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Abstract

Background: The potential role of exercise in physiological cardiac hypertrophy is rooted in both hormonal
and genetic components.

Objectives: The aim of this study was to determine the impact of resistance exercise on the expression of
PI3K and AKT1 in cardiac tissue of type 2 diabetes (T2D) rats and their physiological cardiac hypertrophy.
Methods: First, 21 male Wistar rats (220+20 g) were obese with 6-week high-fat diet (HFD) and were
randomly assigned into non-diabetes, control T2D, and exercise diabetes groups. After inducing obesity,

*Corresponding author: T2D was induced by intraperitoneal injection of streptozotocin (25 mg/kg) for diabetes groups. Rats in

Mojtaba Eizadi, the exercise group completed a 6-week resistance exercise program, 5 sessions per week. PI3K/AKT1
;’;i)‘i) 'Cz(;’n‘:"moﬁabazoo{’@ expression and the weight ratio of left ventricular to heart, heart to body, and left ventricular to body were

compared by analysis of variance (ANOVA) between groups.

Results: In response to the induction of diabetes, the expression of PI3K/AKT1 in heart tissue decreased
significantly compared to that of non-diabetic rats (P=0.001 and P=0.001, respectively). Further,
resistance training led to a significant increase in PI3K expression (P=0.028) and AKT1 (P=0.032) and the
weight ratio of left ventricular to heart (P=0.001), heart to the body (P=0.001), and left ventricular to the
body (P=0.001) compared to control diabetic rats.

Conclusion: Resistance training is associated with physiological cardiac hypertrophy in diabetic rats, and

this improvement may be attributed to the PI3K/AKT1 signaling pathway.
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Background
Type 2 diabetes (T2D) as the most common metabolic
disorder (1) occurs in response to obesity, abnormal diet,
and disorders of hormonal and metabolic components,
and the role of genetic components in the incidence of
this disease has been repeatedly reported in the last two
decades (2). On the other hand, the complications of this
disease are not limited to hyperglycemia or disorders of
cardiovascular risk factors, but the function of tissues such
as the heart, kidney, liver, and other tissues of the body are
severely affected by this disease (3). These disorders are
rooted in both hormonal and genetic factors (1,3). Many
cardiovascular diseases such as hypertension, coronary
artery disease, pathological hypertrophy, and atrophy of
the heart or cavities are also outcomes of this disease (4).
In this regard, some clinical studies have suggested an
inverse relationship between diabetes and left ventricular
dysfunction (5,6).

Cardiomyopathy is 4 times more common in diabetics

than in non-diabetics. Factorsinfluencing the development
of cardiomyopathy include increased blood pressure and
increased myocardial muscle mass due to hypertension
(7). Visual and clinical symptoms of patients with diabetic
cardiomyopathy are similar to those of patients with heart
failure due to other causes such as abnormal ventricular
systolic phase associated with movement of the walls and a
decrease in ventricular diastolic filling rate, indicating left
ventricular diastolic dysfunction (8).

Cardiac hypertrophy is the response of the myocardium
to a variety of external and intrinsic stimuli that increase
biomechanical stress on the heart (9). Pathological cardiac
hypertrophy is manifested by the thickening of the
ventricular wall, especially the left ventricle. It is associated
with increased muscle mass and collagen accumulation
within the myocardium due to the response of myocytes
to certain defects and heart disease, resulting in cardiac
dysfunction (10). This type of hypertrophy often occurs in
hypertension patients and valvular heart disease, which is
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associated with myocyte apoptosis (11)

In contrast, physiological cardiac hypertrophy is more
associated with adaptations such as angiogenesis and
blood transfusions than with the heart similar to that
observed in athletes (12). This type of hypertrophy is
visible from the embryonic stage to adulthood, but the
effects of exercise on this type of hypertrophy, which
occurs in response to hormonal and metabolic changes,
have been reported numerous times (13). On the other
hand, the role of transcription factors and genetic
components in hypertrophic responses to various stimuli
has been considered since the early 1990s (14). Although
several transcription factors are involved, the role of the
PI3K/AKT1/mTORCcl signaling pathway in physiological
hypertrophy of the heart is of particular importance (13).
In this regard, it has been suggested that the increased
MIR221 expression by decreasing AKT1 leads to the
inhibition of cardiac hypertrophy, especially the left
ventricle. In other words, overexpression of MIR221
reduces myocardial hypertrophy by inhibiting the AKT1/
PI3k signaling pathway (15). On the other hand, the
increased signaling of the PI3K/AKT1 pathway leads to
physiological hypertrophy of the heart. Genetic studies
have revealed that AKT1 as a downstream mediator
of PI3K manages the hypertrophic process of cardiac
myocytes (16). Some researchers have identified the
IGF1-dependent PI3K/AKT1 signaling pathway as the
most important pathway leading to physiological cardiac
hypertrophy. In this context, it has been reported that
60-minute intense swimming leads to an acute increase in
AKT1 phosphorylation (17). On the other hand, Moeini
et al reported an increase in AKT1 expression in the heart
tissue of diabetic rats in response to the interval (18).
However, no study has tracked the response of protein
levels or PI3K expression in the cardiac tissue of diabetic
rats to exercise. Therefore, due to the lack of study in
this field, especially resistance training, this study was
performed to assess the impact of resistance training on
AKT1 and PI3K expression in cardiac tissue as well as
measuring physiological factors of cardiac hypertrophy in
rats with T2D.

Materials and Methods

In this experimental study, the study population consisted
of male Wistar rats from Bagqiyatallah University of
Medical Sciences, Tehran, Iran, among which 21 rats
aged 10-week old, weighing 220+ 30 g, were purchased.
First, all rats were obese by a 6-week high-fat diet (HFD).
After the induction of obesity, T2D was induced by
intraperitoneal streptozotocin injection in 14 rats. Then,
the studied rats were divided into 3 groups: non-diabetes,
control T2D, and exercise T2D. The rats were maintained
under standardized conditions and subjected to a 12-hour
light/dark cycle at 25 +2°C with a humidity of 45-55%.

Induction of Obesity and T2D
After getting acquainted with the laboratory environment,

all rats became obese by a 6-week HFD (19), then 7 rats
were selected as a non-diabetes obese group (health group,
n=7), and the rest became diabetics. Lee index was used to
diagnose obesity (20). T2D was induced by intraperitoneal
injection of 25 mg/kg streptozotocin dissolved in citrate
buffer at pH 4.5 (19). Diabetic rats were randomly divided
into control (n=7) or exercise (resistance training, n=7)
groups. T2D was confirmed by elevated glucose 1 week
after injection, and animals with fasting glucose between
150-400 mg/dL were selected as studied rats (21,22). HFD
continued for all groups until the end of the study.

Resistance Training Protocol

After ensuring diabetes induction, all rats in the exercise
group climbed on a 26-step ladder with a slope of 80%
without resistance for 3 sessions (6 times) to learn how
to exercise. Then, they completed a resistance exercise
that lasted for 6 weeks (5 sessions per week). The animals
climbed and descended the ladder 3 times without
resistance before and after the workout in order to warm
up and cool down.

Each session of exercise training involved 5 courses
with 4 repetitions on each course, and the resistance was
increased by attaching weights to the mouse tail. Breaks
between courses and repetitions were 3 minutes and 45
seconds, respectively. According to Table 1, the resistance
increased gradually during the training program (19).
Finally, all rats were dissected 48 hours after the last
exercise session following an overnight fast, and the non-
diabetes and diabetes control rats did not participate in
the exercise program.

Blood Sampling and Tissue Extraction

Forty-eight hours after the last exercise session
following an overnight fast, all rats were anesthetized
by intraperitoneal injection of 10% ketamine (50 mg/
kg), along with 2% xylazine (10 mg/kg), and then they
underwent dissection (23). Afterward, blood samples
were collected through heart puncture. Then, heart
tissue was removed, the left ventricular was dissected and
immersed in RNA later to determine PI3K and AKT1
expression, and insulin was assessed by ELISA (Germany,
Demeditec). The intra- and inter-assay coefficients for
insulin were 2.6% and 2.88%, respectively. Glucose was
assessed by glucose oxidase (Pars Azmoon kit, Tehran),
and homeostatic model assessment for insulin resistance
(HOMA-IR) was calculated by fasting glucose (mg/
dL) x insulin (uIU/mL) / 405 (24).

RNA Extraction /Real Time-Polymerase Chain Reaction
To purify RNA, 20 mg of tissue were ground using a
mortar and pestle, and extraction was then performed
employing the RNeasy Protect Mini Kit (Qiagen Inc,

Table 1. Resistance Training Protocol Based on Body Weight Percentage

Time Week 1 Week2 Week3 Week4 Weeks5 and 6
Resistance
(body weight %) ° 50 70 90 100
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Germany) according to the manufacturer’s protocol
(19). In this stage, the one-step SYBR Prime Script RT-
PCR Kit (Takara Bio Inc, Japan) was employed according
to the manufacturer’s protocol to prepare the reaction
product. Thermal cycle programs used for the Rotor-
Gene Q instrument were 42°C for 20 minutes, 95°C for
2 minutes, 40 cycles with 94°C for 10 seconds, and 60°C
for 40 seconds. Temperatures between 50°C-99°C were
used for the melting curve after polymerase chain reaction
to study the characteristics of the primers; further, RNA
polymerase II was used as a control gene (Table 2).

Statistical Analysis

Data were analyzed by Statistical Package for the Social
Sciences (SPSS) for Windows version 22.0 and were
expressed as mean * standard deviation. One-way analysis
of variance (ANOVA) and Tukey post hoc tests were used
to compare the variables between groups. Differences of
less than 5% were considered significant.

Results
Patterns of body weight changes of the groups before and
after exercise training are presented in Table 3.

The results of the one-way ANOVA test revealed that
no difference was found in body weight between the three
groups before exercise intervention (P=0.831). On the
other hand, the findings indicated a significant difference
in weight after exercise intervention (P=0.001). Based
on the Tukey test, no difference was observed in body
weight between the non-diabetic and control diabetes

Table 2. Genes Primer Sequence

Genes Primer Sequence

For: ACTGAGATGGAGACACGGAAC

PI3K Rev: GCATCCAAGGGTCCAGTTAGTG

For: AGGAGGTCATCGTTGCCAAG

AKTI Rev: GCTCACGAGACAGGTGGAAG

For: ACTTTGATGACGTGGAGGAGGAC

RNA Polymerase II Rev: GTTGGCCTGCGGTCGTTC

Table 3. Body Weight at Pre- and Post-intervention of Studied Groups

Group Pre-intervention Post-intervention Sig. (Paired Test)
Non-diabetes 304+9 401+13 0.001
Control diabetes 306+10 387+9 0.001
Resistance diabetes 308+11 415+6 0.001

Sig. (ANOVA) 0.831 0.001

Note. Sig: Significance; ANOVA: Analysis of variance.

Cardiovascular Effect of Exercise in Diabetic Rats

groups (P=0.062). On the other hand, body weight in the
resistance diabetic group was significantly higher than
that in the other groups (non-diabetic: P=0.042, control
diabetes: P=0.001). Moreover, the biochemical markers
of the studied group are reported in Table 4.

The main objective of the present study was to
determine the impact of resistance training on PI3K and
AKT]1 expression in cardiac tissue. The findings revealed
that the induction of diabetes in obese rats reduced
PI3K and AKT1 expression (Figure 1, Figure 2). In other
words, the expression of PI3K and AKT1 in diabetic
control was significantly lower than that in non-diabetic
groups (P=0.001, P=0.001, respectively). In other words,
resistance training increased their expression in diabetic
rats. In other words, the expression of PI3K and AKT1
in the resistant diabetic group (P=0.028) increased
significantly compared to the control diabetic group
(P=0.032) (Table 5).

Another objective of the present study was to determine
the cardiovascular effects of resistance training, which
was tested by comparing the ratios of left ventricular/
heart weight, left ventricular/body weight, and heart/
body weight. For this purpose, these ratios were compared
by one-way ANOVA test between the studied groups
and Tukey post hoc test. The findings revealed that the
induction of T2D in obese rats reduced these ratios. In
other words, the ratios of left ventricular/heart weight,
left ventricular/body weight, and heart/body weight
decreased significantly in the diabetic control compared
to non-diabetic group (P=0.039, P=0.035, P=0.010,
respectively). On the other hand, resistance training
increased these ratios in diabetic rats. In other words, the
ratios of left ventricular/heart weight, left ventricular/
body weight, and heart/body weight in the resistance
diabetic group increased significantly compared to the
control diabetic group (P=0.001, P=0.001, P=0.001,
respectively) (Table 6).

Discussion

The results of the present study pointed to the
cardiovascular effects of resistance training with an
emphasis on improving the PI3K/AKT1 signaling
pathway in the hearts of diabetic rats. This study found an
increased expression of PI3K and AKT1 in cardiac tissue
in response to resistance training in diabetic rats. Although
T2D inductions led to the decreased expression of PI3K/
AKT1 in obese rats, 6 weeks of resistance training for 5

Table 4. Mean and SD of Body Weight and Diabetes Determinants of Studied Groups

Group Non-diabetes Control Diabetes Resistance Diabetes Sig. (ANOVA)
Glucose (mg/ dL) 122+5 300+12 189+17 0.001
Insulin (pIU/mL) 9.23+0.64 5.97+0.22 6.58+0.15 0.001
Insulin resistance (HOMA-IR) 2.77+0.21 4.42+0.24 3.08+0.30 0.001
Heart weight (g) 1.147 £0.501 1.033 £0.0407 1.232+0.0115 0.001
Left ventricular (g) 0.4115+0.0434 0.3480+0.0120 0.5453+0.0140 0.001

Note. Sig: Significance. ANOVA: Analysis of variance.
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Table 5. Pattern of Changes in Gene Expression in Response to Diabetes Induction and Resistance Training

Group Non-diabetes Control Diabetes Resistance Diabetes Sig. (ANOVA)
PI3K relative expression 1 0.47+0.28 0.78+0.15 0.001
AKTT1 relative expression 1 0.47+0.22 0.69+0.18 0.001
Note. ANOVA: Analysis of variance.
Table 6. Mean and SD of Determinant Markers of Physiological Cardiac Hypertrophy of Studied Groups
Group Non-diabetes Control Diabetes Resistance Diabetes Sig. (ANOVA)
Left ventricular/heart ratio 0.3605+0.0517 0.3375+0.0195 0.4427+0.0114 0.001
Left ventricular/body ratio 0.00103+£0.00014 0.00090+0.000033 0.00131+000030 0.001
Heart/body ratio 0.00286+0.00011 0.00267 £0.00011 0.00297 +0.00005 0.001

Note. Sig: Significance. ANOVA: Analysis of variance.
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Figure 1. PI3K Expression in Cardiac Tissue of Studied Groups. T2D
induction led to a decrease in PI3K expression compared to the non-diabetic
group. Resistance training also increased PI3K expression compared to
control rats
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Figure 2. AKT1 Expression in Cardiac Tissue of Studied Groups. T2D
induction led to a decrease in AKT1 expression compared to the non-
diabetic group. Resistance training also increased AKT1 expression
compared to control rats

sessions per week is associated with increased expression
of these transcription factors. The cardiovascular effects
of resistance training in the present study can also be
observed by increasing the ratios of left ventricular/heart
weight, left ventricular/body weight, and heart/body
weight in response to this training method. In this regard,
however, there were no studies that directly assess the
effect of exercise on the PI3K/AKT1 axis in the hearts of
diabetic rats. However, Moeini et al reported an increase
in AKT1 expression in cardiac tissue of diabetic rats in
response to interval training (18). On the other hand, in
the study by Mirsepasi et al, 12 weeks of interval exercise

resulted in an increased AKT1 and mTORc1 expression
in the left ventricle of T2D rats (25). In contrast, some
human and animal studies have not reported any effect of
acute exercise on insulin-dependent signal changes such
as changes in insulin receptor substrate phosphorylation
or PI3K activity (26,27). However, it has been noted that
acute continuous endurance exercise for 45 to 60 minutes
with 65% to 75% VO, max leads to an increase in PI3K
activity in the muscles of healthy people and also in people
with insulin resistance (28,29).

The IGF1-PI3K-Akt axis is recognized as one of the
most important signaling pathways responsible for
exercise-induced physiological cardiac hypertrophy.
Activation of this signaling pathway has been found
to help inhibit cardiovascular tissue damage in mice
with heart damage and cardiovascular disease with
physiological hypertrophy of the heart, while reducing
the activity of this pathway with destructive effects on
heart function and accelerating disease progression.
It is associated with a predisposition to pathological
hypertrophy of the heart (13). Cellular-molecular studies
have revealed that metabolic and hormonal disorders such
as decreased diabetes-dependent insulin due to decreased
expression of PI3K and AKTlor reduced PI3K/AKT1
signaling activity in cardiac myocytes reduce or inhibit
physiological hypertrophy of the heart (30,31). Of course,
this process is intensified by reducing mTORc1 expression
(32). In contrast, increased activity or improvement of
the PI3K/AKT1/mTORcl signaling pathway in response
to internal or external stimuli leads to protein synthesis
or physiological hypertrophy of the heart (32). The plla
isoform of PI3K has been introduced as a critical regulator
of exercise-dependent hypertrophy, postnatal cardiac
growth, and exercise-induced heart protection (13). PI3K
(p110a) activity has been reported to increase in rat hearts
approximately 2 weeks after swimming or running on a
treadmill (33). Along with increasing circulating IGF-1
levels (34), exercise also increases PI3K (p110a) activity in
humans and animal species (35). PI3K (p110a) catalyzes
the phosphorylation of lipids in plasma membranes to
produce second messengers such as phosphatidylinositol
3,4,5-trisphosphate (36).

Genetic studies have revealed that among the AKT
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isoforms (AKT1, AKT2, AKT3), AKT1 which is one of
the target genes of PI3K (37) is the main isoform of the
AKT family in the regulation of physiological cardiac
hypertrophy by exercise (38). In fact, AKT1 is stimulated
by several tyrosine kinase receptors such as PI3K. Inositol
PI3K phosphorylates the lipids that directly activate AKT1
and transport AKT1 to the cell plasma membrane (39). On
the other hand, AKT1 activity is also regulated by factors
such as insulin, nutritional status, and exercise. Increasing
insulin levels in heart tissue in response to exercise leads
to increased AKT1 activity through insulin-dependent or
non-insulin-dependent pathways (39).

Despite the evidence, Kazior et al noted that
although resistance training alone did not alter AKT1
expression in skeletal muscle, combination training
(resistance +aerobics) was associated with increased
AKT1 expression associated with muscle hypertrophy
(40). In the study by de Souza et al, combined training
(resistance +aerobics) increased the expression of
AKT1 protein in skeletal muscle (87%), while resistance
training alone was not associated with any change (41).
The difference between the present study and the above-
mentioned studies, which pointed to the lack of response
of AKT1 to resistance training, can be attributed to the
type of tissue as well as the type of population under study.
For example, the above-mentioned studies measured
changes in expression or protein levels in the skeletal
muscle of non-diabetics, while the present study measured
these changes in the heart tissue of T2D rats.

Therefore, considering the atrophic and catabolic effects
of diabetes on the heart muscle, cardiac hypertrophy
and increased PI3K and AKT1 expression in response
to resistance training may be attributed to the baseline
levels of these variables compared to the non-diabetic
group. Further, a comparison of variables between groups
revealed that PI3K/AKT1 expression and the ratios of left
ventricular/heart weight, left ventricular/body weight,
and heart/body weight in the control diabetic group were
significantly lower than those in the non-diabetic group.
In this regard, Falcdo-Pires et al also cited that insulin
resistance in diabetics leads to disruption of the PI3K/
AKT1 signaling pathway (42). On the other hand, it was
also reported that increased activity of other signaling
pathways results in hypertrophy such as the PI3K/P110a
pathway in the hearts of rats in response to exercise (43).
In this regard, researchers believe that targeting the cardiac
IGF1/PI3K pathway and other related signaling pathways
is a potential therapeutic strategy for the treatment of
cardiac patients (44).

Conclusion

Resistance training is associated with physiological
cardiac hypertrophy in T2D rats. This training method
increases the ratios of the left ventricular/heart weight,
left ventricular/body weight, and heart/body weight in
obese diabetic rats. Based on the findings of the current
study and previous evidence, this improvement can be

Cardiovascular Effect of Exercise in Diabetic Rats

attributed to the increased activity of the PI3K/AKT1
axis in response to this training method. Understanding
other mechanisms responsible for physiological cardiac
hypertrophy requires further studies in this area.
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