaware
of the group assignment. Primer sequences (forward
and reverse) are as follows: Cbp/p300-interacting trans-
activator, with Glu/Asp-rich carboxy-terminal domain,
4 (CITED4), acgagggtggttttgcagtct and caactcagccagaca-
gaggaa; CCAAT/enhancer-binding protein beta (C/EBPβ),
caagctgagcgacgagtacaa and acagctgctccaccttcttct; and β-
actin, cggtcaggtcatcactatcgg and atgccacaggattccataccca.

3.6. Statistical Analysis

All results are expressed as mean ± SEM. The signifi-
cant differences between the groups were determined by
the one way analysis of variance and unpaired t-tests using
the SPSS software version 19. The Bonferroni post-hoc anal-
ysis was utilized to find the differences. Significance was
set at P < 0.05.

4. Results

Echocardiographic data - from Sham and MI-operated
animals at four and 10 weeks after surgery - are presented
in Table 1. Four weeks after surgery, we compared echocar-
diographic data between Sham and MI-operated animals.
This comparison showed that fractional shortening, ejec-
tion fraction, IVSD, and LVPWs decreased dramatically four
weeks after MI induction. In contrast, LVIDs increased sig-
nificantly in MI-operated compare with Sham (P < 0.05).
As found in Table 1, and additionally outlined in Figure 1A,
In comparison with sham group, an enlarged ventricular
cavity and thinned myocardium was seen in MI-operated
group. Ten weeks after surgery, ejection fraction in HIIT
and MIIT animals and fractional shortening in HIIT ani-
mals increased significantly compared to MI-sed animals.
In addition, MI-operated animals (MI-sed, LIIT, MIIT, and
HIIT) had significantly lower ejection fraction and frac-
tional shortening compared to Sham animals. Also, LVIDd
in HIIT animals and LVIDs in MI-sed, LIIT, and HIIT animals
increased significantly compared to MI-sed animals (P <
0.05). As shown in Figure 1B, HIIT exercise-trained group
showed the greatest increases in ejection fraction and frac-
tional shortening after MI. These progressions were joined
by a 32% and 53% increase in ejection fraction and frac-
tional shortening compared to MI-sed, respectively (Table
1).

In the present study, we have evaluated the expression
of mRNA levels of the CITED4 and C/EBPβ genes. These
genes are known to induce and inhibit cardiomyocyte pro-
liferation (CITED4 and C/EBPβ) following exercise. HIIT an-
imals significantly diminished mRNA levels C/EBPβ com-
pared to MI-Sed. The mRNA level of CITED4 in HIIT and MIIT
was significantly more compared to MI-Sed.

5. Discussion

The present study demonstrates that both moderate
intensity- (MIIT, 65% - 70% of VO2max) and high intensity
(HIIT, 85% - 90% of VO2max)- ET for up to six weeks can im-
prove cardiac function capacity as measured by ejection
fraction and fractional shortening in infarcted heart. As
predicted, the HIIT exercise-trained group demonstrated
the highest increase. Also six weeks of ET significantly
up- regulated mRNA levels of CITED4 and down-regulated
mRNA level of C/EBPβ. Collectively, data from this study
suggests that higher intensities of ET are the most effective
agents in increasing cardiac function and regeneration ca-
pacity in an infarcted heart.

Growing evidences have demonstrated that ET usefully
adjusts the clinical course of post MI myocardial remod-
eling and enhances cardiovascular capacity (28, 29). Post-
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Figure 1. Left ventricular M-mode echocardiographic recordings at four and 10 weeks after surgery. A, Samples of m mode echocardiography in Sham-operated and MI-
operated (MI-sed, LIIT, MIIT) animals. B, Left ventricular fractional shortening at 4 and 10 weeks after surgery. C, Left ventricular ejection fraction at 4 and 10 weeks after
surgery. * P < 0.05 vs. MI-sed and MI-trained, # P < 0.05 vs. MI-sed.
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Figure 2. mRNA level of indicated genes from left ventricular at 10 weeks after
surgery in Sham-operated and MI-operated (MI-sed, LIIT, MIIT and HIIT) animals. *
P < 0.05 vs MI-sed. n = 6 animals per group.

MI training may be associated with weakened ventricular
hypertrophy and contractile decay, increased maximal car-
diac output, ameliorated fibrosis, and an improvement in
the quality of life in these patients (28, 30). Our study also

confirmed previous findings that ET for up to six weeks im-
proved cardiac function and cardiac regeneration capacity
markers.

Exercise applies its gainful impacts by not simply de-
creasing the weight of established cardiovascular risk fac-
tors, but also straightforwardly influencing the cellular
and molecular structure and performance of the heart (11,
18). Various studies demonstrated that ET may stimulate
proliferation of preexisting cardiomyocytes and resident
cardiac stem cells in vivo (11, 18, 26, 31, 32). Recently, a study
proposed that four weeks of ET on myocardial infarcted
rats stimulates cardiomyocytes proliferation, hinders car-
diomyocytes apoptosis, and enhances cardiac function
and remodeling (33).

In confirming these results, our study indicated that
six weeks of ET induced markers of CITED4 and C/EBPβ.
Also, our result demonstrated that higher intensity of ET
(MIIT and HIIT) leads to further up and down-regulation
markers of CITED4 and C/EBPβ compared to MI-sed. These
results were similar to Waring’s et al. study, which showed
high intensity exercise trained animals had the greatest
number of newly formed cardiomyocytes after four weeks
(26). Various mechanisms and signaling pathways regu-
late cardiac regeneration which is an intricate behavior
(33). In this regard, Bostrom et al. reported that C/EBPβ
stifles cardiomyocyte development and proliferation in
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Table 1. Echocardiographic Data from MI- Operated and Sham Rats 4 and 10 Weeks After Surgerya

Sham, N = 6 MI-Operated, N = 24

Four Weeks After Surgery

IVSD (cm) 0.17 ± 0.04 0.14 ± 0.03b

IVSS (cm) 0.27 ±. 0.04 0.20 ± 0.04

LVIDd (cm) 0.50 ± 0.11 0.55 ± 0.09

LVIDs (cm) 0.22 ± 0.07 0.40 ± 0.07b

LVPWd (cm) 0.15 ± 0.05 0.17 ± 0.17

LVPWs (cm) 0.23 ± 0.04 0.19 ± 0.03b

EF (%) 90.49 ± 2.44 58.30 ± 10.79b

FS (%) 55.40 ± 3.94 27.06 ± 6.58b

Sham, N = 6 MI-Sed, N = 6 LIIT, N = 5 MIIT, N = 6 HIIT, N = 6

10 Weeks After Surgery

IVSD (cm) 0.17 ± 0.02 0.16 ± 0.02 0.15 ± 0.02 0.18 ± 0.03 0.15 ± 0.02

IVSS (cm) 0.27 ± 0.03 0.22 ± 0.02 0.26 ± 0.05 0.21 ± 0.02 0.26 ± 0.05

LVIDd (cm) 0.51 ± 0.11 0.57 ± 0.08 0.63 ± 0.07 0.53 ± 0.10 0.67 ± 0.08b

LVIDs (cm) 0.22 ± 0.08 0.39 ± 0.05b 0.39 ± 0.08b 0.32 ± 0.09 0.39 ± 0.07b

LVPWd (cm) 0.15 ± 0.04 0.17 ± 0.02 0.14 ± 0.02 0.14 ± 0.04 0.16 ± 0.02

LVPWs (cm) 0.22 ± 0.04 0.22 ± 0.03 0.21 ± 0.01 0.19 ± 0.07 0.27 ± 0.04

EF (%) 91.59 ± 3.30 64.48 ± 3.69b 72.87 ± 8.95b 76.41 ± 8.85b , c 77.46 ± 7.02b , c

FS (%) 56.44 ± 3.74 31.32 ± 3.46b 37.72 ± 8.11b 40.45 ± 7.60b 41.62 ± 6.84b , c

Abbreviations: EF, left ventricular ejection fraction; FS, left ventricular fractional shortening; IVSD and IVSS, interventricular septal end diastole and end systole; LVIDd
and LVIDs, left ventricular internal diameter end diastole and end systole; LVPWd and LVPWs, left ventricular posterior wall end diastole and end systole.
a Values are expressed as mean ± SD.
b P < 0.05 vs. Sham.
c P < 0.05 vs. MI-Sed.

the grown-up mammalian heart and decreases C/EBPβ in
swim trained mice. This seems to be an important signal
of physiological cardiomyocyte hypertrophy and prolifer-
ation (31). Our results demonstrated the down-regulation
of mRNA expression of C/EBPβ in HIIT animals compared
to MI-sed. The impact of exercise on cardiomyocyte hyper-
trophy and proliferation includes decrease in the expres-
sion of C/EBPβ, and a connected increment in the expres-
sion of CITED4. Down-regulation of C/EBPβ, in turn, re-
leases serum response factor (SRF) to bind target gene pro-
motors. They are also involved in the activation of an ex-
ercise gene set (GATA-4, Tbx5, Nkx2.5, and Mef2c), and ul-
timately cardiac growth. According to results of previous
and present studies, the reduction in C/EBPβ expression is
sufficient to improve cardiac function and up-regulation
of cardiomyocyte hypertrophy and proliferation markers
after MI (31). Taken together, these data indicate that higher
intensities of ET-induced cardiac regeneration following
MI.

5.1. Conclusions

In conclusion, we demonstrate that cardiovascular
functions are ET intensity-dependent, following MI. It
seems that higher intensities of ET are most effective
agents in increasing cardiac regeneration markers (CITED4
and C/EBPβ) in MI rats. Therefore, ET intensity has emerged
as a crucial variable in future preclinical and clinical stud-
ies.
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