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Effects of high-intensity interval versus continuous
moderate-intensity aerobic exercise on apoptosis, oxidative stress
and metabolism of the infarcted myocardium in a rat model
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Abstract. The optimal aerobic exercise training (AET)
protocol for patients following myocardial infarction (MI) has
remained under debate. The present study therefore aimed to
compare the effects of continuous moderate-intensity training
(CMT) and high-intensity interval training (HIT) on cardiac
functional recovery, and to investigate the potential associated
mechanisms in a post-MI rat model. Female Sprague Dawley
rats (8-10 weeks old) undergoing MI or sham surgery were
subsequently submitted to CMT or HIT, or kept sedentary for
eight weeks. Prior to and following AET, echocardiographic
parameters and exercise capacity of the rats were measured.
Western blotting was used to evaluate the levels of apoptosis and
associated signaling pathway protein expression. The concen-
trations of biomarkers of oxidative stress were also determined
by ELISA assay. Messenger (m)RNA levels and activity of the
key enzymes for glycolysis and fatty acid oxidation, as well as
the rate of adenosine triphosphate (ATP) synthesis, were also
measured. Compared with the MI group, exercise capacity
and cardiac function were significantly improved following
AET, particularly following HIT. Left ventricular ejection
fraction and fraction shortening were further improved in the
MI-HIT group in comparison to that of the MI-CMT group.
The two forms of AET almost equally attenuated apoptosis of
the post-infarction myocardium. CMT and HIT also alleviated
oxidative stress by decreasing the concentration of malo-
ndialdehyde and increasing the concentration of superoxide
dismutase and glutathione peroxidase (GPx). In particular,
HIT induced a greater increase in the concentration of GPx
than that of CMT. AET, and HIT in particular, significantly
increased the levels of mRNA and the maximal activity of
phosphofructokinase-1 and carnitine palmitoyl transferase-1,
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as well as the maximal ratio of ATP synthesis. In addition,
compared with the MI group, the expression of signaling
proteins PI3K, Akt, p38mapk and AMPK was significantly
altered in the MI-CMT and MI-HIT groups. HIT was superior
to CMT in its ability to improve cardiac function and exercise
capability in a post-MI rat model. HIT was also superior to
CMT with regard to attenuating oxidative stress and improving
glucolipid metabolism of the post-MI myocardium.

Introduction

The benefits of aerobic exercise training (AET) for patients
with myocardial infarction (MI) are well-documented in the
literature (1-3). Continuous moderate training (CMT) and
high-intensity interval training (HIT) are the two forms of
AET, which have been most studied in previous research,
and a growing body of evidence has demonstrated that HIT
is superior to CMT in terms of enhancing exercise capa-
bility (4-6). Cardiac functional recovery is another focus in
the process of cardiac rehabilitation for patients with MI (7).
However, the effects of CMT and HIT on cardiac functional
recovery have not been well documented. Skeletal muscle and
cardiopulmonary adaption to aerobic training are the major
reasons for the improvement in exercise capacity in M1 patients
following cardiac rehabilitation, although other elements may
also contribute (8,9). Moreira et al (10) reported that skeletal
muscle adaption to exercise training was notably similar
between CMT and HIT. Based on the above, it was suggested
that a comparison of the benefits of CMT and HIT on cardiac
functional recovery may provide evidence for further explora-
tion of the precise mechanisms of metabolism underlying the
superior outcomes produced by HIT.

In addition, apoptosis and oxidative stress are involved
in the development of multiple cardiovascular diseases,
including M1, and mounting evidence has shown that allevia-
tion of oxidative injury and myocardial apoptosis may exert
cardioprotective effects and improve recovery of cardiac
function (11,12). Although previous reports have documented
that AET may attenuate cardiac apoptosis and oxidative
stress in the post-MI heart (13,14), the effects of distinct
exercise protocols on these factors have rarely been directly
compared.
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Altering energy metabolism by decreasing fatty acid
oxidation or increasing glucose oxidation may improve
cardiac recovery following an ischemic insult (15,16).
Abnormal glucose metabolism was also found to be asso-
ciated with reduced left ventricular contractile reserve and
exercise intolerance in patients with chronic heart failure (17).
It has been confirmed that AET is able to decrease the insulin
sensitivity and increase the glucose uptake of the skeletal
muscles of animals and humans (18-20). Furthermore, it was
reported that exercise training is able to effectively prevent
the depression in myocardial glucose metabolism observed
in the diabetic rat (20). Based on these results, it was hypoth-
esized that aerobic exercise may influence glucose and fatty
acid metabolism in the infarcted myocardium, and that this
may contribute to the recovery of cardiac function induced
by AET.

In the present study, the effects of two AET protocols
(HIT and CMT) on cardiac functional recovery and exercise
capability were compared. Furthermore, the impact of HIT
and CMT on potentially associated mechanisms, including
apoptosis, oxidative stress and glucolipid metabolism, were
investigated. The phosphatidylinositol-3-kinase/serine/threo-
nine kinase (PI3K/Akt), p38 mitogen-activated protein kinase
(p38mapk) and adenosine monophosphate activated protein
kinase (AMPK) signaling pathways are widely agreed to
be pivotal signal pathways, which have key regulatory roles
in cellular apoptosis (21), oxidative stress (22) and fatty acid
metabolism (23), respectively. Alterations in their expression
levels following various AET protocols were also evaluated in
the present study.

Materials and methods

Animal models. Female Sprague Dawley rats (n=40) aged
8-10 weeks were provided by the Animal Center of China
Academy of Military Medical Science (Beijing, China) and
were randomly divided into groups (10/group). The rats were
maintained at 20-24°C with 40-60% humidity under a 12/12 h
light/dark cycle, receiving standard chow and water ad libitum.
Studies commenced following one week of rat acclimatization.
MI was induced as previously described by Pfeffer et al (24).
The rats were fully anaesthetized by intraperitoneal injection
of 10 ml/kg 4% amobarbitalum (AstraZeneca, Shanghai,
China) and artificially ventilated. The heart was exposed by
a left thoracotomy between the fourth and fifth ribs. For the
animals in which MI was induced, a 6-0 mononylon suture
was passed under the main left descending coronary artery
at the point between 1 and 2 mm distal to the edge of the left
atrium, and the left coronary artery was ligated. Age-matched
rats in the sham group underwent the same procedure without
ligation of left descending coronary artery. Subsequently the
thorax was closed, the skin was sutured and the pneumothorax
was drained by a continuous aspiration system. The study was
conducted according to the Guide for the Care and Use for
Laboratory Animals (version 1; 1983; National Institutes of
Health, Beijing, China) and approved by the Ethics Committee
of Peking University People's Hospital (Beijing, China).

Aerobic exercise protocols. AET was performed on a
WI-78059 treadmill specifically designed for small animals
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(Yiyan Technology, Jinan, China). Animals were adapted to
treadmill exercise for two weeks, gradually increasing from
10 to 30 min/day. An eight-week exercise protocol began,
following this adaptation period. The rats in the exercise
groups were subjected to either CMT or HIT five days per
week. CMT was performed at a constant running speed
corresponding to 50-60% of maximal oxygen uptake
(VO,max) throughout the training session (50 min/day). HIT
included training sessions which comprised 4 min running
at 85-90% VO,max followed by 3 min running at 50-60%
VO,max, repeated seven times (49 min training in total).
Prior to and following the exercise period, there was a 5 min
warm-up and cool-down at 40% VO,max. Rats in the sham
and MI groups were not subjected to any additional exercise.
Running intensity for each protocol was based on a previous
report outlining the association between running speed and
VO,max in an identical rat model of MI (25,26).

Echocardiography. Echocardiographic evaluation was
performed prior to and following the exercise training, using
the Vevo770 ultrasound system (Visualsonics Inc., Toronto,
ON, Canada). Animals were anesthetized by intraperito-
neal injection of 4% amobarbitalum (10 ml/kg) and placed
in a supine position on the examination table. The probe
frequency was set at 17.5 MHz, sampling frequency was in
M-mode at 1000/s and the scanning speed was 50-100 mm/s.
The probes were placed on the precordium and the detec-
tion was conducted from the section of the ventricular
bands. The left ventricular end-diastolic diameters (LVEDD)
and left ventricular end-systolic diameters (LVESD) were
measured and the left ventricular end-diastolic volume
(LVEDV), left ventricular end-systolic volume (LVESV),
left ventricular ejection fraction (LVEF) and left ventric-
ular fraction shortening (LVFS) were calculated based
on these measurements, using the following formulae:
LVEDV=(7.0xLVEDD?)/(2.4+LVEDD);
LVESV=(7.0xLVESD?)/(2.4+LVESD);
LVEF=(LVEDV-LVESV)/LVEDVx100%;
LVFS=(LVEDD-LVESD)/LVEDDx100%.

Exercise capability and aerobic capacity measurement.
Exercise capability was measured prior to and following
the exercise training. The method was similar to that previ-
ously described by Moreira et al (10). Briefly, the rats ran
on a graded treadmill at 15° inclination at an initial speed
of 6 m/min. The speed was subsequently increased by
3 m/min every 3 min until the rats were unable to run. The
total distance run by each rat was considered to indicate the
exercise capability.

Tissue preparation. Rats were sacrificed by decapitation
once the eight-week exercise protocol ended, and the hearts
were harvested as quickly as possible. The atriums and right
ventricles were trimmed off and the left ventricles were
stored in liquid nitrogen (Chaoyang Gas Plant, Beijing,
China) for future evaluation. For measurement of the activity
of carnitine palmitoyl transferase-1 (CPT-1) and the rate of
adenosine triphosphate (ATP) synthesis, fresh heart tissues
were used and the experiments were completed within 4 h of
the harvest of the heart.
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Table I. Primer sequences for CPT-1, PFK-1 and GAPDH.

Gene name Primer sequence

CPT-1F 5'-AAGAACACGAGCCAACAAGC-3'
CPT-1R 5'-TACCATACCCAGTGCCATCA-3'
PFK-1F 5'-GATGCCCAAGGTATGAATGC-3'
PFK-1 R 5'-CTCCCTGATGTGCTCTCCAC-3'
GAPDH F 5'-CCCTTCATTGACCTCAACTACATG-3'
GAPDH R 5-CTTCTCCATGGTGGTGAAGAC-3'

CPT-1, carnitine palmitoyltransferase-1; PKF-1, phosphofructoki-
nase 1; F, forward; R, reverse.

Measurement of biomarkers of oxidative stress. The concen-
trations of malondialdehyde (MDA), glutathione peroxidase
(GPx) and superoxide dismutase (SOD) in the heart homog-
enate were determined by ELISA assay. The experiment was
performed using a commercially available kit (ELISA kit for
the Measurement of Oxidative Stress in Rat) according to
the manufacturer's instructions (Jiancheng Bioengineering
Institute, Nanjing, China). Briefly, heart tissues were collected
and lysed with cell lysis buffer (in ELISA kit). Then cell
lysates were centrifuged at 1600 x g for 10 min at 4°C and the
supernatants were collected for the detection of MDA, GPx
and SOD. Following incubation with the reagents included in
the respective kits, the absorbance values at 450 nm, 412 nm
and 532 nm were measured using a spectrophotometer (721D;
Pudong Shanghai Physical Optical Instrument Factory,
Shanghai, China).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). The messenger (m)RNA levels of CPT-1 and
phosphofructokinase (PKF-1) were evaluated by RT-qPCR.
Cardiac tissues were homogenized in TRIzol agent (Invitrogen
Life Technologies, Carlsbad, CA, USA) and total RNA was
extracted and reverse-transcribed into cDNA using the
PrimeScript RT reagent kit (Takara Biotechnology, Co., Ltd.,
Dalian, China) with an Oligo dT primer. All samples were run
in triplicate in a total reaction volume of 25 ul, which was
comprised of 12.5 ul SYBR Premix Ex Tagll, 2 ul primer,
2 ul templates (1 ug cDNA) and 8.5 pul nuclease-free water.
RT-qPCR was performed using the SYBR Premix Ex Tagll
(Takara Biotechnology, Co., Ltd.) and two-step Real Time PCR
system (Thermal Cycle Dice; Takara Bio, Inc., Otsu, Japan)
in triplicate wells. The cycling parameters were as follows:
Activation at 95°C for 30 sec, 40 cycles of denaturation at 95°C
for 5 sec, and then annealing and extension at 60°C for 30 sec.
The rat GAPDH gene was used as a reference. The primers
used in the present study are presented in Table I. The normal-
ized fold-changes of the target gene mRNA expression were
expressed as 2744,

Measurement of CPT-1 and PFK-1 activity. At the time of
sacrifice, mitochondria were isolated from the myocardium
by differential centrifugation. Briefly, 200 mg fresh ventricle
tissue was homogenized with ice-cold lysis buffer and the
homogenate was centrifuged at 800 x g for 5 min at 4°C. The
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supernate was collected and added to another tube containing
medium buffer and then centrifuged at 15,000 x g for 10 min
at 4°C. The sediment was kept, resuspended in wash buffer and
centrifuged at 15,000 x g for 10 min at 4°C. The supernate was
removed and finally the mitochondria of the ventricle tissue
were obtained. The kit used in this protocol was provided by
Beyotime Institute of Biotechnology (Haimen, China).

The CPT-1 activity of the myocardium was measured as
previously reported (27). Briefly, assays were performed in
1 ml reaction medium containing 220 mM sucrose, 40 mM
KCI, 10 mM Tris and 1 mM ethylene glycol tetraacetic
acid (EGTA), as well as mitochondrial inhibitors rotenone
(1 pg/ml), antimycin A (0.5 pg/ml) and oligomycin (1 pg/ml)
at pH 7.0, at 30°C. Reactions were initiated by the addition of
0.60 mg mitochondrial protein and were stopped with 2 ml
butanol-saturated 0.73 M HCI 10 min later. The product was
extracted into butanol (I ml) and following centrifugation
(10,000 x g; 10 min; 4°C and washing with 2 ml butanol-satu-
rated 0.5 M sodium phosphate (pH 7.0), 0.5 ml of the butanol
layer was used for final determination. The reaction product
was measured every 5 min until the palmitoyl-CoA concentra-
tion was low (10-20 xM), at which point the reaction product
was measured every 2 min. All the chemicals used in this
protocol were provided by Sigma-Aldrich Shanghai Trading
Co. Ltd (Shanghai, China).

The PFK-1 activity of the myocardium was also measured.
In brief, assays were conducted in reaction medium containing
50 mol/l Hepes buffer, 10 mol/l HCI, 6.5 mol/l MgCl,, 1 mol/l
NH,CI, 5 mol/l KH,PO,, 0.1 mol/l adenosine monophosphate,
0.3 mol/l NADH, 0.5 U/ml aldolase, 0.5 U/ml glutamate dehy-
drogenase, 5 U/ml, 0.1 mol/l fructose 6-phosphate, 0.3 mol/l
glucose 6-phosphate and 1.5-mol/l ATP (pH 7.0). The activity
of PFK-1 was assayed by monitoring the oxidation of NADH
at 340 nm using a spectrophotometer (721D; Pudong Shanghai
Physical Optical Instrument Factory) consecutively when trios-
ephosphate isomerase and glycerophosphate were added into
the reaction medium. All the chemicals used in this protocol
were provided by Sigma-Aldrich Shanghai Trading Co. Ltd.

Measurement of the rate of ATP synthesis. The rate of ATP
synthesis was modulated by glucose 6-phosphate accumula-
tion using an adenosine diphosphate (ADP)-regenerating
system based on hexokinase plus glucose and ATP which was
described previously (28). The reaction medium (120 mM
KCI, 5 mM KH,PO,, I mM EGTA, 2 mM MgCl,, 3 mM
Hepes; pH 7.4) was supplemented with 5 mM succinate, 5 yM
rotenone, 20 mM glucose and 125 uM ATP to initiate the reac-
tion. Glucose 6-phosphate formation was monitored at 37°C
from NADPH content by spectrophotometry at 340 nm (721D;
Pudong Shanghai Physical Optical Instrument Factory).
All the chemicals used in this protocol were provided by
Sigma-Aldrich Shanghai Trading Co. Ltd.

Western blot. Total protein was exacted from left ventricle
myocardium lysates following centrifugation at 14,000 x g for
10 min at 4°C. Proteins were separated by 12% SDS-PAGE and
transferred onto a nitrocellulose membrane (Beyotime Institute
of Biotechnology). The membrane was then blocked with 5%
non-fat dry milk and incubated in solution containing primary
antibodies overnight. The following primary antibodies were
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Table II. Echocardiographic parameters of rats pre- and post-aerobic exercise training.
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MI+HIT (n=10)

10)

MI (n=10) MI+CMT (n

Sham (n=10)

Post Change

Pre Post Change Pre Post Change Pre Post Change Pre

Parameter

20.420.52%0¢

91.9+121 902+2.04 -1.7+0.75 423+0.99° 452+1.01° 2.9+045 43.8+0.62° 542+1.07** 104+039*° 423+1.08° 62.7+1.23¢
40.3+2.07 -1.1+0.78 1.3+0.72°

41.4+1.33

LVEF (%)
FS (%)

10.3+0.55%¢

29.1£1.53*  57+0.70*°  24.1x1.12* 34.4x].32%°¢

23.4+1.57*

24 8+2.11*

23.5+0.84*

LVEF, left ventricular ejection fraction; FS, fractional shortening; MI, myocardial infarction; CMT, continuous moderate training; HIT, high-intensity interval training. Values are expressed as the

mean = standard deviation. “P<0.05 vs. the sham group; *P<0.05 vs. the MI group; “P<0.05 vs. the MI+CMT group.
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800

600
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Figure 1. Effects of CMT and HIT on the exercise capacity of post-MI
rats. Exercise capacity was measured by distance (m) that rats ran on a
gradually accelerating treadmill until exhaustion. Data are expressed as
the mean = standard deviation. "P<0.05 vs. the sham group; “P<0.05 vs.
the MI group; *P<0.05 vs. the MI+CMT group. Sham, sham group; MI,
rats rested following MI; MI+CMT, rats subjected to continuous moderate
intensity training post-MI; MI+HIT, rats subjected to high-intensity interval
training post-MI. MI, myocardial infarction; CMT, continuous moderate
training; HIT, high-intensity interval training.

used in the present study: Anti-bax antibody (rabbit/rat;
polyclonal; 1:1,000; #2772; Cell Signaling Technology, Inc.,
Danvers, MA, USA), anti-bcl-2 antibody (rabbit/rat; polyclonal
1gG; 1:100; sc-492; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), anti-PI3K antibody (rabbit/rat; polyclonal IgG; 1:100;
sc-67306; Santa Cruz Biotechnology, Inc.), anti-phosphor-
ylated-AKT*™7 antibody (rabbit/rat; polyclonal IgG; 1:100;
sc-33437; Santa Cruz Biotechnology, Inc.), anti-p38mapk
antibody (rabbit/rat; polyclonal; 1:1,000; sc-728; Santa Cruz
Biotechnology, Inc.), anti-phosphorylated-AMPK™"72 anti-
body (rabbit/rat; monoclonal; 1:1,000; #5759; Cell Signaling
Technology, Inc.) and anti-f3-actin antibody (rabbit/rat; poly-
clonal; 1:1,000; sc-130657; Santa Cruz Biotechnology, Inc.).
The membrane was subsequently incubated with the corre-
sponding secondary antibody (goat/rabbit; polyclonal; 1:1,000;
A0208; Beyotime Institute of Biotechnology) for 30 min the
next day. Blots were imaged using the Bio-Rad gel imaging
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and
the densities of bands were quantified using Quantity One
software, version 4.5 (Bio-Rad Laboratories, Inc.).

Statistical analysis. All results are presented as the
mean + standard deviation. Differences among grouped data
were analyzed using a one-way analysis of variance followed
by Dunnett's post-hoc test or the Mann-Whitney Rank sum test.
P<0.05 was considered to indicate a statistically significant
difference. All data was analyzed with SPSS 19.0 software
(IBM SPSS, Armonk, NY, USA).

Results

HIT is superior to CMT with regard to enhancing exercise
capability. As indicated in Fig. 1, the baseline exercise capa-
bility of the rats in the MI-treated groups (MI, MI+CMT and
MI+HIT) was significantly inferior to that of the sham group
(P<0.05) and no significant differences were observed among
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Figure 2. Effects of CMT and HIT on the expression of anti-apoptotic and pro-apoptotic proteins in the post-MI myocardium. (A) Representative western blot
analysis results. Effects of CMT and HIT on protein expression of (B) bax, (C) bcl-2, (D) caspase-3 and (E) cleaved caspase-3. Protein expression levels were
measured by western blotting. The data were normalized to the sham group and expressed as the mean + standard deviation of three independent experiments
per group. "P<0.05 vs. the sham group; “P<0.05 vs. the MI group. MI, myocardial infarction; CMT, continuous moderate training; HIT, high-intensity interval

training; bcl-2, B cell lymphoma-2; bax, bcl-2-associated protein X.

the various MI-treated groups. Following the training period,
CMT markedly enhanced the exercise capability of rats
compared with that of the MI group, in which rats remained
sedentary for the majority of the time. However, HIT was able
to improve exercise capability to a greater extent and rats ran
~100 m more than those in the CMT group (856.5+£82.6 vs.
778.12+78.1; P<0.05).

HIT improves post-MI cardiac function more than CMT.
LVEF and FS in the MI-treated groups were significantly
decreased compared with those of the sham group, and no
significant differences were observed among the various
Ml-treated groups prior to exercise training (Table IT). When
exercise training ended, LVEF and FS in the two exercise
training groups were significantly increased compared with
those of the MI group. In particular, LVEF and FS were better
restored in the HIT group than the CMT group (change of
LVEF: 20.4+0.52% vs. 10.4+0.39%, P<0.05; change of FS:
5.74£0.70% vs. 10.3+£0.55%, P<0.05).

CMT and HIT attenuate apoptosis of the infarcted myocar-
dium. As shown in Fig. 2, expression levels of pro-apoptotic
proteins B cell lymphoma 2 (bcl-2)-associated protein X (bax)
and caspase-3 were markedly decreased by CMT and HIT,
compared with those in the MI group. Expression levels of
bel-2, the classic anti-apoptotic marker, exhibited a significant
reduction in the MI group compared with those of the sham

group (P<0.05); and a significant increase in the CMT and
HIT groups compared with those of the MI group (P<0.05).
Notably, the expression levels of bax, bcl-2 and caspase-3
were altered approximately equally in the two exercise groups
and no significant differences were detected between the two
groups.

CMT and HIT ameliorate oxidative stress of the infracted
myocardium. As shown in Fig. 3A, the two forms of AET used
in the present study markedly decreased the expression of
MDA (umol/mg protein) compared with that of the MI group
(CMT: 3.41£0.13 vs. 6.53+0.21, P<0.05; HIT: 3.03+0.17 vs.
6.53+0.21, P<0.05). Although CMT and HIT significantly
increased the concentration of SOD (U/mg protein), the net
effect was minor (CMT: 77.1+14.9 vs. 70.2+15.1, P<0.05;
HIT: 79.0+13.2 vs. 70.2+15.1, P<0.05; Fig. 3B). By contrast,
the increase in GPx (U/mg protein) concentration induced by
AET was more marked, accounting for 31.3 and 40.9% greater
increases than that of the MI group (P<0.05; Fig. 3C). Notably,
HIT was significantly superior to CMT in elevating the
concentration of GPx; although this effect was not observed in
the expression of MDA or SOD.

CMT and HIT influence CPT-1, PFK-1 and ATP synthesis of
the infarcted myocardium. MI induced a significant down-
regulation in the mRNA expression and maximal activity of
CPT-1 (Fig. 4A and B). AET exerted a small but significant
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Figure 3. Effects of CMT and HIT on indicators of oxidative stress in the post-MI myocardium. Effect of CMT and HIT on the concentration of (A) MDA
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Figure 4. Effects of CMT and HIT on CPT-1, PFK-1 and ATP synthesis in the post-MI myocardium. (A) Effects of CMT and HIT on mRNA expression levels
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effect on CPT-1 expression, and mRNA expression and  were observed between the two exercise groups. By contrast,
maximal activity were enhanced. No significant differences the effects of aerobic exercise on mRNA expression and
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Figure 5. Effects of CMT and HIT on the expression of associated key signaling pathway proteins in the post-MI myocardium. (A) Representative western blot
analysis results. Effects of CMT and HIT on protein expression of (B) PI3K, (C) p-AKT, (D) p38mapk and (E) p-AMPK. Protein expression levels were deter-
mined by western blotting. The data were normalized to the sham group and were expressed as the mean + standard deviation of three independent experiments
per group. P<0.05 vs. the sham group; “P<0.05 vs. the MI group. MI, myocardial infarction; CMT, continuous moderate training; HIT, high-intensity interval
training; PI3K, phosphatidylinositol-3-kinase; p-, phosphorylated; mapk, mitogen-activated protein kinase; AMPK, adenosine monophosphate activated

protein kinase.

maximal activity of PFK-1 were markedly greater, and the
effects of HIT on PFK-1 maximal activity were greater than
those of CMT (Fig. 4C and D). HIT induced a greater increase
in the maximal activity of PFK-1 than CMT (3.25+0.03 vs.
2.24+0.02, P<0.05). In addition, aerobic training, and particu-
larly HIT (P<0.05), significantly increased the maximal rate of
ATP synthesis compared with that of the MI group (0.62+0.04
and 0.80+0.03 vs. 0.23+0.03; P<0.05; Fig. 4E).

CMT and HIT influence the expression of associated signaling
pathway proteins. As shown in Fig. 5A-C, the levels of PI3K
and p-AKT were significantly enhanced in the MI group,
compared with those of the sham group; but CMT and HIT
effectively attenuated this effect (P<0.05). The two forms of
aerobic training also abated expression of p38mapk protein
compared with that of the MI group (P<0.05; P<0.05; Fig. SA
and D). In addition, as indicated in Fig. 5A and E, AET, and
HIT in particular, effectively enhanced the expression of
p-AMPK, which was attenuated in the MI group (P<0.05;
P<0.05).

Discussion

The modifications exerted by distinct forms of AET on
post-MI cardiac functional recovery has previously been
rarely reported. In the present study, the effects of two forms of
AET, CMT and HIT, on exercise capability and the recovery

of cardiac function in a post-MI rat model were compared. In
addition, the effects of AET on associated pathophysiological
processes and signaling pathways that may contribute to the
recovery of cardiac function, including apoptosis, oxidative
stress and glucolipid metabolism, were investigated. The
results indicated that HIT was superior to CMT with regard to
enhancing exercise capability and cardiac functional recovery
in post-MI rats. In addition, the results demonstrated that HIT
was superior to CMT in terms of alleviating oxidative stress,
ameliorating glycolipid metabolism and enhancing ATP
production. However, with regard to attenuating apoptosis, no
significant differences were observed.

Increasing evidence has demonstrated that CMT may
significantly attenuate apoptosis in the rat heart, as indicated
by changes in the levels of the apoptosis index, cleaved
caspase-3 levels and caspase-3 activity (13,15,29). The results
of the present study regarding the effect of CMT on apoptosis
in the post-MI heart did not contradict these results. However,
the effect of HIT on apoptosis of the post-MI myocardium had
previously remained to be elucidated. By controlling the total
exercise time and distance between the CMT and HIT group,
the results of the present study revealed that HIT exerted a
similar level of influence on the levels of pro-apoptotic and
anti-apoptotic proteins as CMT.

A growing body of evidence has demonstrated that aerobic
exercise may alleviate oxidative stress in a post-MI rat model.
One previous study demonstrated that only high-intensity
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exercise and moderate-intensity exercise of long duration were
able to effectively upregulate SOD activity in the ventricular
myocardium, while short durations of moderate-intensity
exercise failed to achieve this effect (30). Another study inves-
tigating HIT indicated that oxidative stress marker superoxide
anion and MDA levels were decreased by AET (31). However,
notably, there was significant diversity amongst the training
protocols utilized in previous reports and the adaptation
of oxidative stress to AET depended upon the type, dura-
tion and intensity of exercise (30-34). As such, according to
these previous reports, direct comparisons of distinct forms
of exercise training on oxidative stress are difficult and to
the best of our knowledge has not been done before. In the
present study, particular attention was paid to controlling the
total training time and distance between the various exercise
groups during the training protocol, which was designed to
ameliorate potential interference factors to the greatest extent.
The results indicated that CMT and HIT were able to attenuate
oxidative stress in the post-MI heart, which was consistent
with other reports (31). Additionally, it was demonstrated that
HIT exerted an equal influence on the levels of MDA and
SOD, while it induced a greater change in the levels of GPx, in
comparison to that of CMT.

The effects of AET on glucose metabolism of the
myocardium following ischemic insult have rarely been
reported previously and the results have been contradictory.
Broderick et al (35) indicated that exercise training was able
to restore decreased myocardial glycolysis in diabetes rats and
enhance myocardial glycolysis during ischemia. However, in
another study, glycolysis was found to be 25-30% lower prior
to and following ischemia in the heart of exercise-trained rats
than that of the control in a rat model of I/R (36). An accom-
panying improvement in cardiac function was also observed
in these two studies. In the present study, glycolysis of cardio-
myocytes in the post-MI rat model was significantly enhanced
following AET. The models used in these studies possessed
varying basic metabolic hypotypes, which may account for the
discrepancies observed. The potential mechanisms underlying
this effect remain elusive; however, it was hypothesized that
this may be associated with the concentration of glucose trans-
porter-4 which may determine the rate of glucose metabolism
to a large extent (37) and is potentially increased following
AET (38). As to the effect of AET on myocardial fatty acid
oxidation, the results of the present study indicated that aerobic
exercise significantly increased the mRNA expression and
activity of CPT-1, and the expression of p-AMPK. CPT-1 is the
rate-limiting enzyme for fatty acid 3-oxidation and is regulated
by the AMPK/ACC signaling pathway (39). Burelle et al (36)
reported that exercise training increased myocardial palmitate
oxidation by 50-65%, compared with that of the sedentary rats
prior to and following ischemia. Conversely, another study in
a normal heart model found that fatty acid oxidation was not
influenced by exercise (40). The results of the present study
were consistent with those of Burelle ef al (36), and indicated
that exercise may exert a differential effect on fatty acid oxida-
tion in the normal and ischemic myocardium. Additionally,
the results of the present study revealed that glycolysis was
enhanced to a greater extent than fatty acid oxidation, which
would increase the proportion of glucose metabolism in total
ATP production and alleviate the damage that induced by
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excessive fatty acid oxidation following ischemic insult in
cardiomyocytes.

Improvements in exercise capability following regular and
effective exercise training should mainly be attributed to the
overall functional enhancement of the motor and cardiopul-
monary systems. Moreira et al (10) utilized a similar exercise
protocol to that used in the present study and found that skeletal
muscle adaptation to HIT and CMT was analogous. Therefore,
the results of the present study may in part explain the fact that
HIT frequently results in a more favorable increase in exercise
capability than CMT for MI patients. In addition, improve-
ments of additional systems and elements may also contribute
to the improvement in exercise capacity.

Although HIT has been utilized in the field of medical
rehabilitation for decades, the standardized exercise protocol
for optimal clinic outcome has remained under debate. The
diversity of regimens applied in previous studies also makes
it difficult to perform a crosswise comparative analysis among
them. Therefore, a series of experiments with standardized
protocols performed under strict control are required for the
effective determination of the most favorable exercise regi-
mens.

In conclusion, the present study demonstrated that HIT was
superior to CMT in improving cardiac function and exercise
capability in a post-MI rat model. Furthermore, HIT exerted
more favorable effects with regard to alleviating oxidative
stress, ameliorating glucolipid metabolism and enhancing
ATP production, than those of CMT. However, HIT and CMT
were almost equal in their ability to attenuate apoptosis. The
current study provided underlying evidence that HIT is more
preferable and effective for cardiac rehabilitation as a novel
form of aerobic exercise training.
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