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Abstract: Increased apoptosis in the pancreas and beta cell death causes reduced insulin secretion in type 

2 diabetes. This study was aimed to evaluate the effects of exercise training and testosterone administration 

on apoptosis marker (p53 protein) in the pancreas tissue in animal with diabetes. Type 2 diabetes was 

induced by high fat diet and injection of low dose STZ (35mg/kg; ip). After 2 months of treatment with 

testosterone (2mg/kg/day) or voluntary exercise alone or in combination, apoptosis (tunnel assay) and p53 

protein (ELISA method) were measured. Testosterone and exercise decreased the blood glucose, HbA1c 

levels, HOMA-IR, p53 protein expression and increased insulin level in treated diabetic and diabetic castrated 

groups. Simultaneous treatment of these groups with testosterone together voluntary exercise had an 

additive effect on reducing p53 expression, blood glucose, HbA1c levels, HOMA-IR and subsequently 

HIGHLIGHTS 
 

 Testosterone decrease pancreas p53 expression levels in type 2 diabetes and castrated diabetic 

rats. 

 Voluntary exercise decrease pancreas p53 expression levels in type 2 diabetes and castrated 

diabetic rats. 

 Testosterone combined with Voluntary exercise had a synergistic effect on reducing pancreas p53 

expression levels and decrease the symptoms of type 2 diabetes in diabetic and castrated diabetic 

rats. 
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decreasing apoptosis. Our results suggest that the apoptosis decreasing effect of testosterone and voluntary 

exercise is associated with the reduced levels of blood glucose, HbA1c and HOMA-IR that subsequently 

decreased the expression of p53 level. 

Keywords: testosterone; voluntary exercise; apoptosis; p53; diabetic castrated rats. 

INTRODUCTION 

Type2 diabetes is regarded as a heterogeneous condition due to identification of defects of β-cell function 

and insulin resistance [1]. As beta-cell function progressively declines linearly with time, hyperglycemia 

occurs and 50% of individuals require insulin therapy [2]. Decreased β- cell mass following with impaired β-

cell function is the main problem in type 2 diabetes and normalization of beta cell function have been 

investigated intensely [3-5]. Since the apoptosis is the major cause of decreased β cells in type 2 diabetes 

[6], therapeutic approaches designed to target anti apoptotic factor such as p53 could be an important 

achievement for the treatment of type 2 diabetes. 

Testosterone not only plays a key role in the development of male reproductive but also involves in 

metabolic disease [7]. There is an inverse relationship between testosterone and insulin concentration so 

that low testosterone levels causes insulin resistance and type 2 diabetes [8,9]. It was indicated that 

castration causes pancreas apoptosis that adversely affects insulin secretion [10]. Both animal and clinical 

studies indicate that testosterone replacement therapy can improve ratio of apoptotic cells in the pancreas 

tissue by improvement glycaemic control and reducing inflammatory factors in type 2 diabetes [11,12].  

Regular exercise is an integral component of the lifestyle management to prevent or delay type 2 

diabetes development [13]. In diabetic animals, exercise improves blood glucose control and reduces β-cell 

damage and increases total insulin content [14]. Antiapoptotic effect of exercise in several tissues and 

experimental models via modulation of intracellular pathways was reported [15-17]. Paula and coauthors 

indicated that exercise training protects human and rodent β-cells against endoplasmic reticulum stress and 

apoptosis in both type 1 and 2 diabetes [18]. Another experiment demonstrated that exercise protect β-cells 

from death in a diabetic condition through inflammatory factors [19]. However, it is known that exercise 

protects β-cells against diabetes development but it is not clear how execrcise enhance the β-cells viability 

and whether factors released during exercise training contribute to the reducing the β-cells apoptosis.  

Overall, though, data on the effects of testosterone therapy combined with voluntary exercise on 

pancreas apoptosis and associated effects on p53 protein in high fat diet-streptozotocin type 2 diabetic rats 

remain limited. 

MATERIAL AND METHODS  

Animals 

Sixty-three adult male wistar rats (200–250 g) from the Tabriz medical faculty (Iran-Tabriz), were housed 

at 22 ± 2 °C on a 12-h light-dark cycle with free access to food and water in the department’s animal facilities. 

The rats were maintained in collective cages (5 per cage) while animals in the exercise group were placed in 

individual wheel-cage units. All the experiments in this study were approved by the Institutional Animal Ethics 

Committee of Tabriz Medical University.  

Experimental design 

For induction of type 2 diabetes, sixty-three rats were fed with high-fat diet comprising 22 % fat, 

carbohydrate 48 % and protein 20 % in blend with standard laboratory chow consisting of 5 % fat, 53 % 

carbohydrate and 23 % protein for 4 weeks. Then, animals were injected with streptozotocin (STZ) (Sigma-

Aldrich, Oakville, ON, Canada) at low dose (35 mg/kg; ip). Three days after STZ injection, fasting blood sugar 

and insulin levels were measured. Rats with a fasting blood glucose of ≥300 mg/dl were considered type 2 

diabetes. After model confirmation by glucose tolerance test and insulin measurement in comparison with 

normal chow-fed, rats in castrated groups were anesthetized with ketamine/xylazine (88/10 mg/kg,i.p.) or in 

the sham-operation, the same procedure was followed without removal of the testes [19-21].  

Diabetic rats were randomly assigned to 9 groups with seven animals in each group, receiving the following 

treatment for 60 consecutive days.  

Group I- sham, the operated diabetic rats were received placebo. 

Group II- diabetic rats (Dia), diabetic rats were received placebo. 
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Group III-diabetic rats were received testosterone (2 mg/kg/day) (Tes). 

Group IV-diabetic rats were performed exercise (Exe). 

Group V-diabetic rats were received testosterone (2 mg/kg/day) and performed exercise (Tes-Exe). 

Group VI-castrated diabetic rats were received placebo (Cas). 

Group VII-castrated diabetic rats were received testosterone (2 mg/kg/day) (Cas-Tes). 

Group VIII-castrated diabetic rats were performed exercise (Cas- Exe). 

Group IX-castrated diabetic rats were received testosterone (2 mg/kg/day) and performed exercise (Cas-   

Tes-Exe). 

 

For testosterone replacement, rats received testosterone propionate (UNIGEN Life Science) at a 

physiologic dose (2 mg/kg/day) dissolved in dimethyl sulfoxide (DMSO) once daily for 8 weeks [22]. Rats in 

placebo groups received DMSO vehicle with the same amount. Each exercising animal was placed 

individually in cages containing a steel running wheel. Each wheel was connected to digital magnetic counter 

to measure running activity. Based on previous experience rats with running distance lower than 2 km day−1 

as the minimal average running activity were eliminated before statistical analysis [23]. The body weight of 

all rats was measured at week 0 and after 8 weeks treatment.  

Oral glucose tolerance test (OGTT) and insulin resistance 

After 12 h fasting, the oral glucose tolerance test (OGTT) was performed at 0, 30, 60, 90, 120 min by 

feeding glucose 1.0 g/kg body weight through gavages. Before administration of glucose solution, blood was 

drawn from the inferior vena cava vein for plasma glucose and insulin concentrations measurements. Insulin 

concentration was measured by enzyme-linked immunosorbent assay (ELISA) using commercial rat-specific 

ELISA kits (Cat. No. KA3811, Abnova, Germany) according to the manufacturer’s protocol. Insulin resistance 

was assessed by using Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) and Quantitative 

Insulin Sensitivity Check Index (QUICKI). HOMA-IR index was calculated according to the formula: [-fasting 

glucose (mg/dL) × fasting insulin (mU/mL)] / 405. QUICKI was estimated according to the formula: 1¬/[log 

fasting insulin (mU/mL) + log fasting glucose (mg/dL)] [24,25]. 

Pancreas tissue preparation 

On the last day of the experiment the rats were anesthetized with ketamine/xylazine (88/10 mg/kg, i.p.). 

Blood samples were collected from aorta to measurement blood glucose concentration, insulin levels and 

Hemoglobin A1c (HbA1c) determination. HbA1c was determined by immunoturbidimetric assay [26]. 

Pancreas tissue was quickly removed from the sacrificed rat, washed with saline 0.9%. Then pancreas was 

excised, frozen in liquid nitrogen and stored at deep freeze (-70 °C) for p53 protein measurements.   

Measurement of pancreatic apoptosis marker 

For the detection of p53 protein (apoptosis marker), we used a p53 pan ELISA kit (Roche Molecular 

Biochemicals, Mannheim, Germany). This assay for the quantification of wild-type and mutant p53 of human, 

mouse, and rat origin, is based on a quantitative sandwich ELISA principle. The biotin labeled capture 

antibody is pre-bound to the streptavidin-coated micro titer plate. During a single incubation step, the p53 

containing sample reacts with the capture antibody and the peroxidase labeled detection antibody to form a 

stable immune complex. Subsequent to the washing step, the peroxidase bound in the complex is developed 

by tetramethylbenzidine as a substrate. The resultant absorbance is proportional to the concentration of p53. 

Tissue homogenates were prepared from tissues, as described in the p53 pan ELISA kit and collected 

supernatants were analyzed according to the manufacturer’s instructions [26]. 

Apoptosis by TUNEL assay 

To investigate cell apoptosis in pancreatic tissue sections, a TUNEL assay was performed with the in 

Situ Cell Death Detection Kit (Rosch Molecular Chemical, Germany) according to the manufacturer’s 

instructions. Briefly, the sections were digested with proteinase K (20 lg/mL) and kept for 15 min at room 

temperature and then washed by 2 % H2O2 for 5 min at room temperature. Sections incubated with terminal 

deoxynucleotidyl transferase (TdT), digoxigenin nucleotide and unlabeled nucleotide for 1 h in a humidified 

chamber at 37 ◦C. Antidigoxigenin conjugate was applied directly to the slides for 30 min at room temperature. 

Slides were washed in PBS and exposed DAB for 5 min. The slides were then rinsed in water and mounted. 

Apoptotic cells were identified by a brown stain over the nuclei [27].  
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Apoptotic index (AI) = (number of labeled cells / total number of cells counted) × 100                (1) 

Statistical analysis  

Data were expressed as mean ± SD for seven animals for quantitative variables and statistically analyzed 

by using SPSS program (version 18 for windows). Differences between groups were assessed by two-way 

analysis of variance (ANOVA) followed by Tukey’s test. Repeated measures ANOVA models were used to 

analyze the glucose mean response profiles over the 5-time point 2 h OGTT. P values of less than 0.05 were 

considered statistically significant (p < 0.05). 

RESULTS 

Changes of body weight 

The mean body weight of animals in experimental groups is shown in Table 1. The present study showed 

that STZ injection with low dose (35 mg/kg) decreased the body weight in all groups. Moreover, it was found 

that administration of testosterone and voluntary exercise to the diabetic and diabetic castrated groups 

resulted in an increase in the body weight in comparison to Dia and Dia-Cas groups before treatments but 

this increase is not significant (1-A and 1-B). In addition, it was observed that administration of testosterone 

together voluntary exercise to the diabetic and diabetic castrated groups significantly (p<0.05) increased in 

the body weight in comparison to Dia and Dia-Cas groups. Table 1 shows the change in body weight in rats 

after treatment with testosterone and voluntary exercise. Testosterone combined with voluntary exercise-

treated rats experienced significant weight gain as compared with Dia and Dia-Cas groups (p<0.05). No 

significant difference was detected between sham and diabetic groups (data are not shown). 

Serum glucose, insulin concentration, HOMA‑IR and QUICKI 

After 8 wks. of intervention, glucose levels decreased in the Dia-E and Dia-T groups compared with Dia 

(p<0.05 and p<0.01 respectively). Also, in combination groups with testosterone and exercise, there is a 

significant difference in blood glucose as compared with Dia group (p<0.001). In Dia-E and Dia-T-E groups, 

insulin levels were higher than Dia group (p<0.05) (Table 2-A, Figure 1A). Although, insulin did not change 

significantly in Dia-T-E compared with Dia-E, the calculated HOMA-IR was significantly decreased in the 

diabetic rats administration with testosterone together exercise compared to Dia-T and Dia-E groups after 60 

days of treatments. In castrated rats there was a significant difference in insulin concentration and glucose 

levels between treatments groups with Dia-Cas (p<0.001). Also, we also observed the decreasing level of 

blood glucose, HOMA-IR index and increasing concertation of insulin in combination group of testosterone 

and voluntary exercise compared with Dia-Cas (Table 2-B, Figure 1B). Glucose level was lower in Dia-Cas-

T-E group than Dia-Cas-E and Dia-Cas–T groups (p<0.05 and p<0.01 respectively) (Table 2-B). Compared 

to each treatment alone, combination- treated castrated rats had higher insulin and lower HOMA-IR as 

measured at the end of the study (Table 2-B). While, QUICKI was not significantly changed in all groups. No 

significant difference was detected between sham and diabetic groups (data are not shown). 

Effect of testosterone and voluntary exercise on glycosylated HbA1c levels 

Figure 2A shows that the blood HbA1c level of the treatment groups was significantly different from the 

blood HbA1c level of the Dia group (p<0.05 and p<0.001). HbA1c level in the diabetic rats was significantly 

(p<0.01) lower than that in the Dia-T and Dia-E groups after the treatment with both interventions of 

testosterone and voluntary exercise. Also, testosterone replacement and voluntary exercise performing 

improved HbA1c level of castrated rats (Figure 2B). In Dia-Cas-T-E group, eight weeks combination therapy 

with testosterone and exercise significantly reduces HbA1c level in the pancreas tissue in comparison with 

Dia-Cas-T and Dia-Cas-E groups (p<0.5 and p<0.01 respectively).  

Oral glucose tolerance test (OGTT) 

Curves for glucose concentrations during the OGTT are shown in Figure 3A and 3B. Blood glucose in all 

diabetic groups except Dia-Cas group were significantly (p < 0.001) lower than that of Dia groups in time 0 

(Figure 3A). In treatment diabetic rats, the significant differences were detected in Dia-T, Dia-T-E and Dia-

Cas-T-E groups after 30 min as compared with diabetic rat (Dia-T and Dia-T-E p < 0.001, Dia-Cas-T-E 

p<0.01). At 30 mins, serum glucose levels in all casterated diabetic rats treatment with testosterone and 
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exercise significantly lower than Dia-Cas (Dia-Cas-E p<0.05, Dia-Cas-T p<0.01 and Dia-Cas-T-E p<0.001). 

After 1 h of glucose load, serum glucose levels in Dia-T-E, Dia-Cas-T-E and Dia-Cas groups were significantly 

different of Dia group (p<0.001). In castrated diabetic rats, at 60 mins after glucose challenge in an oral 

glucose tolerance test, there was a significant difference in treatment groups in comparison to Dia-Cas group 

(p<0.001). At time of 90, glucose level in treatment diabetic rats and Dia-Cas-T-E group was lower than Dia 

group (Dia-T p<0.05, Dia-E p<0.05, Dia-T-E p<0.001 and Dia-Cas-T-E p<0.001). Also, in castrated diabetic 

rats the serom glucose level in treatment groups were significantly lower than Dia-Ca group (p<0.001). After 

2 h of glucose load, testosterone administration and exercise performing producing low glucose level in 

diabetic treatment groups and Dia-Cas-E and Dia-Cas-T-E groups compared with Dia group (p<0.001). Also, 

there was a significant difference between Dia-Cas-E and Dia-Cas-T-E groups with Dia-Cas group (p<0.001).  

Effects of testosterone and voluntary exercise treatment on p53 and apoptosis index 

As seen in Figure 4A and 4B, ELISA analysis showed that testosterone and exercise significantly 
decreased the protein level in treatment groups compared with Dia group (p<0.05). The p53 protein level 
markedly decreased by testosterone combined with exercise in comparison to Dia-T and Dia-E groups 
(p<0.01). In castrated diabetic rats, there is a significance difference between treatment groups and Dia-Cas 
group (p<0.01). The p53 level significantly decreased in the Dia-Cas-T-E group than in the Dia-Cas-T and 
Dia-Cas-E groups (p<0.01).   

TUNEL analysis of pancreas sections from diabetic and diabetic castrated Rats 

The pancreas apoptosis index was evaluated using TUNEL staining (Figure 5A, 5B and Figure 6). 

Apoptosis index significantly decreased in Dia-T and Dia-E groups compared with Dia group (p<0.01), while 

it was significantly increased in Dia-Cas group than in the Dia group (p<0.01). Compared with Dia-T and Dia-

E groups, the apoptosis index was significantly decreased in theDia-T-E group (p<0.05). There was a 

significance difference between treatment groups and Dia-Cas group (p< 0.01 and p<0.001). The apoptosis 

index was lower in Dia-Cas-T-E group than in Dia-Cas-T (p<0.01) and Dia-Cas-E (p<0.05) groups. 

Table 1. Effect of exercise and testosterone on body weight in diabetic (1-A) and castrated diabetic rats (1-B). 

 

1-A 

Groups Body weight (before) (gr) Body weight (after) (gr) Change in body weight ( % ) 

Dia 250 ± 9.3 223 ± 4.5 -13.2 ±  2.8 
Dia- T 245 ± 5.8 228 ± 2.2 -8.53 ± 1.9 
Dia-E 253 ±  6.2 234 ± 2.8 -7.58 ±  1.53 
Dia-T-E 257 ±  5.5 242 ± 1.6* -6.4 ± 3.40* 

1-B 

Groups Body weight (before) (gr) Body weight (after) (gr) Change in body weight ( % ) 

Dia 250 ± 9.3 223 ± 4.5 -13.2 ±  2.8 
Dia-Cas 251 ± 3.8 215± 8.3 -15 ± 2.20 
Dia-Cas-T 255 ± 8.9 222 ±  5.9 -13 ± 6.4 
Dia-Cas-E 250 ±  6.6 222 ±  3.3 -12 ±  7.7 
Dia-Cas-T-E 253 ± 7.5 233 ± 4.5+ -9.44 ±  2.9+ 

 
Body weight (before) indicates weights of animals that received high-fat and immediately after STZ injection. Body 
weight (after) indicates weights after treatment with testosterone and voluntary exercise. Change in body weight 
indicates percent of change in body weights after treatment with testosterone and voluntary exercise. Data are presented 
as mean ± SD for 7 animals. *p<0.05 vs. the Dia group. + p<0.05 vs. the Dia-Cas group. 
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Table 2. Effect of exercise and testosterone on blood glucose, serum insulin levels, HOMA-IR, and QUICKI in diabetic 

(2-A) and castrated diabetic (2-B) rats. 

2-A 

Groups Insulin (μ/l) HOMA-IR QUICKI 

                 Dia 4.08 ± 0.3 5.2 ± 0.1 0.30 ± 0.008 
                 Dia- T 4.8 ± 0.4 4.5 ± 0.9* 0.27± 0.002 
                 Dia-E 5.06 ± 0.5* 4.8 ±  0.9* 0.32± 0.009 
                 Dia-T-E 5.5 ± 0.3*+ 3.5 ± 0.4**+@ 0.32± 0.005 

2-B 

Groups 
 

Insulin (μ/l) HOMA-IR QUICKI 

                 Dia 
 

4 .08± 0.3 5. 2 ±  0.1 0.30 ± 0.008 

                 Dia-Cas 
 

3.50 ± 0.5 5. 9 ± 0.5* 0.25 ± 0.004 

                Dia- Cas-E 
 

4.5 ± 0.3# 5. 1 ±  0.3# 0.30 ± 0.003 

                Dia-Cas -T 
 

4.4± 0.2# 4.6 ± 0.4## 0.31 ± 0.008 

               Dia-Cas-T-E 
 

5.3± 0.5*##X$ 3. 9 ±  0.1**XXX$$$ 0.33± 0.003 

All results were expressed as the mean ± SD. *p<0.05 and **p<0.01 vs. the Dia group. + p<0.05 vs. the Dia-T group. 
@ p<0.05 vs. the Dia-E group. #p<0.05, ##p<0.01 vs. the Dia-Cas group. X p<0.05, XXX p<0.001 vs. the Dia-Cas-E 
group. $ p<0.05 and $$$ p<0.001 vs. the Dia-Cas- T group. 

 

 

Figure 1. All results were expressed as the mean ± SD. A: Effect of testosterone and voluntary exercise on glucose 
levels in diabetic rats. B: Effect of testosterone and voluntary exercise on glucose levels in castrated diabetic rats. 
*p<0.05, **p<0.01 and ***p<0.001 vs. the Dia group. $$p<0.05 vs. the Dia-T and Dia-E group. ###p<0.001 vs. the Dia-
Cas group. &&p<0.01 vs. the Dia-Cas-E group. $p<0.05 vs. the Dia-Cas- T group. 
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Figure 2. All results were expressed as the mean ± SD. A: Effect of testosterone and voluntary exercise on HbA1c 
levels in diabetic rats. B: Effect of testosterone and voluntary exercise on HbA1c levels in castrated diabetic rats. 
*p<0.05, **p<0.01 and ***p<0.001 vs. the Dia group.  $$ p<0.01 vs. the Dia-T and Dia-E groups. ##p<0.01 and ### 
p<0.001 vs. the Dia-Cas group. ++ p<0.01 vs. the Dia-Cas-E group. &p<0.05 vs. the Dia-Cas- T group. 
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Figure 3. All results were expressed as the mean ± SD. A: Effect of testosterone and voluntary exercise on OGTT in 
diabetic rats. B: Effect of testosterone and voluntary exercise on OGTT in castrated diabetic rats. *p<0.05 and 
***p<0.001 vs. the Dia group.  #p<0.05, ##p<0.01 and ### p<0.001 vs. the Dia-Cas group. 

 

 

 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4


 Combination of testosterone and exercise improve pancreatic apoptosis in T2 diabetic rats  9 
 

Brazilian Archives of Biology and Technology. Vol.64: e21200037, 2021 www.scielo.br/babt 

  

Figure 4. All results were expressed as the mean ± SD. A: Effect of testosterone and voluntary exercise on p53 levels 
in diabetic rats. B: Effect of testosterone and voluntary exercise on p53 levels in castrated diabetic rats. *p<0.05, 
**p<0.01 vs. the Dia group. $$ p<0.01 vs. the Dia-T and Dia-E groups. ##p<0.01 vs. the Dia-Cas group. &&p<0.01 vs. 
the Dia-Cas-E and Dia-Cas- T groups. 

  

Figure 5. All results were expressed as the mean ± SD. A: Effect of testosterone and voluntary exercise on apoptosis 
index in diabetic rats. B: Effect of testosterone and voluntary exercise on apoptosis index in castrated diabetic rats. 
*p<0.05, **p<0.01 and ***p<0.001 vs. the Dia group.  $ p<0.05 vs. the Dia-T group. & p<0.05 vs. the Dia-E group. 
##p<0.01 and ###p<0.001 vs. the Dia-Cas group. ++p<0.01 vs. the Dia-Cas-T group. @p<0.05 vs. the Dia-Cas- E 
group. 
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Figure 6. Effect of testosterone and voluntary exercise on apoptosis that stained by the TUNNEL method in diabetic 
and castrated diabetic. A: Dia, B: Dia-T, C: Dia-E, D: Dia-T-E, E: Dia-Cas, F: Dia-Cas-T, G: Dia-Cas-E, H: Dia-Cas-T-
E. 
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DISCUSSION 

The present study discussed about the anti-apoptotic effect of testosterone and voluntary exercise in 

experimental T2DM rats induced by high-fat diet combined with low-dose STZ. This study has shown that 

testosterone and voluntary exercise improved hyperglycemia, HbA1c and insulin resistance in diabetic and 

castrated rats support previous findings [28,29], but had no effect on insulin sensitivity in both groups of 

animals (diabetic and castrated rats). Also, results demonstrated that these treatments significantly increased 

blood insulin levels and p53 protein of pancreases tissue in diabetic and castrated diabetic rats. 

β-cell apoptosis in pancreas tissue is a characteristic feature of type 2 diabetes. Therefore, improvement 

of β-cell apoptosis is an important therapeutic goal. In this study we injected STZ at low dose to high fat diet 

rats to induce apoptosis in islet cell that leading to high level of blood glucose and low production of insulin, 

which were similar to those found in diabetic humans [30]. However, the precise mechanisms responsible for 

this defect remain unknown. In this study we examined the effect of testosterone and voluntary exercise on 

β-cell apoptosis in diabetic and diabetic castrated rats. 

Testosterone, an anabolic steroid, plays an important role in the metabolic activity in glucose regulatory 

tissues [31]. Therefore, experimental or pathological manipulation of testosterone leading to change the 

metabolic activities of tissues [28]. In this study we observed that testosterone replacement increased serum 

insulin level and decreased blood circulating glucose level. Muthusamy and coauthors suggested that normal 

level of testosterone is essential to maintain optimized insulin concentration in serum [28]. Holmang and 

coauthors demonstrated that testosterone administration caused hyperinsulinemia in female adult rats in both 

intact and ovariectomized animals [32]. Xia and coauthors also reported that testosterone deficiency is 

associated with increasing fasting blood glucose in male adult rats [33]. Grillo and coauthors have indicated 

that testosterone induces uptake of calcium and stimulates insulin secretion in isolated pancreatic islets [34]. 

In accordance with this, our results showed that serum insulin level following testosterone replacement was 

significantly increased and glucose level and HbA1c reduced when compared to castrated rats. Therefore, 

when insulin rises following testosterone replacement therapy, insulin stimulates glucose transport in 

regulatory organ such as skeletal muscle and adipose tissue and leading to glucose reducing and HbA1c. 

Addition with this, several studies have indicated the relationship of serum testosterone with insulin levels 

using surrogate measures of insulin resistance such as for HOMA-IR and QUICKI. Saad and coauthors have 

reported that testosterone treatment resulted in a significant improvement in the HOMA-IR index in those 

patients with sexual dysfunction [35]. Groti and coauthors have demonstrated that testosterone therapy 

replacement resulted in reduction of HOMA-IR and HbA1c in obese hypogonadal men with type 2 diabetes 

[36]. We found that testosterone administration did not restore QUICKI in diabetic and diabetic castrated rats. 

In contrast, previous study found that testosterone replacement improved peripheral insulin sensitivity in 

hypogonadal men with type 2 diabetes [12]. The possible explanation of this controversy could be due to the 

different durations of testosterone replacement therapy and kind of experimental animals.  

Moreover, the result of this study suggests that testosterone protects pancreas tissue function by 

decreasing proinflammatory cytokines cells from apoptosis, since the administration of testosterone 

significantly reduced the p53 protein and apoptotic index in the pancreas tissue of diabetic and castrated 

diabetic rats. It is clear that in the work, molecular and histological studies conducted on the pancreas tissue, 

but the results can be extended to langerhans islands and beta cells as well. In as much as, decreased 

apoptotic index obtained by the histopathological study and tunel assay confirmed the presence of apoptosis 

in the langerhans islets, given that 70% percent of islands are beta cells. Morimoto and coauthors have 

shown that early pancreases apoptotic damage produced by STZ in castrated rats was reversed by 

testosterone. These authors suggested that testosterone possess antioxidant and protective antiapoptotic 

effects in pancreases tissue [10]. Kapoor and coauthors have reported that testosterone treatment improves 

β-cell function by decreasing proinflammatory cytokines in hypogonadal men with type 2 diabetes [12]. 

Hanchang and coauthors indicated that testosterone protect β-cell against high-glucose induced apoptosis 

via decreased endoplasmic reticulum(ER) stress [37]. Also, Kooptiwut and coauthors reported that 

testosterone protects against high-glucose-induced b-cell apoptosis through the inhibition of ROS production 

both in vitro and ex vivo [38]. These results generally agree with our expected results that demonstrated 

testosterone protect pancreas tissue in castrated diabetic rats via suppression of apoptosis and its signaling 

pathway including p53 protein. 

The main findings of this study were that voluntary exercise significantly decreased blood glucose level 

and HbA1c in high fat diet fed‑STZ induced type 2 diabetic rats. Biochemical analysis also revealed that 

voluntary exercise was able to significantly increase insulin content and tended to decrease HOMA-IR. 

Voluntary exercise dose not elevate stress hormone unlike forcible exercise and animals are permitted to 
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exercise at the intensity, duration, and frequency patterns that they choose during their normal awake time 

at night [39]. Hyperglycemia in patients with type 2 diabetes impairs glucose-induced insulin secretion and 

insulin gene expression. Didek and coauthors demonstrated that obese rats that received swimming physical 

activity for ten days reduced the hyperglycemia and HOMA-IR index {Didek, 2019 #60}. Miyazaki and 

coauthors suggested that hyperglycaemia produces reactive oxygen species that affect pancreas tissue 

function and increase insulin resistance which leads to the aggravation of type 2 diabetes [40]. Oliveira and 

coauthors showed that oxidative stress is the main biomarkers of risk factor for exacerbate the symptom of 

patients with type2 diabetes {Oliveira, 2014 #61}. Pold and coauthors also showed that treadmill improved 

peripheral and hepatic insulin action and islet morphology [41]. Kiraly and coauthors reported that swimming-

trained diabetic rats did not develop hyperglycemia, which was associated with enhanced insulin secretion 

and increased β-cell proliferation that lead to improved islet morphology [38,42]. Park and coauthors showed 

that voluntary exercise improved systemic insulin sensitivity in ovariectomized rats fed high fat diet [43]. 

Since, voluntary exercise reduces blood glucose level and preserve GLUT-4 expression, a key regulator of 

carbohydrate and lipid metabolism, protection of β-cell from hyperglycemia damage and increasing secretion 

of insulin could be a possible mechanism by which voluntary exercise prevents progression of diabetes [43]. 

These previous reports support our findings. Our results demonstrated that body weight of diabetic rats and 

castrated diabetic rats in combined therapy groups was significantly lower than that of diabetic group without 

any intervention. In line with our results, Asikainen and coauthors showed that different protocols of exercise 

only produce a small decrease in body weight in menopausal women [44]. Chen and coauthors reported 

exercise training significantly reduced the body weight and suggested that body weight reduction may 

alleviate insulin resistance in ovariectomized rats [45]. The present data showed that voluntary exercise 

decrease p53 protein level, apoptosis biomarker, in the pancreas tissue of castrated diabetic rats. The 

involvement of hyperglycemia, p53 and mitochondrial pathway of apoptosis was widely investigated in 

pancreatic cells [46,47]. Pancreatic apoptosis is activated by hyperglycemia and involves ROS production, 

resulting in mitochondrial p53 mobilization followed by fragmentation of nuclear DNA [48]. Slentz and 

coauthors observed that both moderate- and vigorous-intensity exercise training improved β-cell function 

[49]. Shih and coauthors found significant increase in the disposition index after the 12-week training, 

suggesting an improvement pancreas tissue function [50]. Zhao and coauthors suggest that exercise 

improves diabetes symptoms via enhancement of the Langerhans islands mass and function through 

reducing β-cell apoptosis by activating Akt in obese OLETF rats [51]. Laker and coauthors concluded that 

early life exercise training in rats significant increases in β-cell mass and may have beneficial consequences 

for later metabolic health and disease [52]. In this study, we report that in type 2 diabetic castrated rats, 

combined therapy produced greater therapeutics effects than the individual treatments, it reduced blood 

glucose level, HbA1c, body weight, insulin resistance, p53 protein level and increased insulin secretion. 

Therefore, voluntary exercise in combination with testosterone reduced symptoms of type 2 diabetes related 

to high fat-fed rats more significantly than either treatment alone.  

CONCLUSION 

In conclusion, these results suggest that testosterone combined with voluntary exercise was beneficial 

in improving insulin resistance, glucose homeostasis and pancreas tissue apoptosis in diabetic and castrated 

diabetic rats. Reducing p53 protein level may be one of the mechanisms by which voluntary exercise 

combined with testosterone protect pancreas and Langerhans islets from apoptosis induced by 

hyperglycemia in type 2 diabetic castrated rats. Noteworthy, in the next our works following this study, 

molecular and histological studies conducted on isolated islets and identified beta cells. 
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