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High intensity interval training improves diabetic cardiomyopathy
via miR-1 dependent suppression of cardiomyocyte apoptosis
in diabetic rats
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Abstract

Purpose Diabetes and its complications such as diabetic cardiomyopathy still account for significant morbidity and mortality.
High-quality evidence was shown the importance of exercise in controlling diabetes complications, but the molecular mechanism
on diabetic cardiomyopathy is not yet fully understood. This study aimed to compare and investigate the effect of high intensity
interval training (HIIT) and continuous endurance training (CET) on the signaling pathway of diabetic cardiomyopathy.
Methods Hence, 21 Wistar rats with an average weight of 260+ 10 g, after induction of diabetes (STZ 50 mg/kg BW) were
randomly divided into three groups (control, CET and HIIT; n = 7). Training programs were conducted 5 days a week for 5 weeks.
CET program was defined as running at 60% vVO,max for 30 min in each session and the HIIT program was defined as running
at 85-90% vVO,max for 3 min followed by 1 min recovery (30-35% vVO,max), that was repeated four times in each session.
The cardiac performance was analyzed via determination of end systolic and diastolic dimensions and the ejection fraction by
echocardiography. To elucidate the responsible molecular mechanism of miR-1, IGF-1 and IGF-1R mRNA and apoptosis marker
protein expression were investigated.

Results Both training programs specifically HIIT, significantly reduced the blood glucose, enhanced heart performance, reduced
miR-1 expression, induced IGF-1 and IGF-1R expression and reduced apoptotic protein expression.

Conclusion We showed that HIIT is more effective than CET for reduction of diabetic cardiomyopathy as a complication of
diabetes in animal models through suppressing miR-1 and its downstream apoptosis pathway.
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Introduction

Diabetes mellitus as the most common metabolic disorders in
the world contributes to damage of different organs [1, 2]. Life
expectancy in diabetic patients estimated 7—10 years less than
the general population [2, 3]. Sedentary lifestyle, high-caloric
diet and obesity increase the risk of diabetes in the worldwide
[4]. Cardiovascular and cardiomyopathy diseases have report-
ed as the highest risks for heart diseases in diabetic population
[1]. The American Heart Association explains that the major
risk factors for mortality of diabetic patients occur with no
symptoms of high blood pressure, heart failure, coronary ar-
tery disease, heart valve disease, or inborn heart defects [4]
including diabetic-induced cardiomyopathy, which directly
effects on the function and structure of myocardial.
Although the molecular mechanisms of diabetic
cardiomyopathy-induced left ventricular dysfunction is not
yet fully understood, apoptotic death of heart cells is possibly
responsible for it as a key trigger of pathogenesis [5, 6].
Glucotoxicity in hyperglycemia accounts as one of the most
important cardiomyocyte apoptosis inducer in diabetic pa-
tients [7, 8]. Glucose cytotoxic reactions lead to oxidative
stress, imbalanced calcium homeostasis, mitochondrial
changes and reactive oxygen spices production lead to apo-
ptosis activation. [9]. Although, non-coding RNAs, regulate
various processes, including differentiation, proliferation and
apoptosis [10, 11], the role of miRNAs in development of
apoptosis and diabetes complications is unclear completely
[10]. Among miRNAs, miRNA-1 (miR-1) is specifically
expressed in skeletal and cardiac muscle cells [12, 13].
Evidences show that there is a different pattern of miR-1 gene
expression between healthy subjects and diabetic population,
which leads to make some structural and functional changes in
the heart of the diabetic patients [14]. miR-1-induced suppres-
sion of anti-apoptotic capacity of insulin like growth factor
1(IGF-1) and Hsp60 shows the important role of this miR in
diabetic cardiomyopathy [14—16]. It was shown that inhibition
of IGF-1 induces the activation of cardiomycyte apoptosis
through the induction of miR-1 and leads to cardiomyopathy
in diabetic patients [14, 17]. On the other hand, regular phys-
ical activity not only is one of the leading factors of life style to
reduce the harmful effects of pathological conditions such as
diabetes [18], but also is an important option to reduce the
financial burden of health system as a preventive strategy
[19]. Nevertheless the effects of exercise intervention on
miR-1 and its downstream pathways in diabetic animal and
human are not fully understood. Volume and intensity of the
exercise as the bases of the exercise training protocol account
as an important factor to control the risk of diseases such as
diabetes and its complications. Although 30 min low or
mediate-intensity acrobic exercise was recommended to apply
in diabetic patients [20], high intensity interval training (HIIT)
reported to be more effective on the heart renewal, control of
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blood glucose, and many other clinical diabetes-induced com-
plications [21-23]. Given the effective role of HIIT in hypo-
glycemia control, the present study was undertaken to answer
whether the performance of HIIT in comparison with the tra-
ditional continuous endurance training (CET) could effective-
ly influence the myocardial apoptosis signaling pathway at the
molecular level and be beneficial for diabetic cardiomyopathy
treatment in streptozotocin (STZ)-induced diabetic rats.

Material and methods
Chemicals and drugs

To induce diabetes in rat, STZ (Sigma-Alderich) was used.
Glucose detection kit (Pars Azmon Iran), miRNeasy Mini
Kit, miScript I RT Kit, miScript SYBR Green PCR Kit,
miR-1 miScript Primer Assay and SNORD-61 miScript
Primer Assay (Qiagen), Dnase Treatment (Fermentas),
Transcriptor first strand cDNA synthesis kit (Roche), PCR
Master Mix (2X) (ampliqon), GAPDH, IGF-1Primer and
IGF-1RPrimer (Nika Zist Gene), Beta actin antibody (abcam),
and Caspase-3 antibody (Cell Signaling) were used to lab
assay.

Animals

Male Wistar rats (n =25) with an initial body weight (260 £
10 g) were purchased from the Pasteur Institute of Iran.
Animals were housed individually in cages in a room that
was controlled for temperature (22 °C), humidity and light
(12 h light: dark cycle). All rats had free access to laboratory
chow and tap water ad libitum. All animal treatments were
considered humanly and in compliance with the recommen-
dation of the animal care committee of Tehran University of
Medical Sciences and the principles of laboratory animal care
(Code: EC 00312).

Induction of diabetes

In order to induce diabetes, STZ (55 mg/kg IP; Sigma-
Aldrich, St. Louis, MO) in a 2% solution of cold 0.1 M citrate
buffer (pH 4.5) was injected to all rats. To verify diabetes,
3 days after STZ treatment, blood sugar levels were deter-
mined by glucometer. Blood sugar more than 300 mg/dl
(16.5 mm/L) was used as a criterion to diagnose diabetes.
Rat body mass and tail vein glucose weekly (every saturday)
was determined by glucometer but at the end of fifth week
following 4 h fasting blood glucose determined in serum by
glucose oxidase in blood obtained by heart puncture.
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Training protocol

After 1 week, diabetic rats were randomly divided in 3
groups including control (n=7), CET (n=7) and HIT
(n="7). During this week, rats were adopted to the tread-
mill. Then, vVO,max was measured by ramp test protocol
at the end of the week as previously described in detail
[23]. Training protocols were performed at 15% inclina-
tion, 5 days a week for 5 weeks. Then on the sixth day of
every week the velocity at maximal oxygen uptake
(vVO,max) was determined to monitor the ability of dia-
betic rats to perform exercise protocols. HIIT program
was including 5 min warming-up running on treadmill at
30-40% of vVO,max, 15 min running at 85-90% of
vVO;max and 5 min cooling down by running at 30—
40% of vVO,max. HIIT protocol contained 4 intervals
3 min running session at 85-90% of vVO,max followed
by 1 min running at 30-40% of vVO,max between each
session. The CET protocol was including 5 min running at
30—40% of vVO,max to warm up, followed by 30 min
constant running at 60-65% of vVO,max and terminated
by 5 min cooling down by running at 30-40% of
vVO,max. The protocols were briefly explained in
Table 1. The control group was put on the switched-off
treadmill during the all five weeks like the experimental
groups and did not perform any exercise training protocol.

Echocardiography and left ventricular extraction

After 24 h of the last training session and after an overnight
fasting, the rats were anesthetized by intra peritoneal injection
of ketamine (90 mg per kg of body weight) and xylazine
(10 mg per kg of body weight). The two-dimensional M mode
echocardiography was performed In the short axis (the papil-
lary), left ventricular end-diastolic dimension, left ventricular
end-systolic dimensions and ejection fractions were mea-
sured. The main echocardiographic measurements were per-
formed at least in three separate cardiac cycles. Then, the left
ventricular tissue was immediately frozen in liquid nitrogen
after being washed in saline and stored for later analysis.
Blood samples also were collected directly from the heart of
rats and the serum was isolated by centrifugation at 10 °C in
3000 g for 4 min for glucose analysis.

mRNA expression by real-time PCR

Left ventricular tissue (50-60 mg) was homogenized in trizol.
Then, the total RNA was extracted and its quality and quanti-
ties were confirmed. Total RNA was reverse transcribed using
the MMulv reverse transcriptase and random Hexamer primer
(miScript II RT Kit, Qiagen). Gene expression level was quan-
tified using specific primers for miR-1, IGF-1 and IGF-1R
with SYBR Green PCR Master Mix (miScript SYBR Green
PCR Kit, Qiagen). The levels of target gene transcript were
normalized relative to GAPDH and SNORD-61. The ampli-
fication protocol for 40 cycles was including 10s at 95 °C for
initial activation, 5 s at 95 °C for denaturation, and 20s at
60 °C for annealing/extension.

Western blot analysis

Cell lysate was prepared by homogenization of 70—-100 mg of
left ventricular tissue in modified RIPA buffer (50 mm Tris—
HCI, pH 7.4, 1% Triton X-100, and 0.2% sodium
deoxycholate, 0.2% SDS, 1 mm Na-EDTA, and 1 mm
PMSF) supplemented with protease inhibitor cocktail and
PMSF (Roche). After determining protein concentrations,
equal amounts of protein was subjected to SDS-PAGE,
followed by transfer onto PVDF membrane. Blocking was
carried out through 2 h incubation at room temperature with
5% nonfat dry milk or BSA for unbinding proteins sits in TBS
with 0.5% Tween 20. Blots were incubated overnight with
primary antibodies against caspase 3 and cleaved caspase 3,
(Cell Signaling Technology, Beverly, MA, USA) and [3-actin
(Abcam, Cambridge, MA, USA) at 4 °C. The bands were
visualized using an enhanced chemiluminescent (ECL) sub-
strate after incubating with second HRP-conjugated antibod-
ies. The band density was normalized by Image J software.

Statistical analysis

Distribution parameters such as mean and standard deviation
were used as descriptive analysis. Kolmogorov-Smirnov (KS)
was used to examine the normality of the data and Leven test
was also used to determine homogeneity of variances. The
one-way analysis of variance (ANOVA) and LSD tests were
used to assess the difference between the groups. The

Table 1  HIIT training protocol

Practice procedures Warming up Exercise protocol Cooling down
Recovery Exercise

Practice time (min) 5 min 3 min 1 min 5 min

Intensity of practice (% of vVO,max) 30-40% 85-90% 30-35% 30-40%
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significance level for all statistical tests was at 0.05 level.
Analysis and statistical analyzes were conducted using SPSS
19.

Results
General characteristics of animals

The general specification of the animals used in this study is
shown in Table 2. Both CET and HIIT groups had higher
weight than their control group. Although the differences be-
tween CET and HIIT were significant (p < 0.05), no signifi-
cant differences between CET and the control group were
observed. Both training protocols significantly reduced blood
glucose levels when compared with the control group, 12.9%
and 10.2% respectively (p <0.05). Surprisingly the glucose
level reduction was significantly higher in the HIIT group in
comparison with the CET (p <0.05).

In vivo left ventricular function

The M-mode echocardiograms data (Table 3) showed that the
mean left ventricular end-diastolic diameter in the control
group was significantly bigger than CET and HIIT animals
(7.6 £0. 46 versus 6.31 0.5 and 5.89 + 0.44 mm, respective-
ly p<0.05). Importantly, the mean left ventricular end-
systolic diameter in CET and HIIT trained diabetic animals
were significantly smaller than control diabetic animals (3.07
+0.15 and 2.93+0.15 versus 4.43+1.17, P<0.05).
Furthermore, there was a significant difference in ejection
fraction (66.73 +0.95 versus 75.68 £3.76 and 80.33 +£2.62
p <0.05) between control and exercise trained animals.
Given these, we showed the beneficial effects of both exercise
training protocols (CET and HIIT) on the heart of diabetic rats.
In addition, our findings indicated that there was a significant
difference in all determined electrocardiography parameters
(LVEDD, LVESD and Ejection fraction p <0.05) between
CET and HIIT group. Taken together, HIIT protocol may en-
hance heart efficiency more than traditional CET protocol.

Table 2  General Characteristics of Animals at the end of the fifth week

Variable Control CET HIT
Weight (g) 238.17 £ 17.9  250.1 £ 13.1 276.4+16.5 *#
Glucose (mg/dl)  577.6 + 11.5 5184 £ 13.4*  502.8+10.2 *#

The data presented as mean + SD *: significant differences between con-
trol and exercise training groups, #: significant differences between CET
and HIIT. CET Continuous Endurance Training, HI/IT High Intensity
Interval Training
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Table 3 Ecocardiographic data

Variable Control CET HIT

LVEDD (mm) 7.6 £ 0.46 6.31 £ 0.5% 5.89 £0.44%#
LVESD (mm) 443 +1.17  3.07 £0.15* 2.93+0.15%#
Ejection fraction (%) 66.73 + 0.95 75.68 £ 3.76* 80.33 £2.62%#

The data presented as mean + SD *: significant differences between con-
trol and exercise training groups, #: significant differences between CET
and HIIT. CET Continuous Endurance Training, HII/T High Intensity
Interval Training. LVEDD Left ventricular end-diastolic diameter,
LVESD Left ventricular end-systolic diameter

HIIT protocol reduces miR-1 expression

To address molecular mechanisms the effect of HIIT protocol,
we assessed miRNA expression in left ventricular tissue. Our
data demonstrated that both exercise trainings significantly
reduce the miR-1 expression. Conventional CET and HIIT
protocol diminished miR-1 expression 50% and 69% respec-
tively in comparison with the control group. Importantly, HIIT
protocol reduced miR-1 expression an additional 19%
(Fig. 1a). Because of the role of miR-1 in apoptosis, we hy-
pothesized that HIIT may suppress myocardial apoptosis
through reduction of miR-1. To test this hypothesis, we
assayed HIIT effects on IGF-1 and IGF-1R expression. Our
results indicated that HIIT significantly enhances IGF-1 and
IGF-1R expression around 5.8 and 6.19 fold versus control
diabetic animals. Interestingly, HIIT significantly enhanced
IGF-1 and IGF-1R expression by 1.71 and 1.5 fold
P <0.001 when compared to CET group (Fig. 1b, c).

HIIT protocol alleviates diabetes-induced ventricular
apoptosis

In order to show the preventive effects of HIIT on cardio-
myocyte apoptosis at the molecular level, key intermedi-
ates in apoptosis pathway were investigated. To address
this, we analyzed the protein expressions of caspase 3 and
cleaved caspase 3. As shown in Fig. 2, cleaved caspase 3,
as an indicator of apoptosis, was reduced by approximate-
ly 73% in CET group versus the control group
(» <0.000). In addition, HIIT protocol reduced cleaved
caspase 3 protein levels by approximately 70%
(p<0.001) in comparison with CET. Our findings demon-
strated that both exercise protocols significantly reduce
apoptotic protein expression when compared to the dia-
betic control animals. Importantly, our data suggest that
HIIT protocol significantly exerts more preventive effects
on diabetes-induced apoptosis than CET. Molecular
mechanisms linking HIIT to heart performance in diabetic
animal model has been depicted in Figure 3.
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Fig. 1 Effect of CET and HIIT program on gene expression at mRNA
level. a miR-1 expression, b IGF1 expression, ¢ IGF-1R expression. The
data presented as mean =+ SD *: significant differences between control

Discussion

Based on the results, both intervention protocols significantly
decreased plasma glucose (577.6 mg/dl in control group,
518.4 mg/dl in CET group and 502.8 mg/dl in HIIT group).
This result confirms the finding of Little et al. that showed
HIIT decreases hyperglycemia in diabetic patients [24].
Snowling et al. also reported that the HIIT reduces post pran-
dial glucose and hyperglycemia in diabetic patients [24].
Overall, the evidences suggest that the high intensity in HIIT
training can be used to control blood sugar more efficiently in
diabetic patients [25, 26]. Interestingly, the results of our study

Fig. 2 Effect of HIIT and CET
protocol on caspase 3 as apoptosis
marker at protein level. The data
presented as mean = SD *:
significant differences between
control and exercise training
groups, #: significant differences
between CET and HIIT. CET:
Continuous Endurance Training,

Caspase-3
C.Caspase-3

Actin

and exercise training groups, #: significant differences between CET and
HIIT. CET: Continuous Endurance Training, HIIT: High Intensity
Interval Training

also confirmed these findings. In this study, only one miR
(miR-1) was selected for evaluation because of its importance
in diabetes and exercise intervention also for its downstream
molecules which connects it to apoptosis [24].

Another important finding of this study was the improve-
ment of the left ventricular function in HIIT and CET groups
in comparison with the control group. Our findings show that
the end diastolic and systolic dimensions in both groups sig-
nificantly reduced, but the ejection fraction increased. In line
with our results Shao et al. showed that 3 weeks aerobic train-
ing in STZ-induced diabetic rats reduces end-diastolic and
end-systolic dimensions and increases ejection fractions in
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Fig. 3 Molecular mechanisms
linking HIIT to heart performance
in diabetic animal model. It
appears that HIIT reduces plasma
glucose levels, which leads to the
suppression of miR-1 expression
in cardiomyocyte. Reduction of
miR-1 expression via induction of
IGF-1 and inhibition of apoptosis
improves cardiomyopathy and
enhances heart performance

v

Cardiomyocyte

rat trained groups versus control [25]. Bidasee et al. also dem-
onstrated that 4 weeks aerobic exercise leads to the reduction
of end-diastolic and end-systolic dimensions and an induction
of'ejection fraction in diabetic rats (injection of 65 mg/kg body
weight STZ) [27]. Other studies also emphasized the role of
exercise in improving cardiac function of diabetic rats [26]. It
is worth noting that HIIT protocol compared with CET clearly
reduces the end-diastolic and end-systolic dimensions and en-
hances ejection fraction in diabetic rats. In spite of the huge
body of evidences which show the importance of CETand
HIIT on heart beneficial effects in the context of diabetes, no
evidences were found which compared these two methods.
In order the molecular basis of the HIIT hypoglycemic
effect and its cardiac protective effect, we investigated the
role of microRNAs in the apoptosis pathway. The results
show that both HIIT and CET protocol significantly re-
verses diabetes-induced elevation of miR-1 expression.
Importantly, HIIT exerted additional effects and reduced
miR-1 expression more than CET (HIIT decreased miR-1
expression by 69%, but CET reduced it by 50% in com-
parison with the control group, Fig. 1). It is possible that
the reduction of plasma glucose may be a responsible fac-
tor in changing the pattern of miR-1 gene expression in
both groups. In support of this claim, Yu et al. showed that
24 h treatment of C2C12 cells and rat cardiomyocytes by
25 mm glucose increased the expression of miR-1 [6]. In
addition to Yu et al. study, other studies in some way indi-
cate the same results [6, 27]. The reduction of miR-1 ex-
pression likely alleviates its suppression on downstream
targets. To address the molecular link between suppression
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of miR-1 expression and cardiac function enhancement by
training, we focused on apoptosis pathway. Our data show
that the HIIT group enhances IGF-1 expression by 5.89
fold and CET enhances its expression by 3.44 fold com-
pared to the control. Elia et al. demonstrated that the over
expression of miR-1 leads to the reduction of IGF-1 [14].
Moreover Yu et al. reported that IGF-1 expression can be
inhibited by miR-1 over expression therefore, they con-
cluded IGF-1 as the target gene of miR-1 [6]. Because of
IGF-1 anti-apoptotic capacity, its suppression by miR-1
accelerates cardiomyocyte apoptosis and eventually dia-
betic cardiomyopathy [6, 17, 28]. It seems that the decrease
in expression of miR-1 genes and the increase in its down-
stream target, IGF-1, reduces apoptosis process in training
animals (HIIT and CET). Importantly, our results on the
key apoptosis protein expression confirmed this notion.
As shown in Fig. 2, HIIT and CET decreased conversion
of pro-caspase-3 to its active forms, the caspase-3 (cleaved
caspase 3). This finding implies that exercise training re-
duces diabetes-induced cardiomyocyte apoptosis. In sup-
port of our data, Feng, et al. and Lu Cai et al. reported that
high glucose induces apoptosis in human endothelial cells
and in mouse cardiomyocyte [29-31]. Interestingly, Shan
et al. confirmed our findings in in vitro study. They showed
that treatment with high glucose (25 mm) via miR-1/miR-
206 alleviates glucose-mediated apoptosis in
cardiomyocytes [8]. The limitation of this study was re-
stricted research budget and in vitro interventional study.
In addition future clinical usage of sport intervention spe-
cially HIIT need a comprehensive clinical trial.
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In conclusion the present study provides direct evidences,
which show both CET and HIIT through suppression of miR-
1 expression and its downstream targets leads to inhibit car-
diomyocyte apoptosis and subsequently improves diabetes-
induced cardiomyopathy in animal models. We suggest
exercising; especially HIIT due to its less training time
(15 min to 30 min in this study) and other benefits is an
effective, efficient and affordable intervention to reduce the
complications of diabetes, especially diabetic cardiomyopa-
thy. However, to confirm the results further researches must
be carried out and the authors hope that this training model
will be administered to diabetic patients in the future.
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