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	 Abstract
	 Methods. Ninety Wistar male rats were used in 
this study. Type 1 diabetes was induced by i.p injection of 
50 mg/kg of streptozotocin in all animals. After 42 days 
of treatment with testosterone (2mg/kg/day) or voluntary 
exercise alone or in combination, the heart of the rats has 
been removed and MicroRNA was extracted from the heart 
using miRCURYTM RNA isolation kit. 
	 Results. Our results showed that either testosterone 
or exercise increased miRNA-126 expression levels in 
the heart of diabetic rats. Treatment of diabetic rats with 
testosterone and exercise at the same time had a synergistic 
effect on miRNA-126 levels in the heart. Furthermore, 
in castrated diabetes group, miRNA-126 levels were 
significantly decreased in heart, whereas either testosterone 
treatment or exercise training enhanced expression of this 
miRNA. Also, simultaneous treatment of castrated diabetic 
rats with testosterone and exercise had an additive effect on 
miRNA-126 expression levels. 
	 Conclusion. This study showed that testosterone 
and exercise promote an increase in the expression of 
miRNA-126 in the heart tissue and this may be related 
to cardiac angiogenesis. These results may indicate that 
testosterone and exercise can help to prevent progression of 
diabetic cardiomyopathy due to impaired angiogenesis in the 
heart.

	 Key words: Diabetes, MiR-126, Heart, 
Testosterone, Exercise.

INTRODUCTION

	 Diabetes mellitus (DM) is a significant 
healthcare concern worldwide. Diabetes-induced 
hyperglycemia results in macro and microvascular 
complications such as diabetic cardiomyopathy, 

nephropathy, and retinopathy (1). Diabetic heart disease 
is the main cause of morbidity and mortality among 
the people with diabetes, due to marked inhibition of 
angiogenesis present in coronary heart and peripheral 
vascular system (2).
	 Many investigations have demonstrated the 
role of microRNAs (miRNAs) in many physiological 
processes, as well as in the regulation of endothelial 
gene expression during angiogenesis (3, 4). In recent 
years, several studies have suggested that miR-126 
participates in the angiogenesis process. MiR-126 is 
the most important factor for maintaining vascular 
integrity during ongoing angiogenesis (5, 6). On 
the cellular levels, knockdown of miR-126 caused 
defects in endothelial cell proliferation, migration, 
tube formation, and sprouting (7). It was shown that 
deletion of miR-126 in a subset of mutant mice results 
in vascular leakage, hemorrhaging, and embryonic 
lethality (8). Clinical study revealed that patients with 
coronary artery disease and diabetes mellitus 2 had  
lower circulating miR-126 levels. It was suggested that 
high glucose levels can lead to a decrease in the miR-
126 content in the endothelial particles(9).
	 Testosterone is the principal male sex hormone 
and an anabolic steroid (10). Some studies have shown 
that testosterone is implicated in the regulation of 
angiogenesis related genes (11, 12). Testosterone 
deficiency is common in men with diabetes and STZ-
induced diabetic male rats (13, 14). It was suggested 
that cardiovascular risk factors and mortality may 
increase in individuals with subnormal blood levels of 
testosterone(15). 
	 Many studies have demonstrated the beneficial 
effects of exercise on cardiac performance in diabetes 
mellitus (16, 17). It was shown that exercise can 
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improve blood glucose metabolism, insulin action, and 
cardiovascular risk factors in diabetic subjects (18). 
Our previous studies have shown the positive effects 
of voluntary exercise on cardiovascular diseases (19, 
20) . In the animal model of voluntary exercise, the rats 
have free access to a running wheel and use the wheel 
according to its physiological threshold for physical 
activity (21). 
	 The cardiovascular system is an important 
target of androgen action and exercise, but the evolved 
molecular mechanism of effect of testosterone and 
voluntary exercise in the diabetic hearts remains 
largely unexplored. On the other hand, it was proven 
that miR-126 participates in the pathogenesis of some 
diabetic complications (22). Therefore, the aim of 
this study was to investigate the effect of testosterone 
administration alone or in combination with exercise 
training on miR-126 levels in the heart of diabetic or 
castrated diabetic rats.

METHODS
	
	 Animals and experimental design
	 This research was carried out in accordance with 
the National Research Council’s protocol for the care 
and use of laboratory animals. The Ethics Committee of 
Tabriz University approved the experimental protocol 
(NO: 92198). Ninety male Wistar rats (250 - 270 g) 
were provided by the colony of our university and were 
randomly assigned to testosterone or placebo treatment 
and sedentary or voluntary exercise groups. Then animals 
were divided into nine groups (n= 10): 1- Diabetic sham 
castration + placebo group (Dia-S- Cas), 2-Diabetic + 
placebo group (Dia), 3-Diabetic + Testosterone group 
(Dia -T), 4-Diabetic + Exercise + placebo group (Dia-E), 
5-Diabetic + Exercise + Testosterone group (Dia-T-E), 
6-Diabetic + castrated + placebo group (Dia-Cas), 7- 
Diabetic + castrated + Testosterone group (Dia-Cas-T), 
8-Diabetic + castrated + Exercise + placebo group (Dia-
Cas-E) ,9-Diabetic + castrated + Testosterone+ Exercise 
group (Dia-Cas-T-E) .
	 With regard to mortality in diabetic animals, 
resistance to diabetes and the possibility to avoid 
exercising, the number of samples in each group at the 
start of the tests, 10 were considered at least, but the 
analysis was made for an average of 7 animals.

	 Castration and hormone replacement therapy
	 Sexually adult male rats were anesthetized 
with ketamine hydrochloride (80 mg/kg) and xylazine 
hydrochloride (5 mg/kg). After that, the rats subjected 

to orchiectomy were placed in a supine position and 
the testes were removed via a low-middle abdominal 
incision. To avoid disruption of hormonal influence, 
testosterone replacement began immediately after 
surgery (23). Testosterone propionate (UNIGEN, Life 
Science) dissolved in dimethyl sulfoxide (DMSO) was 
administered subcutaneously at a physiological dose 
(2 mg/kg /day) for 6 weeks (23). Rats in the Dia-S- 
Cas, Dia, Dia-E, Dia-Cas and Dia-Cas-E groups were 
injected with the same amount of DMSO vehicle. 

	 Induction of diabetes 
	 Type 1 diabetes was induced by a single 
intraperitoneal injection of streptozotocin (55 mg/
kg) (Sigma, St. Louis Mo, USA) to all animals. 
Streptozotocin was dissolved in 10 mM sodium citrate, 
pH 4.5, with 0.9% NaCl. Diabetes was verified 72h 
later by evaluating blood glucose levels by using a 
glucometer (Elegance, Model: no: CT-X10 Germany). 
Rats with a blood glucose levels ≥ 300 mg/dL were 
considered to be diabetic. 

	 Voluntary exercise 
	 Rats in exercise groups were housed 
individually in cages equipped with a stainless-steel 
vertical running wheel (Tajhiz Gostar, Tehran) and 
were allowed free access to the wheel 24 h per day for 
6 weeks. Rats exercised in the running wheel according 
to their physiological threshold for physical activity. 
So, voluntary exercise is considered as mild/ moderate 
exercise (21). Daily running distance was recorded by 
a permanent sensor installed on running wheel.

	 Total RNA extraction and real time PCR
	 MicroRNA was extracted from the heart tissue 
using the miRCURYTM RNA Isolation Kit (Exiqon, 
Vedbaek, Denmark) according to the manufacturer’s 
protocol. PCR primer sequence for miR-126 was 
CAUUAUUACUUUUGGUACGCG (www.mirbase.
org). The procedure was performed based on spin column 
using a proprietary resin as a separation matrix for RNA 
from other cell components. RNA content and purity 
were measured using Nanodrop 1000 spectrophotometer 
(Thermo scientific, Wilmington DE 19810 USA). The 
expression profile of miR-126 was performed on total 
RNA extracts by using universal cDNA synthesis 
kit. Briefly, total RNA containing microRNA was 
polyadenylated and cDNA was synthesized using a 
poly(T) primer with a 30 degenerate anchor and a 50 
universal tag (Exiqon, Vedbaek, Denmark). Each cDNA 
was used as a template for separate assay for microRNA 
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and mRNA quantitative real-time PCR by using SYBR 
Green master mix (Exiqon, Vedbaek, Denmark). Real-
time PCR reactions were fulfilled on a Bio-Rad iQ5 
detection System (Bio-Rad, Richmond, CA, USA).
The amount of PCR products were normalized with 
housekeeping beta-glucuronidase gene for miR-126. 
The 2-(ΔΔCt) method was used to determine relative 
quantitative levels of miR-126. The results were 
expressed as the fold-difference to the diabetic group. 
The expression profile of miR-126 was performed on 
total RNA extracts by using the universal complementary 
DNA (cDNA) synthesis kit. The amount of PCR 
products were normalized with housekeeping miR -1 for 
miR-126. The 2− (ΔΔCt) method was used to determine 
relative quantitative levels of miR-126. The results were 
expressed as the fold-difference to the relevant diabetic 
group.

	 Statistical analysis 
	 All values were analyzed by one or two-way 
analysis of variance (ANOVA) and also Tukey test was 
used to compare quantitative data. A value less than 
0.05 was considered statistically significant in all cases. 
Results are expressed as means ± S.E.M. Statistical 
analysis of data was carried out using SPSS statistical 
software (Version 17.0).

RESULTS 

	 Glucose results
	 According to Table 1-A (analysis by two 
way ANOVA), testosterone or exercise significantly 
(p<0.001) declined blood glucose levels in Dia group. 
Also, combination therapy with testosterone and 
exercise in Dia group had a significant decreasing 

Table 1. Effects of testosterone and exercise on blood glucose concentrations after 6 weeks in diabetic groups (A).

BG: blood glucose (mg/dL).
Effects of testosterone and exercise on body weight and blood glucose concentrations after 6 weeks in diabetic castrated groups (B). 
Diabetic group (Dia), Diabetic + Testosterone group (Dia -T), Diabetic + Exercise + placebo group (Dia-E), Diabetic + Exercise + Testosterone 
group (Dia-T-E), Diabetic + castrated + placebo group (Dia-Cas), Diabetic + castrated + Testosterone group (Dia-Cas-T), Diabetic + castrated 
+ Exercise + placebo group (Dia-Cas-E), Diabetic + castrated + Testosterone+ Exercise group (Dia-Cas-T-E). Data are expressed as mean± 
SEM for 7 animals. *p<0.05 vs. the Dia group. &&& p<0.001 vs. the Dia-Tes group. @ p<0.05 vs. the Dia-Exe group. + p<0.05 vs. the Dia-Cas 
group. ΔΔΔ p<0.001 vs. the Dia-Cas-E group.

A.

	 Groups
Variants

Dia Dia-Cas Dia-Cas-T Dia-Cas-E Dia-Cas-T-E

After 6 weeks BG 345±23.66 353.16±22.36*** 336.83±20.63+++ 323.83±14.83+++ 321.16±13.24
***+++▲▲▲ ΔΔΔ

B.

	                      Groups

Variants
Dia Dia-T Dia-E Dia-T-E

After 6 weeks BG 345±23.66 312±11.04*** 313.5±8.40*** 301±6.54***&&&@

Figure 1. Effects of testosterone and exercise on miRNA-126 expression levels in the heart after 6 weeks in diabetic groups (A). Effects 
of testosterone and exercise on miRNA-126 expression levels in the heart after 6 weeks in diabetic castrated groups (B). Effects of 
testosterone and exercise on miRNA-126 expression levels in the heart after 6 weeks in diabetic castrated groups. Diabetic group (Dia), 
Diabetic + Testosterone group (Dia -T), Diabetic + Exercise + placebo group (Dia-E), Diabetic + Exercise + Testosterone group (Dia-T-E), 
Diabetic + castrated + placebo group (Dia-Cas), Diabetic + castrated + Testosterone group (Dia-Cas-T), Diabetic + castrated + Exercise + 
placebo group (Dia-Cas-E) , Diabetic + castrated + Testosterone+ Exercise group (Dia-Cas-T-E). Data are expressed as mean± SEM for 7 
animals. ** p<0.01, *** p<0.001 vs. the Dia group. &&& p<0.001 vs. the Dia-Tes group. @@@p<0.001 vs. the Dia-Exe group.  +++ p<0.001 
vs. the Dia-Cas group. ▲ p<0.05 vs. the Dia-Cas-Tes group.ΔΔ p<0.01 vs. the Dia-Cas-E group.
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effect on blood glucose levels compared with Dia-T 
(p<0.001) and Dia-E (p<0.05) groups. Table 1-B shows 
that castration significantly (p<0.001) increased blood 
glucose levels in diabetic rats and treatment of Dia-
Cas group with testosterone significantly (p<0.001) 
decreased blood glucose levels. Two way ANOVA 
showed that six weeks replacement of testosterone or 
exercise training significantly (p<0.001) reduced blood 
glucose levels in the diabetic castrated rats. Also, six 
weeks of simultaneous treatment of testosterone and 
exercise in Dia-Cas group significantly (p<0.001) 
diminished blood glucose levels compared to 
testosterone or exercise treated groups (Table 1-B). 
Analysis of data for sham group was not significant in 
comparison to diabetic group (data are not shown).

	 MiR-126 expression in the heart tissue
	 The effects of testosterone and voluntary 
exercise on miR-126 expression in the heart are shown 
in Fig. 1. According to Fig. 1-A, treatment of Dia group 
with testosterone and exercise significantly (P<0.01) 
enhanced miR-126 expression levels. Also, combination 
therapy with testosterone and exercise in diabetic rats 
showed a significant (p<0.001) increasing effect on 
miR-126 expression levels compared to testosterone 
or exercise alone treated groups. Figure 1-B shows 
that castration significantly (P<0.01) decreased miR-
126 expression in the heart of Dia groups. Six weeks 
replacement of testosterone or voluntary exercise in 
Dia-Cas group, significantly (p<0.001) enhanced miR-
126 expression in the heart compared to testosterone 
or exercise alone treated groups. Also, simultaneous 
treatment with testosterone and exercise in Dia-Cas 
group significantly increased miR-126 expression 
compared to Dia-Cas-T group (p<0.05) and Dia-Cas-E 
group (p<0.01). Analysis of data for sham group did 
not show any significant difference in comparison to 
diabetic group (data are not shown).

DISCUSSION

	 The present study demonstrated for the first 
time that testosterone and exercise increased miR-
126 expression levels in the heart of diabetic rats. 
Our findings showed that castration impaired the 
expression of miR-126 in the heart of diabetic rats 
and testosterone-replacement therapy increased levels 
of miRNA. Also, we demonstrated that simultaneous 
treatment of diabetic and castrated diabetic rats with 
testosterone and exercise had enhanced effect on 
expression of miR-126. Our results exhibited that 

exercise trained groups had enhanced levels of miR-
126 compared with sedentary groups. Moreover, our 
results displayed that the fasting blood glucose levels 
of diabetic and castrated diabetic rats were reduced by 
testosterone treatment or exercise training. 
	 Since cardiovascular disease is a major 
complication of diabetes, there are several evidences 
to suggest that diabetes condition causes structural 
and functional abnormalities in the myocardium and 
vasculature. Although it was shown that diabetes 
impaired angiogenesis in the myocardial tissue of 
animal models of ischemia and in ischemic human 
hearts (24), the underlying molecular mechanisms are 
not being known completely. 
	 miR-126 is one of the most abundant miRNAs 
in vascularized tissues that acts upon various transcripts 
to control angiogenesis (25). It has been shown that 
targeted deletion of miR-126 in mice can result in 
vascular leakage, hemorrhaging, and embryonic lethality 
(6). In addition, there are some evidences that circulating 
serum miR-126 levels are related to the development and 
severity of heart failure and circulating levels of miR-
126 decrease in patients with coronary artery disease 
and diabetes mellitus (25). It is also suggested that high 
glucose levels lead to reduction in the miR-126 content of 
endothelial apoptotic bodies (9). MiR-126 might induce 
angiogenesis by repression of Spred-1 (Sprouty-related 
protein 1), a negative regulator of MAP kinase signaling 
and phosphoinositol-3 kinase regulatory subunit 2 
(PI3KR2, also known as p85-A), which suppresses the 
activity of PIK3/Akt/eNOS pathways (6).
	 Testosterone regulates angiogenesis related 
genes and is involved in cell proliferation and 
angiogenesis in the myocardium (11, 12). It was 
proven that testosterone supplementation increased 
angiogenesis in the heart of castrated rats (26). Both 
diabetes and the metabolic syndrome are associated 
with a modest reduction in testosterone, in magnitude 
comparable to the effect of 10 years of aging (13, 27). 
Recent study has shown that male STZ-induced diabetic 
rats had lower testosterone levels compared with 
non-diabetic rats (28). These observations and other 
scientific evidence are suggesting that testosterone 
deficiency contributes or at least is associated with 
cardiovascular risk factors in diabetic subjects (28, 29). 
However, the molecular mechanisms of testosterone 
effect in cardiac angiogenesis are not yet known 
exactly. Our study is the first to show that testosterone 
therapy raised miRNA126 expression in the heart of 
castrated diabetic and diabetic rats. Moreover, our 
results displayed that testosterone therapy reduced the 
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means of fasting blood glucose levels in the Dia and 
Dia-Cas groups. In agreement with our results, Rao and 
colleagues suggested that testosterone may improve 
glucose metabolism (29). Therefore, testosterone 
might promote cardiac angiogenesis by increasing 
miRNA-126 expression through glucose lowering 
mechanisms. 
	 Physical activity has satisfying effect on 
cardiovascular function and is salutary to diabetic 
subjects (30). Several studies showed the impact 
of exercise on circulating miRNAs (31-33). It was 
reported that aerobic exercise training promotes an 
increase in the expression of miRNA-126 in the heart 
of rats (34). Also, it has been shown that resistance 
exercise enhanced circulating miRNA-126 in healthy 
individuals (35). Da Silva and colleagues reported that 
swimming exercise increased angiogenesis in the heart 
of rats through miRNA-126 by inhibiting negative 
regulators of the VEGF pathway (36). Our study 
revealed that voluntary exercise increased expression of 
miRNA-126 in the heart of Dia and Dia-Cas groups. In 
addition, our findings displayed that; exercise can lead 
to desirable changes in circulating levels of glucose in 
Dia and Dia-Cas groups. These data confirm previous 
studies that exercise decreased the means of fasting 
blood glucose levels (37), increased the blood flow and 
delivery of glucose to the skeletal muscle (38).
	 Furthermore, this study exhibits that 
testosterone treatment and exercise training have an 
additive effect on expression of miRNA-126 in the 
heart of diabetic rats. In accord with our study, it is 
reported that, when exercise is added to testosterone 
supplementation, cardiac remodelling process, as 
structural or biochemical changes, becomes more 
efficient (39). This is also in line with findings of 
Fry and Lohnes that physical exercise can elicit a 
heightening testosterone response (40).
	 In conclusion, this study showed that 
testosterone treatment and exercise training promote an 
increase in the expression of miRNA-126 in the heart of 
diabetic and castrated diabetic rats. This effect may be 
related to cardiac angiogenesis induced by testosterone 
and exercise by indirect regulation of the VEGF 
pathway and by direct regulation of its target genes 
(Spred-1 and PI3KR2), which was associated with 
increasing the activity of the VEGF pathway and may 
be through the angiogenic pathways MAPK and PI3K/
Akt/eNOS. These findings suggest that miRNA-126 is 
a potential therapeutic target for vascular complications 
in diabetes. 
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