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Abstract

Background: It is well accepted that skeletal muscle conforms to exercise stimulus by increasing capillary density and angiogenesis, but 
there is less evidence regarding the effect of resistance training on capillary density in flexor hallucis longus (FHL) and soleus muscle.
Objectives: In this study, we evaluated the effect of resistance training on capillary density around soleus and FHL muscles in type 1 
diabetic rats.
Materials and Methods: Thirty-six male rats were divided into four groups: (1) control; (2) diabetic; (3) diabetic trained and (4) control 
trained (n = 9 each). A Single intraperitoneal injection of Streptozotocin at a dose of 55 mg/kg was used for induction of diabetes. The 
rats in the trained group undertook one training session per day for 3 days/week. Training was done with the use of a 1 meter high ladder 
inclined at 80°. After 4 weeks, the plasma nitrite concentrations were measured. Capillary/fiber ratio was determined around soleus and 
FHL muscles by immunohistochemistry.
Results: Plasma Nitric Oxide (NO) concentration was increased after resistance training in diabetic animals (P < 0.05). Capillary/fiber ratio 
around the soleus muscle of diabetic group was more than control rats. Resistance training did not alter capillary/fiber ratio in diabetic 
animals (1.00 ± 0.6 vs. 1.07 ± 0.07, respectively). Capillary/fiber ratio around FHL muscle was significantly different between diabetic and 
control and did not alter after exercise (diabetes: 1.1702 ± 0.09; diabetic trained: 1.1714 ± 0.08; control: 0.79 ± 0.08; control trained: 0.73 ± 
0.03). There was a positive correlation between plasma NO concentration and capillary density in the soleus muscle (R2 = 0.65).
Conclusions: Resistance training could not improve capillary/fiber ratio in soleus and FHL muscle of diabetic animals in spite of increase 
in some angiogenic factors including NO.

Keywords: Exercise, Nitric Oxide, Capillary Density, Diabetes

Copyright © 2015, Sports Medicine Research Center. This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommer-
cial 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.

1. Background
Type II diabetes is a consequential cause of untimely 

mortality and morbidity related to cardiovascular disease 
(CVD), blindness, kidney and nerve disease, and amputa-
tion. People with Type 2 diabetes reveal insulin resistance 
in skeletal muscle (1). Also, hypertension, coronary artery 
disease, cerebrovascular attacks and effects on micro- 
and macro circulation in patients with diabetes are more 
common (2, 3). While diabetes management has largely 
focused on control of hyperglycemia, the presence of the 
abnormal feature of angiogenesis could cause or contrib-
ute to many of the clinical manifestations of diabetes (4).

The sprouting of new vessels from pre-existing ves-
sels in response to angiogenic molecules and hypoxia is 
called angiogenesis (5). In recent times, both type 1 and 
type II diabetes have been shown to influence angiogenic 
growth factors and inhibitors in skeletal muscle (6). De-
creased angiogenesis is thought to affect damaged tissue 
repair in diabetic patients (7).

Regular exercise has been known to have great benefits, 
involving increased performance and healthy longevity (8). 
More recently, exercise has been shown to exert significant 

positive impacts on an increasing number of diseases in 
humans, including diabetes, obesity and cardiovascular 
disease (9). Exercise training makes better cardiovascu-
lar function and evaluates vascular transport capacity of 
skeletal muscle (10). In the past decade, a number of clini-
cal studies have obviously been described in patients with 
T2DM, resistance training decreases the percentage of 
glycosylated hemoglobin, increases glucose disposal, and 
even improves the lipid and cardiovascular disease risk 
profile (11). Also, in a normal subject, resistance exercise el-
evated skeletal muscle Vascular Endithelial Growth Factor 
(VEGF), VEGF receptor. The increases in muscle angiogenic 
growth factor expression in response to resistance exer-
cises are the same in timing and magnitude as responses 
to acute aerobic exercise and are consistent with resistance 
exercise improving muscle angiogenesis (12). Also, this 
kind of training increases circulating endothelial progeni-
tor cell (EPC) counts and decreases asymmetric dimethylar-
ginine (ADMA) levels reflecting elevated angiogenesis and 
promoted endothelial function, which might contribute to 
cardiovascular risk reduction (13).
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Skeletal muscle is a compound tissue composed of con-
nective tissue, nerves and muscle fibers. Type I slow-twitch, 
oxidative fibers are slow in force generation (14) and have 
an oxidative profile (15, 16). Type IIa fast-twitch, oxidative 
fibers are fast in force generation but have similar oxida-
tive profiles to the type I fibers (17). Changes among muscle 
fiber type, oxidative capacity, vascularization, and capillary 
exchange capacity during exercise, are well recognized (18).

It is well accepted that skeletal muscle conforms to exer-
cise stimulus by increasing capillary density and/or capil-
lary/fiber ratio, but there is less evidence, for the relation-
ship between capillary ratioin Flexor Hallucis Longus (FHL) 
and soleus muscles and resistance training. Because angio-
genesis, by increasing capillary exchange area, contributes 
to increased blood flow and oxygen uptake, thus represent-
ing an essential adaptive reaction of skeletal muscle to ex-
ercise for improvement of physical performance, aerobic 
capacity, facilitating oxygen transport, conductance and 
muscle extraction. Also, angiogenesis factors such as nitric 
oxide (NO) in skeletal muscle have a main role in this pro-
cess and the change of skeletal muscle adaptation in diabe-
tes (19). Therefore, in this study, we evaluated the effect of 
resistance training on capillary density around soleus and 
FHL muscles in type 1 diabetic rats.

2. Objectives
In this study, we evaluated the effect of resistance train-

ing on capillary density around soleus and FHL muscles 
in type 1 diabetic rats.

3. Materials and Methods

3.1. Animals and Experimental Groups
In accordance with previous studies, Thirty-six male wis-

tar rats, (288 ± 22 gr) were used in this experiment (20). The 
rats were purchased from Pasteur’s institute (Tehran, Iran) 
and kept in the central animal house of the university. The 
animals were housed three per cage in an air-conditioned 
animal room with 12 h light/dark cycle, at a room tempera-
ture between 22 ± 2°C, and food and water were given ad 
libitum. They were divided into four groups: (1) control; (2) 
diabetic; (3) diabetic trained and (4) control trained (n = 9 
each). The ethical committee of the Tarbiat Modarres Uni-
versity approved all protocols and procedures.

3.2. Induction of Diabetes
A single intraperitoneal injection of Streptozotocin 

(STZ) at a dose of 55 mg/kg (Sigma-Aldrich, St. Louis, MO) 
was used for induction of diabetes. STZ was dissolved (20 
mg/mL) in a cold 0.1 M citrate buffer (pH 4.5). Non-dia-
betic rats received a similar volume of citrate buffer only. 
Blood glucose concentrations were measured using tail 
vein following overnight fasting, five days after the STZ 
injection. Blood glucose level higher than 16 mmol/L was 
considered as indicative of diabetes (21).

3.3. Resistance Training Protocol
For 4 weeks, the rats in the trained group undertook one 

training session per day, 3 days/week, plus an initial fa-
miliarization session in total as previously described (22). 
Seven days after injection of Streptozotocin (STZ), the rats 
started the training protocol, using the climbing ladder 
and weights which were attached to the base of the tail 
with adhesive tape and a clip. Training was done with the 
use of a 1 meter high ladder inclined at 80°. There were 26 
rungs on the ladder, evenly spaced. Experimental rats were 
familiarized with the exercise by practicing climbing from 
the ladder, before inducing diabetes, in the trained group. 
The rats were placed at the bottom of the climbing appa-
ratus and motivated to climb the ladder by touching and 
grooming their tail. For encouraging the rats to execute the 
exercise training and in order to reduce the stress, we used 
electrical stimulation, forced air, food restriction/reward, 
and cold water. The rats rested when they reached the top 
of the ladder. All animals were weighed once every 4 days 
to monitor weight gains and, for the resistance trained 
animals, to estimate the amount of weight to append to 
their tails for the remainder of the week. In the preliminary 
phase, the rats were adjusted to climbing the ladder with 
progressive loading on each consecutive training day. The 
training group of rats undertook 6 repetitions ascending 
the ladder interspersed with 1minute rest intervals. After 3 
minutes rest, a second set of 6 repetitions was performed 
with 1min rest intervals. On the first day, the rats trained 
with the equivalent of 30% body mass (BM) as load append-
ed to their tail (6 repetitions/2 sets). On the second day, the 
training load was elevated to 50% of BM (6 reps/2 sets), and 
on the third day, an additional set of repetitions was per-
formed with 50% BM (6 reps/3 sets). The training load was 
progressively increased until the seventh day, when the 
training load reached to 100% BM (acquaintance day and 
six progressive resistance-training days). In the flat load 
resistance-training phase, the rats continued to train with 
100% BM, 6 repetitions per set, 3 sets per day, and 3 days per 
week until the end of 4th week. Warming-up and cooling 
down consisted of 2 repetitions climbing the ladder with-
out weights appended to the tail, immediately pre and 
post each training session. Non- trained (sedentary) rats 
were controlled on the same days and times as the trained 
groups in order to minimize any stress imputable to han-
dling. Training protocol is present in Tables 1 and 2 (8, 23).

Table 1.  Training in Rats: Increasing the Load Period (From the 
Beginning to the End of the Second Week Protocol) a,b,c

Sessions Set 1 Set 2 Set3
1 (30) (30) 0
2 (50) (50) 0
3 (50) (50) (50)
4 (75) (75) (75)
5 (75) (75) (75)
6 (75) (75) (75)
a  Warm-up = 2 × without weights.
b  Cool Down = 2 × without weights.
c  6 × (% Body weight). Exercise. Rest between repetitions (1 minute) and 
between set (3 minutes).
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Table 2.  Training Rats in a Fixed Load Period (From the Beginning to the 

End of the Third Week)

Warm-Up SET 1 SET 2 SET3 COOL DOWN

2 × without 
weights

6 × 100%body 
weight

6 × 100% body 
weight

6 × 100% body 
weight

2 × without 
weights

3.4. Sacrificing and Sampling
After 4 weeks, the rats were anaesthetized using an 

intraperitoneal injection of a mixture of Ketamine (50 
mg/kg) and Xylazine (5 mg/kg). The animals were sacri-
ficed between 9.00 and 12.00 a.m. Approximately 2 mL of 
blood was obtained from the abdominal vena cava and 
centrifuged (3000 rpm; 15 minutes).

3.5. Plasma NO Measurement
The plasma NO concentrations were measured by es-

timation of its stable oxidation product (nitrite) using 
the Griess reaction method (Promega Corp., Madison, 
USA, Cat#G2930) as previously described (23). Briefly, the 
samples were added to a 96-well enzymatic assay plate. 
Then, sulfanilamide and N-1-naphtylethylenediamine 
dihydrochloride solutions were added to the samples, 
respectively. A micro plate reader at the wavelength of 
520 nm was used for measured absorbance. The plasma 
NO concentrations were determined in comparison to 
nitrite standard reference curve. 2.5 μMnitrite was the 
limit detection.

Capillary density was expressed as capillaries/fiber ra-
tio. Capillaries/fiber ratio was determined separately for 
type I and type II fibers by counting the number of cap-
illaries around each individual fiber and then comput-
ing the mean. Sequential estimation analyses were also 
carried out to determine the number of measurements 
required to be representative of an individual’s number 
of capillaries per type I and II fibers. Capillaries were de-
scribed by staining sections for alkaline phosphates as 
previously described. The capillarization was analyzed 
using the method of capillary domains. This method 
does provide the overall indexes of capillary density and 
capillary/fiber ratio for soleus and FHL (24).

3.6. Statistical Analysis
All data are presented as means± SEM by using SPSS sta-

tistical analysis software version 16. Analysis of variance 
(ANOVA) was used to analyze the differences between 
groups using Tukey’s posthoc test. Pearson’s coefficient 
was used for correlation analysis. P less than 0.05 was 
considered statistically significant.

4. Results
 Table 3 shows the descriptive characteristics of the ani-

mals. Five days after injection of STZ, the weights were 
measured. At the end of training program the weight 
increased in the control and control training groups 
(25% and 17/87%, respectively), while diabetic and diabetic 
training lost weight (-12% and -7/75%, respectively).

4.1. Plasma NO Concentration
Plasma NO concentration in diabetic animals was signif-

icantly higher than control (P < 0.05). 4 weeks resistance 
training in diabetic animals led to significant differences 
(diabetic: 7.2 ± 0.03, diabetic trained: 10.34 ± 2.1 μmol/L), 
While in control animals, resistance exercise didn’t have 
significant effect (control trained: 6.45 ± 0.35, control: 
6.27 ± 0.03 μmol/L).

4.2. Angiogenesis in Soleus Muscle
Capillary density in soleus muscle of control and dia-

betic group were 17.45 ± 0.92 and 26.15 ± 1.37/mm2, re-
spectively (P < 0.05). There was no significant effect of 
resistance training on capillary density of type 1 muscle 
(soleus muscle) in diabetic rats (26.15 ± 1.37 vs. 25.08 ± 1.37/
mm2). A significant effect of resistance training on cap-
illary density was observed between control and control 
trained group (17.45 ± 0.92 vs. 22.22 ± 1.24/mm2, respec-
tively (P < 0.05) (Figure 1 a). Capillary/fiber ratio in the 
soleus muscle of diabetic group was more than control 
rats. Resistance training did not alter capillary/fiber ratio 
in diabetic animals (1.00 ± 0.6 vs. 1.07 ± 0.07, respective-
ly), while it significantly improved capillary/fiber ratio 
in control rats (0.56 ± 0.03 vs. 0.69 ± 0.04, respectively; 
P < 0.05) (Figure 1 b). Samples of immunohistochemical 
staining of the soleus muscles are presented in Figure 2.

Table 3.  Descriptive Characteristics of the Animals

Measurement Time Weight of Rats Before Induction of Diabetes Weight Rats, 5 Days 
After Injection STZ

Weight Rats After 4 Weeks 
of Resistance Training

Groups number r Mean. gr Standard 
deviation

Mean. gr Standard 
deviation

Mean. gr Standard 
deviation

Control 8 291/9 18.1 302.0 21.6 364.6 30.3

Control training 8 291.0 36.1 303.4 40.4 343.6 49.7

Diabetic 10 289.2 16.6 265.6 15.0 252.0 18.7

Diabetic training 10 283.8 17.5 269.0 15.5 261.6 23.7
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Figure 1. Capillary Density (A) and Capillary/Fiber Ratio (B) in the Soleus Muscle
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Figure 2. Immunohistochemical Staining Of the Soleus Muscle in Experimental Groups

A, Diabetes trained; B,diabetes; C, control; D, control trained.

4.3. Angiogenesis in FHL Muscle
Capillary density in FHL muscle of diabetic animals was 

higher than control (43.62 ± 3.62 and 26.26 ± 2.74 mm2, 
respectively; P < 0.05). Resistance training reduced capil-
lary density in diabetic rats (26.76 ± 2.25 and 43.62 ± 3.62 
mm2, respectively; P < 0.05), while it did not have effect 
in control group (control: 26.26 ± 2.74; control training: 
23.00 ± 1.79 mm2) (P < 0.05) (Figure 3 a).

Capillary/fiber ratio in FHL muscle was significant dif-
ferent between diabetic and control (1.17 ± 0.09 vs. 0.79 
± 0.08). This ratio did not alter in diabetic and control 
animals after exercise (diabetes: 1.1702 ± 0.09; diabetic 
trained: 1.1714 ± 0.08; control: 0.79 ± 0.08; control trained 
0.73 ± 0.03) (Figure 3 b). Samples of immunohistochemi-
cal staining of FHL muscles are presented in Figure 4.
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4.4. Correlation Between Plasma Nitrite Level and 
Capillary Density

We investigated the correlation between plasma nitrite 
concentration and capillary density in two types of mus-

cle. Results showed that there was a positive correlation 
between plasma nitrite and capillary density around in 
soleus muscle (R2 = 0.65), while, there was a weak posi-
tive correlation between plasma nitrite and capillary 
density in FHL muscle (R2 = 0.0039) (Figure 5).

Figure 3. Capillary Density (A) and Capillary/Fiber Ratio (B) in the FHL Muscle
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Figure 4. Immunohistochemical Staining of the FHL Muscle in Experimental Groups

A, In control trained; B, control; C, diabetes and D: diabetes trained.
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Figure 5. Correlation Between Plasma NO Concentration and Capillary Density in the Soleus (A) and FHL (B) Muscles

5. Discussion
The aim of the present study was to compare the effect 

of resistance training on angiogenesis in fast and slow 
muscles and its correlation with plasma nitrite concen-
tration in type I diabetic rats. Previous studies showed 
that NO is an important factor for regulation and improv-
ing the angiogenesis process (25). In this study, we found 
reduced plasma NO concentration in diabetic animals 
compared to control group which support the results 
of previous studies (26-28). Also, resistance training in-
creased plasma NO concentration in diabetic animals 
which led to significant differences between diabetic and 
diabetic trained group. In agreement with our results, 
previous studies demonstrated that different types of ex-
ercise are able to improve plasma NO levels even in dia-
betic subjects (29). Chronic exercise increases NO produc-
tion as early as one week after the start of training (30).

To preserve the functional balance between metabolic 
demand and oxygen delivery, the skeletal and cardiac mus-
cles increase capillary density or capillary-to-fiber ratio. 
The increased capillary network plays an important role in 
improving aerobic capacity, facilitating oxygen transport, 
conductance, and muscle extraction; therefore contrib-
uting to increased maximal oxygen uptake and physical 
performance (19). Exercise-induced angiogenesis is a well-
described response observed in several exercised muscles 
such as tibialis anterior, soleus, gastrocnemius, and vastus 
lateralis in different subjects (31, 32).

In this study, we found that although resistance train-
ing changed capillary density, however, capillary density/
fiber ratio did not alter in type I diabetic rats in both sole-
us and FHL muscles. Previous studies have reported that 
exercise-induced increase in skeletal muscle capillariza-
tion is accompanied with positive effects on the basal 
levels of angiogenic growth factors in diabetic skeletal 
muscle (30). In this study, we found that although plasma 
nitrite level increased after training, however, capillary/
fiber ratio did not change.

Previous studies indicated that exercise training en-
hanced the number of capillaries per square millimeter 

of muscle in humans and these increases are greatest 
in slow twitch (ST) (Type I) and fast oxidative-glycolytic 
(FOG) skeletal muscle (9). Exercise training increases the 
number of capillaries per square millimeter of muscle 
and these increases are greatest around SO (Type I) and 
FOG (Type IIA) skeletal muscle. Results from exercise 
trained rats demonstrated that exercise training-induced 
angiogenesis of capillaries within and among skeletal 
muscles is preeminent in the muscle tissue with the 
greatest relative evaluation in fiber activity during train-
ing bouts (33, 34).

It is indicated that the training program resulted in a 
considerable proliferation of the capillary network and 
it is noticeable that the enhanced capillarization was not 
restricted to a specific fiber-type, since capillary/fiber-
type area increased equally for types I, IIA and IIB fibers 
(35). In agreement with the present study, in the trained 
rat soleus (84% slow oxidative) in which the area of sub-
sarcolemal mitochondria is increased, there is hardly any 
change in capillary/fiber ratio and this suggests that the 
amount of activity superimposed on normally very ac-
tive soleus is not great enough to produce an increase in 
capillary density, although it is sufficient to produce an 
increase in aerobic capacity (36). Also, this kind of train-
ing increases circulating EPC counts and decreases ADMA 
levels, reflecting elevated angiogenesis and promoted 
endothelial function, which might contribute to cardio-
vascular risk reduction (13). Also, non vascular effects of 
exercise are oxidative phosphorylation, muscle hypertro-
phy, oxygen transport capacity etc. In addition, endothe-
lial vasodilation, nitric oxide prodaction, oxidative stress 
vasculogenesis by EPCs, capillary vessel formation are 
other effects of exercise in vascular (37).

The study by Matsunaga et al. provides more evidence 
that NO plays a critical role in angiogenesis (38). In the 
present study, there was a strongly positive correlation 
between plasma NO level and capillary density in the so-
leus muscle, while, there was a weak positive correlation 
between plasma no and capillary density in FHL muscle 
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that is in agreement with previous studies with different 
types of exercise or subject (32).

In conclusion, although resistance training increased 
plasma NO levels and other important factor that can 
improve angiogenesis, however, it seems that resistance 
training could not improve capillary/fiber ratio in both 
soleus and FHL muscle of diabetic animals.
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