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Background Type 2 Diabetes Mellitus (T2DM) is closely associated with the development of vascular 
damage in the heart. In this study, the researchers aimed to determine whether Aerobic Training 
(AT) and Vitamin D supplementation (Vit D) could alleviate heart complications and vascular damage 
caused by diabetes. The effects of an eight-week AT program and Vit D on the expression of miR-1, IGF-
1 genes, and VEGF-B in the cardiomyocytes of rats with T2DM.
Methods This study was an experimental investigation. Fifty male Wistar rats were divided into 2 
groups Non-Diabetic Obese Control (NC; n = 10), and diabetic (n = 40). The rats were then randomly 
divided into four groups: AT plus Vit D (AT + Vit D; n-=10), AT (n = 10), Vit D (Vit D; n = 10), and Control 
Diabetic (C; n = 10). The exercise groups underwent treadmill training for 8 weeks at an aerobic 
intensity equal to 50–60% of their maximal oxygen uptake (VO2max), which corresponded to a speed 
of 15–25 m/min at a 0% incline, for 30–60 min per day, 5 days per week. The Vit D and AT + Vit D groups 
received 5,000 international units (IU) of Vitamin D (combined with sesame oil) per week via a single-
dose injection. Data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s 
post-hoc test for multiple comparisons among the groups. Paired data were analyzed using paired 
t-tests.
Results The results showed that BW, BMI, and FI significantly decreased in the AT + Vit D (p = 0.001 for 
all variables), AT (p = 0.001 for all variables), and Vit D (p = 0.001 for all variables) groups compared to 
baseline. In contrast, BW, BMI, and FI increased in the C (p = 0.001, p = 0.006, p = 0.020, respectively) 
and NC (p = 0.001 for all variables) groups. Significant differences were observed between the 
groups in terms of visceral fat, insulin, glucose, and HOMA-IR (p = 0.001 for all variables). Serum 
25-hydroxyvitamin D levels varied significantly among the groups (p = 0.002). The AT + Vit D group 
showed significantly increased VEGF-B (p = 0.001 for both comparisons), upregulated IGF-1 (p = 0.001 
for both comparisons), and downregulated miR-1 (p = 0.001 for both comparisons) compared to the AT 
and Vit D groups, respectively.
Conclusions AT and Vit D increased the expression of IGF-1 and VEGF-B in the heart of T2DM rats while 
decreasing the expression of miR-1. These effects were more pronounced when AT and Vit D were 
combined. The study concludes that the combination of AT and Vit D has cardio-protective effects in 
T2DM rats, counteracting abnormal angiogenesis induced by diabetes. These effects are mediated, at 
least in part, by the upregulation of IGF-1 and VEGF-B, and the downregulation of miR-1.
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Background
Type 2 diabetes mellitus (T2DM) has been proven to correlate strongly with the increasing prevalence of 
features of vascular damage in the heart, kidneys, and eyes1, causing several metabolic disorders starting from 
insulin resistance to chronic heart disease (CHD)2. Clinical trials have shown that diabetic patients are prone to 
cardiomyopathy, which is characterized by diastolic dysfunction, the development of cardiac hypertrophy, and 
cardiomyocyte fibrosis and apoptosis regardless of microvascular and macrovascular disorders3. In addition, 
adults with T2DM are more at risk of heart attacks and strokes4. However, its main pathophysiology needs to 
be elucidated, but perturbance of the molecular mechanism related to cardiac angiogenesis might be involved5. 
Vascular Endothelial Growth Factor B (VEGF-B) plays an important role in controlling the transfer of fatty 
acids in the heart and skeletal muscles6. Several studies have reported reduced production and activity of cardiac 
VEGF-B isoforms to be associated with angiogenesis disorder, reduction of myocardial perfusion, and ischemia7,8. 
Studies showed abnormal angiogenesis and vascular growth in diabetic models of animals9 and humans4; since 
diabetic hyperglycemia disturbs the downstream signaling of VEGF (i.e. Akt-1 and eNOS)10. Additionally, 
Insulin-Like Growth Factor 1 (IGF-1) plays a critical role in the normal growth of tissues, and dysregulation 
of IGF-1 is associated with atherosclerosis, and cardiovascular disease11. Studies show a relationship between 
low levels of IGF-I with diabetes, high blood pressure, and higher triglyceride levels12,13. Furthermore, the IGF-
1 expression level was shown to be directly controlled through MicroRNA-1 (miR-1)14. The effect of Aerobic 
training (AT) on angiogenesis, a crucial physiological process for improving oxygen and nutrient delivery 
to active tissues, remains a topic of ongoing debate15. While numerous studies have consistently shown that 
exercise induces angiogenesis through various mechanisms, including paracrine regulation, mechanical stimuli, 
and cellular mediators, some research suggests that the impact of exercise on angiogenesis may be more complex 
and context-dependent16. For instance, a recent review highlighted that the effects of exercise on angiogenesis-
related factors, such as VEGF and PGC-1α, can vary significantly depending on factors like exercise intensity, 
duration, and type, as well as individual characteristics like age and sex17,18. Additionally, studies have shown 
that AT-induced myokines, such as TGF-β and irisin, can both promote and inhibit angiogenesis, depending 
on the specific cellular context and molecular pathways involved19. Also, AT ameliorates hypertriglyceridemia, 
insulin resistance, and heart tissue angiogenic signaling in rat models of diabetes20–22. However, the effect of AT 
on angiogenesis-inducing factors in the Cardiac muscle cells (cardiomyocytes) is still a debatable topic.

The effect of Vitamin D (Vit D) on angiogenesis is a complex and context-dependent process that involves 
various cellular and molecular signaling pathways. Several studies have reported both pro-angiogenic and anti-
angiogenic effects of Vit D, depending on factors such as cell type, cellular condition, and the presence of specific 
chemokines23,24. In cells with excessive angiogenesis, such as those found in tumor vasculature or after vascular 
injury, Vit D has been shown to exert an anti-angiogenic effect by reducing the activation, proliferation, and 
migration of endothelial cells24,25. This effect is mediated through the Vit D receptor (VDR), which regulates 
the expression of genes involved in angiogenesis and inflammation25. Conversely, in the absence of vascular 
injury, Vit D has been found to promote angiogenesis by increasing the expression of hypoxia-inducible factor 
1-α (HIF1-α) and stromal cell-derived factor 1 (SDF1), which stimulate vascular repair26,27. Also, there are 
contradictory results on the effect of Vit D supplementation attenuating diabetic complications in both humans28 
and rats29, and the mechanisms of the cardio-protective effects of Vit D have not been fully elucidated30. The 
interplay between AT and Vit D is a complex and multifaceted relationship, involving various cellular and 
molecular signaling pathways. AT has been shown to modulate Vit D metabolism by increasing the production 
of 1,25-dihydroxyvitamin D, the active form of Vit D, through the upregulation of the enzyme 1α-hydroxylase 
in skeletal muscle and other tissues31,32. This enhanced Vit D activation can, in turn, promote the expression 
of genes involved in muscle growth, repair, and mitochondrial biogenesis, thereby improving AT capacity and 
performance33. Conversely, Vit D has been found to enhance the angiogenic response to AT, increasing the 
delivery of oxygen and nutrients to active muscles and facilitating recovery from AT-induced damage34. Thus, 
we hypothesized that AT and Vit D could attenuate diabetes-induced heart complications and vascular damage 
by altering the expressional level of angiogenesis-inducing factors. Therefore, we investigated the effects of eight-
week AT and Vit D on miR-1, IGF-1 gene expressions, and VEGF-B in the cardiomyocyte of rats with T2DM.

Methods
Animals, diets, and diabetes induction
Fifty male Wistar rats were obtained at 4-5wk of age weighing 180 ± 10 gr from the Medical University 
(Kermanshah, Iran). Animals were housed in transparent polycarbonate cages in the rodent’s care facility under 
a 12:12-h light-dark cycle at a controlled temperature of 25 ± 2 °C and 45–55% humidity with provided food and 
water. The ethical principles of working with laboratory animals were considered in the present study. After 2 wk 
of new environment acclimation, standard chow was replaced by a High-Fat Diet (HFD) containing a mixture 
of standard mouse food powder (365 mg/kg), mixed vitamins and minerals (60 mg/kg), yeast powder (1 mg/
kg), sheep fat (310 mg/kg), DL-methionine (3 mg/kg), and chloride Sodium (1 mg/kg) in the form of pellets 
(purchased from Beh-Parvar Company) (45% of calories from fat; 35% of calories from carbohydrates, 20% of 
calories from protein). This diet has been previously reported to induce obesity in rats35,36.

Fifty male Wistar rats were divided into 2 groups Non-Diabetic Obese Control (NC; n = 10), and diabetic 
(n = 40). The rats were then randomly divided into four groups: AT plus Vit D (AT + Vit D; n-=10), AT (n = 10), 
Vit D (Vit D; n = 10), and Control Diabetic (C; n = 10). (Fig. 1). To determine the sample size, based on previous 
research, a moderate effect size of 0.5, a power level of 0.8, and a significance level of 0.05, with an estimated 
standard deviation of 1.5, and a five-group design with an equal allocation ratio was used suggesting a total 
sample size of 50 rats.
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After increasing weight (more than 300 g), streptozotocin (60 mg/kg BW, dissolved in 0.1 M citrate buffer 
with pH = 4.5) and nicotinamide (15 min later, 110 mg/kg BW) were injected to induce diabetes. After 2 wk, 
blood samples were taken from the lateral tail vein to measure blood sugar; any values above 200 mg/l were 
considered diabetes37. No insulin treatments were given to animals during the study. The animals used in our 
study were obtained from the Kermanshah University of Medical Sciences. Additionally, we would like to 
mention that all necessary permissions and approvals were obtained before conducting the study. Also, the 
research protocol followed the tenets of the Iranian Convention for the protection of vertebrate animals used 
in experimental and other scientific contexts and was approved by the ethics committee of Razi University of 
Kermanshah, Kermanshah, Iran (IR.RAZI.REC.1401.011).

Protocols
To investigate the effects of AT on cardiomyocyte angiogenesis-inducing factors, diabetic rats were allocated to 
the following four groups: an AT + Vit D supplementation group (AT + Vit D; n = 10), an AT group (n = 10), a Vit 
D supplementation group (Vit D; n = 10), and a control diabetic group (C).

Protocol 1 Aerobic Training. After 1 week of acclimation to the treadmill (5 min, at 8–10 m/min, 5 days a 
week), the exercised groups underwent treadmill exercise for 8 wk at an aerobic intensity equal to 50–60% of 
VO2max (15–25 m/min, 0°, for 30–60 min/day, 5 days/week)38. Ten minutes of warm-up and cool-down were 
performed before and after the AT at 5 m/min (Fig. 1).

Protocol 2 Vitamin D supplementation. Supplement administration was performed during the last 8 wk of the 
intervention, and Vit D and AT + Vit D groups received 5000 international units (IU) of Vit D (combined with 
sesame oil) per week by single-dose injection. AT and C were injected with the same amounts of sesame oil. The 
serum concentration of Vit D was measured by a Vit D rat kit (enzyme-linked immunosorbent assay (ELISA); 
immune diagnostics system Ltd, Boldon, UK; with an intraassay coefficient of variation = 1.63%, and sensitivity 
of method = 1.33 mg/dL) )39 (Fig. 1).

Blood sampling
To exclude the acute effects of exercise rats were euthanized 48 h after the final training session. After 8 h of 
fasting, rats were anesthetized by injecting a combination of ketamine (70 mg/Kg BW) and xylazine (3–5 mg/
Kg BW). After ensuring full anesthesia, blood samples were taken by exposing the vena cava following the 
dissection of the abdominal cavity. The supernatant, designated as serum, was used to measure glucose, 
insulin, and serum 25(OH)D concentration after centrifuging the blood samples for 10 min at 4,000 g. Then 
the supernatant was collected to measure glucose, insulin, and serum VEGF-B (Pars Azmoon Kit, Iran). 
Serum 25(OH)D concentration was measured by rat 25(OH)D enzyme-linked immunosorbent assay (ELISA) 
kit (Immunodiagnostics system Ltd, Boldon, UK). The intraassay coefficient of variation and sensitivity of 
the method was 1.63% and 1.33 mg/dL, respectively. Also, insulin resistance status was calculated using the 
homeostasis model assessment for insulin resistance (HOMA-IR) (17). After euthanization and decapitation, 
cardiac muscle cells were quickly dissected and homogenized as recommended by the manufacturer using a 
gentleMACS™ Octo Dissociator system, M tubes, and the RNA_02 program in 2 ml of TRI Reagent® buffer. The 
homogenate was snap-frozen in liquid nitrogen and then stored at -80 °C for future analysis.

Fig. 1. Flow chart of the study.
AT + Vit D, Aerobic training + Vitamin D supplement, AT, Aerobic Training; Vit D, Vitamin D Supplement; C, 
Control; NC, Non-diabetes Control.

 

Scientific Reports |         (2025) 15:1328 3| https://doi.org/10.1038/s41598-024-81230-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


RNA extraction/real-time PCR
The homogenized samples were first incubated for 5 min at 15 to 30 °C and 0.2 ml of chloroform per 1 ml of 
TRIZOL Reagent was then added. After vortexing tubes for 15  s and incubating at 15–30  °C for 2 min, the 
samples were centrifuged at 12,000xg for 10  min at 2–8  °C. Then the upper layer was mixed into 0.5  ml of 
isopropyl alcohol per 1 ml of TRIZOL Reagent and centrifuged at 12,000xg for 10 min at 2–8 °C. After removing 
the supernatant, the RNA was washed with 75% ethanol and centrifuged at 7,500xg for 5 min at 2 to 8 °C. RNA 
was eluted in 30 µl of RNAse-free water and incubated for 10 min at 55 °C. Reverse transcription into cDNA 
was done using 1 µg of total RNA and a Prime Script RT reagent kit (Sinaclon, Iran). TB Green Premix Ex-
Taq II (TaKaRa, Dalian, China) was used for quantitative RT-PCR. The expression levels of target genes were 
quantified by the comparative 2 − ΔΔct method. The Sinaclon kit, Iran was used to measure IGF-1 and miR-1 
gene expressions (sensitivity of 0.021, and 0.06, resp). All primers for the RT-PCR were designed using the 
Applied Biosystems Primer Express software V 2.0 as shown in Table 1.

Statistical analysis
All statistical analyses were performed using the SPSS statistical software (version 21; SPSS Inc., Chicago, IL, 
USA) was used at a significant level of P < 0.05. The Shapiro–Wilk test was used for evaluating the normality 
of distribution. Data were analyzed using one-way ANOVA followed by a Tukey test for multiple comparisons 
among the groups. Paired data were analyzed using paired t-tests. P ≤ 0.05 was considered to indicate statistical 
significance. Data were analyzed by SPSS (version 26, IBM).

Results
Mean Body Weight (BW), Body Mass Index (BMI), and food intake (FI) are shown in Table 2. There was a 
significant difference between groups in the mean BW, BMI, and FI after 8 weeks of intervention; BW, BMI, 
and FI reduced significantly in the AT + Vit D, AT, and Vit D groups at the end of the study compared with 
the beginning. Mean BW, BMI, and FI increased significantly in the C and NC groups at the end of the study 
compared to the beginning. The results of one-way ANOVA showed significant differences in the Δ of BW, BMI, 

Variables AT + Vit D AT Vit D C NC P-Value a

Body Weight (g)

Before 308.40 ± 2.67 310.20 ± 2.85 308.10 ± 2.72 307.30 ± 1.76 209.10 ± 3.90

After 275.90 ± 3.57 288.90 ± 3.54 295.60 ± 4.42 312.10 ± 2.84 211.70 ± 3.91

P† 0.001* 0.001* 0.001* 0.001* 0.001*

Δ -32.50 ± 2.01 A -21.30 ± 1.70 B -12.50 ± 3.13 C 4.80 ± 1.61 D 2.60 ± 0.69 E 0.001 ¥

BMI (kg/m2)

Before 0.76 ± 0.033 0.80 ± 0.019 0.77 ± 0.020 0.78 ± 0.030 0.53 ± 0.014

After 0.58 ± 0.035 0.69 ± 0.036 0.70 ± 0.022 0.88 ± 0.041 0.55 ± 0.011

P† 0.001* 0.001* 0.001* 0.006* 0.001*

Δ -0.17 ± 0.025 A -0.11 ± 0.030B -0.07 ± 0.014 C 0.09 ± 0.039 D 0.02 ± 0.006E 0.001 ¥

FI (g/d)

Before 15.41 ± 0.025 15.43 ± 0.033 15.36 ± 0.026 15.47 ± 0.045 14.89 ± 0.022

After 15.19 ± 0.054 15.26 ± 0.079 15.20 ± 0.064 15.63 ± 0.193 15.26 ± 0.135

P† 0.001* 0.001* 0.001* 0.020* 0.001*

Δ -0.22 ± 0.058 A -0.17 ± 0.054 B -0.15 ± 0.58 C 0.16 ± 0.18D 0.37 ± 0.148 E 0.001 ¥

Table 2. Comparison of mean ± SD of body weight, BMI, and FI before and after intervention. AT + Vit D, 
Aerobic training + Vitamin D supplement, AT, Aerobic Training; Vit D, Vitamin D Supplement; C, Control; 
NC, Non-diabetes Control; BMI: Body Mass Index; FI: Food Intake. Data analysis was done by the analysis of 
one-way analysis of variance test followed by post hoc Tukey’s test; P†: Statistical analysis was done by paired 
sample t-test; *: Significantly different in comparison pre- and post-within the groups; P-Valuea: Statistical 
analysis was done by one-way analysis test; ¥: Significantly different comparing Δ between groups. The mean 
values followed by different letters (A, B, C, D, and E) are significantly different at the 0.05 level (p < 0.05). 
The values followed by the same letter are not significantly different. Dissimilar letters represent a significant 
difference between the groups.

 

Genes Primers Size (bp) Annealing temperature (C)

IGF-1 F:  T C G C A T C T C T T C T A T C T G G C C C T G T
R:  G C A G T A C A T C T C C A G C C T C C T C A G A 226 60

Mir-1 F:  G C T A T G G A A T G T A A A G A A G T A T G T A T
R:  C T C A A C T G G T G T C G T G G A G T C 208 59

Table 1. The Forward and reverse primer sequences.
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and FI between the groups. The results of Tukey’s post hoc test show that BW, BMI, and FI were significantly 
lower in AT + Vit D, AT, Vit D, and C compared to NC. The results indicate significant differences in BW, BMI, 
and FI in AT + Vit D, AT, and Vit D compared to C. Significant differences in the BW, BMI, and FI were also 
observed between AT + Vit D with AT, and Vit D. Additionally, there were significant differences in BW, BMI, 
and FI in AT compared to Vit D (Table 2).

As Table  3 shows, there was a significant difference between groups in visceral fat, insulin, glucose, and 
HOMA-IR (p = 0.001 for all variables). The results of Tukey’s post hoc test show that visceral fat, insulin, glucose, 
and HOMA-IR were significantly lower in AT + Vit D, AT, Vit D, and C compared to NC (p = 0.001 for all 
variables). The results indicate significant differences in visceral fat, insulin, glucose, and HOMA-IR in AT + Vit 
D (p = 0.001; p = 0.002; p = 0.001), AT (p = 0.004; p = 0.010; p = 0.007), and Vit D (p = 0.006; p = 0.0014; p = 0.016) 
compared to C. Significant differences in the visceral fat, insulin, glucose, and HOMA-IR were observed between 
AT + Vit D with AT, and Vit D. The results indicate significant differences in visceral fat, insulin, glucose, and 
HOMA-IR in AT compared to Vit D (Table 3).

The results show significant differences between groups in serum 25-hydroxyvitamin D; with the highest 
level in NC and the lowest in the C group. Based on the results, the mean serum 25-hydroxyvitamin D was 
significantly higher in the AT + Vit D, AT, and Vit D than in the C group (P < 0.05 for all three variables). In 
addition, a significant difference was observed in serum 25-hydroxyvitamin D between the AT + Vit D group 
and other groups (P < 0.05 for all three variables). A significant difference in serum 25-hydroxyvitamin D was 
observed between AT compared to Vit D (Fig. 2A). The results of VEGF-B, IGF-1, and miR-1 are shown in 
Figures (Fig. 2B, C, and D). The results of one-way ANOVA showed a significant difference in VEGF-B, IGF-
1, and miR-1 gene expression between all groups. Furthermore, AT + Vit D, AT, and Vit D increased VEGF-B, 
upregulated IGF-1, and downregulated miR-1 compared to the C. Based on the results, AT + Vit D significantly 
increased VEGF-B (p = 0.001; p = 0.001), upregulated IGF-1 (p = 0.001; p = 0.001), and downregulated miR-1 
(p = 0.001; p = 0.001) compared to AT and Vit D, respectively. Also, AT induced more significant upregulations 
in the VEGF-B, and IGF-1 gene expression than Vit D. In addition, significant differences were observed in 
VEGF-B, and IGF-1 and miR-1gene expression between the C and NC (P < 0.05 for all three variables).

Discussion
AT and Vit D have been reported to ameliorate insulin resistance and reduce vascular complications in diabetic 
rats40,41. However, the effects of AT and Vit D on angiogenesis-inducing factors have not been well characterized 
in the cardiomyocytes. Therefore, the present study investigated the effects of eight-week AT and Vit D on 
the angiogenesis-inducing factors in the cardiomyocytes of rats with T2DM, specifically focusing on cardiac 
miR-1, IGF-1, and VEGF-B. T2DM disturbed the normal responses of angiogenesis-inducing factors in the 
cardiomyocytes of rats, and lipid accumulation, which is a novel finding of the present study. AT decreased the 
important heart adaptation regulator microRNA, miR-1 increased the expression of target angiogenesis-inducing 
factors (IGF-1 and VEGF-B), and restored T2DM-induced abnormalities in angiogenesis in the cardiomyocytes 
of diabetic rats. These findings indicate that AT has cardio-protective effects, ameliorating defects in cardiac 
angiogenesis in diabetic subjects. Angiogenic disorders in myocardial tissue have been reported during the 
progression of T2DM42. Therapy for restoring normal angiogenesis (thereby improving IGF-1 and VEGF-B) 
is believed to protect cardiac function against CHD progression in T2DM models43. Angiogenesis impairment 
plays a pathogenic role and deteriorates cardiac function which contributes to later heart complications and 
related morbidity in diabetic models44. Consistent with the present data, previous studies have reported that 
T2DM perturbed angiogenesis in different tissues and increased complications in these individuals42,45. Insulin-
related disorders might decrease IGF-I production by reducing growth hormone (GH) receptor expression and 
causing GH resistance46. AT has been shown to have cardio-protective effects in various models of metabolic 
disease47. AT might reduce the risks of cardiovascular injuries in diabetic patients by improving the maximum 
oxygen consumption (VO2max) and cardiac output48,49. Also, AT helps to improve glycosylated hemoglobin 
(HbA1c) and lipid profile metabolism50. Based on the results of studies, AT not only leads to weight loss and 
blood sugar control by reducing the number of fat cells through beta-oxidation in fat tissue but also improves 
the function of the left ventricle by increasing the functional capacity51,52. It has been shown that the effects of 
AT on VEGF-B gene expression and protein abundance might be associated with insulin resistance53. Based 

Variables AT + Vit D AT Vit D C NC P-value

Visceral fat (g) 9.53 ± 0.028 A 10.10 ± 0.049 B 10.49 ± 0.051 C 11.40 ± 0.032 D 9.01 ± 0.045 E 0.001 ¥

Insulin (µU/ml) 2.66 ± 0.025 A 2.85 ± 0.025 B 2.99 ± 0.039 C 3.31 ± 0.021 D 1.20 ± 0.030 E 0.001 ¥

Glucose (mmol/L) 18.99 ± 0.028 A 19.76 ± 0.022 B 23.44 ± 0.034 C 29.57 ± 0.023 D 8.27 ± 0.023 E 0.001 ¥

HOMA-IR 0.12 ± 0.001 A 0.13 ± 0.001 B 0.17 ± 0.002 C 0.24 ± 0.001 D 0.024 ± 0.001 E 0.001 ¥

Table 3. Comparison of mean ± SD of visceral fat, insulin, glucose, and HOMA-IR after the intervention 
among the groups. AT + Vit D, Aerobic training + Vitamin D supplement, AT, Aerobic Training; Vit D, 
Vitamin D Supplement; C, Control; NC, Non-diabetes Control. Data analysis was done by the analysis of one-
way analysis of variance test followed by post hoc Tukey’s test; P-Valuea: Statistical analysis was done by one-
way analysis test; ¥: Significantly different comparing Δ between groups. The mean values followed by different 
letters (A, B, C, D, and E) are significantly different at the 0.05 level (p < 0.05). The values followed by the same 
letter are not significantly different. Dissimilar letters represent a significant difference between the groups.
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Fig. 2. Effect of aerobic training and vitamin D supplementation on 25-hydroxyvitamin D, VEGF-B, IGF-1, 
and Mir-1 in type-2 diabetic rats.
AT + Vit D, Aerobic training + Vitamin D supplement, AT, Aerobic Training; Vit D, Vitamin D Supplement; C, 
Control; NC, Non-diabetes Control.
VEGF-B: Vascular Endothelial Growth Factor B; IGF-1: Insulin-like growth factor 1; Mir-1: MicroRNA-1. 
Results from analysis of one-way analysis of variance (ANOVA), post-hoc Tukey’s test. µ: Significantly different 
compared to AT. €: Significantly different compared to Vit D. α: Significantly different compared to C. β: 
Significantly different compared to NC.
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on these studies, AT counteracts the effects of T2DM-induced cardiac complications, specifically defected 
cardiac angiogenesis54,55. To elucidate the mechanisms, the present study revealed that AT reduces miR-1 and 
increases IGF-1 and VEGF-B expression in the cardiomyocytes of rats with T2DM. Hoier et al. (2020), showed 
that AT increases cardiac muscle metabolism creates oxygen deficiency conditions, and stimulates hypoxia-
inducible factor 1-alpha (HIF-1) that increases VEGF-B and improves cardiac angiogenesis, in turn56. IGF-1 
is an anti-apoptosis factor that exerts a protective effect towards apoptosis in rat cardiomyocytes by decreasing 
the cytotoxic effects of glucose. There are contradictory results on the IGF-I levels following AT that are limited 
to serum investigations. Birzniece et al. (2019) reported a significant increase in IGF-I following AT57; while 
Moazami et al. (2018) reported a significant decrease in the serum levels of IGF-I in middle-aged women after 
a six-month AT58. Studies have reported IGF-I as one of the targets of miR-159,60. The miR-1 plays a major role 
in cardiomyocyte apoptosis and ultimately cardiomyopathy by downregulating IGF-1 at the translational level61. 
In addition, miR-1 has been implicated in diabetes-induced cardiomyocyte apoptosis62, which is overexpressed 
in the hearts of diabetic patients63, and miR-1 overexpression inhibits the anti-apoptotic action of IGF-164. 
Consistent with the present data, Delfan et al. (2020) reported that AT increases the IGF-1 expression gene by 
reducing the overexpression of miR-1 and thus can be an effective intervention to reduce the complications 
of diabetes cardiopathy65. The present study further indicates that Vit D increased IGF-1 and VEGF-B and 
decreased miR-1 after 8 weeks. Studies report contradictory results on the effect of Vit D supplementation 
on cardiac biomarkers66,67. Kord-Varkaneh et al. (2020) reported no significant alteration in IGF-1 following 
Vit D supplementation68. Also, Latino and African-American people with pre-diabetes and hypovitaminosis 
D showed no significant changes in IGF-1 following Vit D supplementation69. However, variations in Vit D 
measurement techniques, confounding factors affecting 25-hydroxyvitamin D levels, lack of consensus on 
optimal thresholds, and differences between observational and interventional studies all contribute to the 
contradictory findings surrounding Vit D and health. While Consistent with our findings, there is evidence that 
Vit D supplementation modulates circulating IGF1 concentrations68,69. Moreover, several studies have showed 
positive association between IGF1 and 25(OH)D in healthy and unhealthy subjects70,71. The possible mechanism 
involved in increasing IGF-1 and VEGF-B expression in cardiomyocytes following Vit D supplementation might 
indicate activation of the IGF-1 and VEGF-B promoter that promotes a further proangiogenic response and 
vascularization72. According to our data, increased IGF-1 and VEGF-B expressions in the cardiomyocytes were 
also multiplied when combining Vit D with AT. These changes suggest that combined AT and Vit D ameliorated 
the T2DM-induced defect in cardiac angiogenesis. In this model, separate Vit D was less effective at ameliorating 
the features of T2DM-induced angiogenesis disorders in T2DM rats than combined AT and Vit D, suggesting 
that combining AT and Vit D might be an essential mediator of both basal angiogenic responses and the effects 
of AT on this.

The interplay between AT and Vit D in the regulation of angiogenesis, the process of new blood vessel 
formation, involves complex cellular and molecular signaling pathways. Emerging evidence suggests that 
the combination of these two factors can have a synergistic effect on promoting or inhibiting angiogenesis, 
depending on the physiological context.

Exercise has been shown to modulate Vit D metabolism by increasing the production of the active form, 
1,25-dihydroxyvitamin D (1,25(OH)2D), through the upregulation of the enzyme 1α-hydroxylase in skeletal 
muscle and other tissues73. This enhanced Vit D activation can, in turn, influence the expression of genes 
involved in angiogenesis. For instance, 1,25(OH)2D has been reported to upregulate the expression of vascular 
endothelial growth factor (VEGF) and stromal cell-derived factor 1 (SDF-1), which are potent pro-angiogenic 
factors66,67. This can lead to increased endothelial cell proliferation, migration, and the formation of new blood 
vessels, thereby facilitating the delivery of oxygen and nutrients to active muscles during exercise.

Conversely, in the presence of excessive or pathological angiogenesis, such as in the context of tumor growth 
or vascular injury, Vit D has been shown to exert anti-angiogenic effects33. This is mediated through the Vit 
D receptor (VDR), which can regulate the expression of genes involved in the inhibition of endothelial cell 
activation, proliferation, and migration74. Additionally, Vit D has been found to downregulate the expression of 
pro-angiogenic microRNAs, such as miR-1, further contributing to its anti-angiogenic actions23,24.

The interplay between AT and Vit D in the modulation of angiogenesis is further highlighted by their 
combined effects on the immune system and inflammation. Exercise can stimulate the production of anti-
inflammatory cytokines, while Vit D has been reported to suppress pro-inflammatory pathways, such as those 
mediated by nuclear factor-κB (NF-κB)34,75. This synergistic anti-inflammatory effect may help to maintain a 
balanced angiogenic response and promote vascular health34.

In summary, the interaction between AT and Vit D in the regulation of angiogenesis involves a complex 
interplay of cellular and molecular signaling pathways. The combination of these two factors can have either 
pro-angiogenic or anti-angiogenic effects, depending on the physiological context, highlighting the importance 
of considering both AT and Vit D status in the optimization of vascular function and overall health. In summary, 
both AT and Vit D increased cardiac expression of IGF-1 and VEGF-B in T2DM rats, whereas decreased miR-1, 
these responses were greater when combining AT and Vit D.

The provided study highlights several limitations of a study on the effects of AT and Vit D on angiogenesis-
inducing factors in rats with type-2 diabetes mellitus (T2DM). Firstly, the study primarily focuses on animal 
models of T2DM, which may restrict the applicability of the findings to human populations. To validate the 
observed effects, human studies are necessary. Secondly, the study’s characterization of angiogenesis-inducing 
factors is limited to AT and Vit D, without comprehensively investigating other potential factors involved in 
angiogenesis. This narrow focus may hinder a comprehensive understanding of the overall angiogenic response 
in the context of T2DM. Thirdly, while the study reports the effects of AT and Vit D on miR-1, IGF-1, and VEGF-B 
expression in the cardiomyocytes, it lacks a detailed mechanistic explanation of how these interventions modulate 
angiogenesis. Further investigation is required to elucidate the underlying molecular pathways via histological, 
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immunohistochemical (IHC), and Western blot (WB) analyses to explore the activity of mir-1 and other relevant 
molecular markers. Lastly, the study only investigates the effects of eight weeks of AT and Vit D supplementation, 
without exploring the long-term effects and sustainability of these interventions on angiogenesis and cardiac 
function. Longer follow-up periods would provide a more comprehensive understanding of the potential 
benefits. Overall, these limitations highlight the need for further research to overcome these constraints and 
enhance the understanding of the interventions’ effects on angiogenesis in the context of T2DM.

Conclusions
We conclude that combined AT and Vit D have cardio-protective effects in T2DM rats and counteracts diabetes-
induced abnormal angiogenesis, which is mediated, at least in part, by upregulation of IGF-1 and VEGF-B and 
down-regulation of miR-1.

Data availability
The results of the current study are available from the corresponding author on reasonable request.
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