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Abstract

Background: Diabetes leads to metabolic disorders in the heart by creating free radicals and compromising the antioxidant defense
system.
Objectives: The aim of this study was to investigate the effect of eight weeks of combined training and supplementation with an-
tioxidant vitamins E and C on the antioxidant capacity of heart tissue in streptozotocin-induced diabetic rats.
Methods: Sixty male Sprague Dawley rats (weight: 280 ± 20 g; age: 2-3.5 months) were randomly divided into five groups as fol-
lows: (1) healthy control, (2) diabetic control, (3) diabetic + combined training, (4) diabetic + supplementation, and (5) diabetic +
combined training + supplementation. The combined training protocol included incremental resistance training of 5 - 45% of rat
weight on the ladder, and incremental endurance training was performed for 10 - 30 minutes at an intensity of 40 - 75% of maxi-
mum speed on the treadmill during eight weeks. The heart tissue was extracted and antioxidant enzymes were measured by lab
spectroscopy 48 hours after the last training session. Data was analyzed using independent samples t-test, two-way ANOVA, and
Bonferroni test (P ≤ 0.05).
Results: The induction of diabetes significantly reduced glutathione (GSH; P = 0.001), glutathione peroxidase (GPx; P = 0.004), and
superoxide dismutase (SOD; P = 0.001). In the treatment groups, a significant increase in the effect size of GSH (in the training
and supplementation group: 6.45, training group: 3.18, and supplementation group: 2.92), GPX (in the training and supplementa-
tion group: 0.03, supplementation group: 0.023, and training group: 0.021), and SOD (in the training and supplementation group:
556.68, training group: 405.70, and supplementation group: 401.46 nmol / mL) was observed.
Conclusions: Antioxidant supplementation and training by reducing the harmful effects of hyperglycemia strengthen the antiox-
idant defense system of heart tissue, and the combination of the two interventions is more effective than either alone.
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1. Background

Diabetes is one of the most important metabolic
disorders characterized by elevated blood sugar (hyper-
glycemia) due to impaired or inefficient insulin secretion
(1). One of the most important factors in heart failure is
the level of blood sugar, which increases the risk of is-
chemia and mortality by reducing the protective effects of
the heart (2). Metabolic changes in hyperglycemia, with in-
creased oxidative stress, lead to myocardial molecular ab-
normalities and mitochondrial dysfunction and the grad-
ual loss of heart stem cells and cardiovascular complica-
tions.

Complications of diabetes due to hyperglycemia in-
volve potential molecular mechanisms, and hence control-
ling oxidative stress by antioxidants and the regulation of
molecular mechanisms are effective strategies in the man-
agement of diabetic complications (3, 4).

In response to hyperglycemia, the antioxidant de-
fense system reduces the antioxidant enzymes glutathione
(GSH), glutathione peroxidase (GPx), and superoxide dis-
mutase (SOD), and knowledge of molecular pathways will
lead to new preventive and therapeutic approaches (5). The
incidence of oxidative stress and disrupted balance of ox-
idants and antioxidants create destructive effects on cells,

Copyright © 2021, Gene, Cell and Tissue. This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International
License (http://creativecommons.org/licenses/by-nc/4.0/) which permits copy and redistribute the material just in noncommercial usages, provided the original work is
properly cited.

http://dx.doi.org/10.5812/gct.111277
https://crossmark.crossref.org/dialog/?doi=10.5812/gct.111277&domain=pdf
https://orcid.org/0000-0001-9531-2952


Heydarnia E et al.

and antioxidant enzymes act to prevent the occurrence of
free radical chain reactions and modulate oxidative stress
(6).

Glutathione is a powerful antioxidant with a protec-
tive effect on cells against reactions. Glutathione peroxi-
dase protects organisms against oxidative damage, and su-
peroxide dismutase is the first line of enzymatic defense
against free radicals (7). Water-soluble vitamin C is a strong
radical scavenger with a glucose-like structure that plays
a role in insulin release and hyperglycemia improvement
(8); vitamin E helps improve insulin function by inhibiting
the protein kinase C enzyme (9).

Another factor affecting hyperglycemia is exercise,
which causes a decrease in free radicals (10). Research
shows the effect of regular and moderate endurance train-
ing on increasing insulin sensitivity (11), resistance train-
ing on enhancing lipid peroxidation and antioxidant ca-
pacity (12), eight weeks of aerobic training, consumption
of vitamin C, and a combination of both on promoting
antioxidant enzymes in diabetic patients (13), and eight
weeks of endurance exercise training on decreasing GPx ac-
tivities (14). Continuous training alone can significantly el-
evate the mean concentrations of SOD and GPx (15) .

Due to the lack of sufficient studies and clear results
regarding the effect of combined training (resistance and
endurance) and antioxidant supplementation on the per-
formance of the antioxidant defense system in diabetic
patients and the scientific need of society to improve the
quality of life and prevent complications, the results of this
research can be used by medical and sports researchers to
scientifically enhance the physical and nutritional activi-
ties of athletes and diabetic patients.

2. Objectives

This study aimed to investigate the effect of eight
weeks of combined training with antioxidant vitamins
E and C on GSH, GPx, and SOD in the heart tissue of
streptozotocin-induced diabetic rats.

3. Methods

In the experimental study, 60 male Sprague Dawley
rats aged 2.5 - 3 months (mean weight: 280 ± 20 g)
were selected and randomly divided into the five groups
of healthy control, diabetic control, diabetic + combined
training, diabetic + C and E supplementation, and diabetic
+ combined training + C and E supplementation. The rats
were kept in an animal house with a temperature of 22 ±
2°C, humidity of 40 - 50%, and a dark-light cycle of 12 - 12
hr. The required food and water were provided to the an-
imals as standard and freely. Induction of diabetes in rats

was performed by one intraperitoneal injection of strepto-
zotocin solution dissolved in citrate buffer at pH = 4.5 and
an amount of 55 mg / kg rat weight. Five days after the in-
jection, blood glucose concentration was measured using
a glucometer and blood sample of caudal vein, and fasting
glucose more than (200 mg/dL) was considered as a dia-
betic sample (16).

3.1. Antioxidant Vitamins

Vitamins C and E were acquired from Sigma-Aldrich
and Merck, Germany. The vitamins included 1 g of water-
soluble ascorbic acid and 600 mg of diol-alpha-tocopherol
acetate dissolved in olive oil per kg of animal food. The vi-
tamins were fed to the animals by gavage at a rate of 5 mL
per day.

3.2. Combined Training

Included resistance training to climb a one-meter lad-
der by adding weight to the rats’ tails and weighing the rats
at the end of each week, and after an hour of rest, aerobic
training including walking and running on the treadmill
was performed five sessions per week based on the max-
imum speed of piloted diabetic rats for eight weeks, be-
cause during the lower period of validity the changes could
not be cited and a longer period of training intensity in di-
abetic conditions could lead to the death of the rats (Table
1).

In each group, 48 hours after the last training program
and after anesthesia with a combination of ketamine (100
mg / kg) and xylazine (10 mg / kg) and surgery, the heart tis-
sue of the rats was removed. After cleansing and placement
in special vials, they were transferred to the laboratory by
cylinders containing liquid nitrogen and were frozen at -
80°C until the experiments were performed.

3.3. Statistical Analysis

Glutathione measurement was performed in contrast
to Ellman’s reagent (DTNB) and after setting the protocol
in the dark. Then, 500 µL of the sample was precipitated
by 500µL of TCA in a 1-ml vial and centrifuged at 1000 rpm
for 5 min, and the supernatant was separated. Afterwards,
500µL of the centrifuged supernatant was combined with
100 µL of DTNB and 400 µL of Tris buffer, and then the ad-
sorption device was used with zero blank at a wavelength
of 412 nm.

Glutathione peroxidase assay was performed through
Kolbe reaction. The activity of glutathione reductase (GR)
and NADPH oxidation is an indicator of glutathione per-
oxidase activity, and cumene reagent was used to start
the reaction. After calculating the amount of GR, it was
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Table 1. Combined Training Protocol

Week One Two Three Four Five Six Seven Eight

Aerobic

Intensity (%) 40 50 50 60 65 70 75 75

Duration 10 10 15 20 25 30 30 30

Resistance

Intensity (%) 5 10 15 15 20 35 40 45

Repetition 3*4 3*4 3*4 3*4 3*4 3*4 3*4 3*4

combined with 990 µL of buffer, and cumene was com-
bined with 675 µL of ethanol and placed inside in a zero-
absorption device. The sample absorption was set at 340
nm wavelength and read for 3 min using a Jenway 6300
spectrophotometer device.

The rate of pyrogallol oxidation is an indicator of SOD
activity. In detail, 990 µL of distilled water was combined
with 10 µL of stock pyrogallol and poured into a tube and
placed in a zero-absorption device, and the sample absorp-
tion was set at 420 nm wavelength and read for 5 min.

Statistical analysis was performed in SPSS (version 23)
using descriptive and inferential statistics. In descriptive
statistics, the mean and standard deviation were used and
in inferential statistics, independent samples t-test was
used to evaluate the induction of diabetes between the
healthy and diabetic groups; also, two-way analysis of vari-
ance (ANOVA) and Bonferroni post hoc test were used to
compare the diabetic control and treatment groups and
determine the effect size. A P-value of less than 0.05 was
considered significant.

4. Results

The mean blood glucose concentration in the rats’
blood samples increased significantly with the induction
of diabetes and decreased significantly in the treatments
groups. Among the treatment groups, the highest reduc-
tion was observed in the combined training and supple-
mentation, training, a supplementation groups, respec-
tively (Figure 1).

In Table 2, the results of independent samples t-test in-
dicate a significant decrease in dependent variables in the
diabetic control group compared to the healthy control
group.

4.1. Glutathione

The results of two-way ANOVA showed a significant
increase in the training (P = 0.001), supplementation (P
= 0.001), and training and supplementation (P = 0.002)
groups (Table 3).

Table 2. Results of Independent Samples t-test for Glutathione in the Healthy and
Diabetic Groups

Variable T df Sig.

Glutathione 5.77 18 0.001

GPX 3.29 18 0.004

SOD 5.90 18 0.001

The results of post hoc test showed that the highest
amounts of GSH were in the training and supplementa-
tion, training, and supplementation groups, which were
6.45, 3.18, and 2.92 nmol/ml, respectively (Figure 2).

4.2. GPx

The results of two-way analysis of variance showed a
significant increase in the training (P = 0.001), supplemen-
tation (P = 0.001) and training and supplementation (P =
0.003) groups (Table 4).

The results of post hoc test showed that the highest
amounts of GPx were in the training and supplementation,
supplementation, and training groups, which were 0.03,
0.023, and 0.021 nmol/mL, respectively (Figure 3) .

4.3. SOD

The results of two-way ANOVA showed a significant in-
crease in the training group (P = 0.001), supplementation
group (P = 0.001), and exercise-supplementation group (P
= 0.001) (Table 5).

The results of post hoc test showed that the highest
amounts of SOD were in the training and supplementa-
tion, training, and supplementation groups, which were
556.68, 405.70, and 401.46 nmol/mL, respectively (Figure
4).

5. Discussion

Our results showed a significant reduction in GSH, GPx,
and SOD enzymes with the induction of diabetes. Constant
increase in radicals and the simultaneous activation of the
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Figure 1. Blood glucose levels of rats in different groups (* Indicates a significant difference between the healthy control and diabetic control groups. ** Indicates a significant
difference between treatment groups and the diabetic control group)

Table 3. Results of Two-way Analysis of Variance Test for Glutathione Concentration

Factor Sum of Squares df F Sig. Effect Size

Training 61.08 1 59.43 0.001 0.62

Supplementation 48.79 1 47.43 0.001 0.56

Training + supplementation 11.24 1 10.94 0.002 0.23
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Figure 2. Comparison of effect size for glutathione (nmol/mL)

pathways leading to the increase of free radicals in dia-
betes reduced antioxidant enzymes. The heart’s antioxi-
dant defense system is responsible for protecting the heart
from oxidative damage by eliminating reactive oxygen
species with the enzymatic antioxidants SOD and GPx and

non-enzymatic GSH, ascorbic acid, and alpha-tocopherol.

Training, supplementation, and combination of train-
ing and supplementation significantly increased GSH, GPx,
and SOD. The highest increase in GSH and SOD was noted
in the training-supplementation, training, and supple-
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Table 4. Results of Two-Way Analysis of Variance Test for Glutathione Peroxidase Concentration

Factor Sum of Squares df F Sig. Effect Size

Training 0.001 1 21.18 0.001 0.37

Supplementation 0.001 1 45.36 0.001 0.55

Training + Supplementation 8.761 E-5 1 9.96 0.003 0.21
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Figure 3. Comparison of Effect Size in Glutathione Peroxidase (nmol/mL)

Table 5. Results of Two-way Analysis of Variance Test for Superoxide Dismutase Concentration

Factor Sum of Squares df F Sig. Effect Size

Training 85025.184 1 54.57 0.001 0.60

Supplementation 77382.541 1 49.66 0.001 0.58

Training + supplementation 39705.359 1 25.48 0.001 0.41

mentation groups, respectively, and the greatest increase
in GPx occurred in the training-supplementation, supple-
mentation, and training groups, respectively, such that
training and supplementation had a synergistic effect in
the training-supplementation intervention group. The ef-
fect of exercise on increasing antioxidant enzymes as one
of the treatment strategies for diabetes was consistent
with the findings of Shir Ebrahimi (13) and Rami (17).

Exercise increases oxidative stress and free radicals and
damages the body’s immune system, but at moderate in-
tensity by increasing the capacity of antioxidant enzymes
and developing tissue resistance to lipid peroxidation it in-
creases insulin sensitivity in diabetic patients. Eight weeks
of moderate-intensity training in the present study was the
most effective strategy, which is consistent with the find-

ings of Farhangi (14), Negharestani (15), Shir Ebrahimi (13),
and Rami (17). This shows that despite the increase in free
radicals with exercise, the adaptations established at mod-
erate intensity over a period of eight weeks promotes the
antioxidant defense system.

The positive and multiplied results of concurrent
training-supplementation on the increase of enzymes and
the development of antioxidant defense system, in line
with the findings of Shira Ebrahimi (13) Farhangi (14) and
Negharestani (15), were affected by the activation of two ef-
fective pathways of training and supplementation.

In the diabetic group, the area below the GPx curve
was clearly higher, indicating the extent of pyrogallol ox-
idation as an indicator of SOD activity and increased free
radical activity. With increasing free radicals due to di-
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Figure 4. Comparison of the effect size of superoxide dismutase (nmol/mL)

abetes, the amount of enzyme activity decreases. In the
training and supplementation groups as well as the com-
bined training-supplementation group, due to the reduc-
tion of free radicals production and increased SOD activity,
the area below the curve decreases and a smaller amount
of pyrogallol is oxidized and shows a significant difference
with the diabetic control group, such that in the training-
supplementation and training groups, the amount of this
reduction is more noticeable.

Combined training and vitamins C and E supplemen-
tation in diabetic rats appear to increase the activity of an-
tioxidants and boost their adaptation to the free radicals
produced within the mitochondria and cytosol. Vitamins
C and E can increase the antioxidant capacity by increasing
the function of enzymes and antioxidant proteins (18).

Exercise, taking antioxidant vitamins, and concur-
rence of both interventions, despite the production of free
radicals in the mitochondria, especially during aerobic ac-
tivity, reduce the adverse effects of diabetes in the antioxi-
dant defense system, and even in the concurrent interven-
tion group of training-supplementation. Affected by mul-
tiplied activity of the signaling pathways, the enzymes al-
most increased doubly in the healthy control group. Exer-
cise and antioxidant vitamins play an effective role in cre-
ating anti-oxidant defense, reducing free radicals, increas-
ing antioxidant indices, and developing an antioxidant de-
fense system.

Not being able to control the calorie intake and calo-
rie consumption of the rats during the research period and

the use of various methods of measuring like western blot-
ting and real-time PCR methods were the limitations of
the present study. Therefore, in addition to addressing the
above cases future studies are suggested to study the struc-
tural damage of heart tissue by apoptotic markers and the
tunnel method.

5.1. Conclusions

Combined training and concurrent C and E supple-
mentation in diabetic rats play an effective role in reducing
the destructive effects of hyperglycemia though increas-
ing glutathione synthesis, the activity of antioxidant en-
zymes, and their compatibility to cope with the free radi-
cals produced within the mitochondria. However, the con-
current combination of both interventions has a greater
impact and a more effective role in the development of the
antioxidant defense system in the heart tissue of diabetic
rats than each one alone.
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