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ABSTRACT

OBJECTIVES The purpose of this study was to confirm the positive effects on the inflammatory expression 
and functional changes of blood vessels by aerobic exercise training and dietary control in high-fat diet 
induced obese rats.

METHODS Forty 10-week-old male Wistar rats were treated with high-fat diet for 6 weeks, followed by 4 
groups as sedentary + chow diet group (Chow), sedentary + high fat diet group (HFD), exercise + chow diet 
group (Chow-Ex), high fat diet + Exercise group (HFD-Ex) after obesity induction. After treadmill running 
exercise and dietary treatment were performed for 8 weeks, body composition, endurance performance 
and muscular endurance, blood glucose, CRP, NO, insulin, eNOS, iNOS, protein expression of IL-6 and TNF-α 
in aortic vascular tissues was analyzed.

RESULTS High-fat diet intake leads to an increase in body weight and visceral fat, an increase in insulin 
resistance and an increase in inflammation factors. The blood NO level was significantly higher (p <0.05) 
in the HFD and Chow groups than in the non-exercise group. Blood insulin levels were significantly higher 
(p <0.05) in the HFD group without exercise than in all other groups. Blood eNOS activity was significantly 
higher (p <0.05) in the HFD and Chow groups than in the non-exercise group. The expression level of IL-6 
protein in the vascular tissues was significantly higher (p <0.05) in the HFD group without exercise than the 
other groups. The expression level of TNF-α was significantly lower (p <0.05) in the HFD and Chow groups 
than in the non-exercise group.

CONCLUSIONS The results of this study confirmed that exercise training through aerobic exercise and dietary 
control may help to reduce inflammatory expression and improve vascular endothelial function in high-fat 
diet induced obese rats.
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Introduction

Obesity is a representative risk factor for cardiovascular 
disease, which is an important cause of vascular inflammation 
and dysfunction. In particular, obesity is a direct factor 
related to increased body fat, inflammation profile, reactive 
oxygen species (ROS) production, and nitric oxide-mediated 
dysfunction of vascular endothelium [1,2]. Vascular 

inflammation and dysfunction due to obesity have been 
widely reported to have a negative effect on increasing the 
incidence of cardiovascular diseases including hypertension, 
dyslipidemia, diabetes and cancer [1,3]. Therefore, in order 
to prevent cardiovascular diseases caused by vascular 
inflammation and dysfunction, analysis of the effects of obesity 
and related mechanisms and various methods for their treating 
have been widely attempted.

Mechanisms associated with vascular inflammation 
and decreased function due to obesity include low levels of 
inflammation caused by increased inflammation-induced 
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In this study, 10-week-old male Wistar rats were treated 
with 6 weeks of high fat diet for obesity, followed by 8 
weeks of aerobic exercise training and dietary control. The 
purpose of this study was to identify the positive effects on 
the inflammatory expression and functional changes of blood 
vessels by the combination of exercise training and dietary 
control in high-fat diet induced obese rats.

Methods

Subjects

Forty male 10-week-old Wistar rats (weight, 300-330 g) 
were subject to obesity after 6 weeks of high fat diet. Four 
groups after induction of obesity, sedentary + chow diet group 
(Chow, n = 10), sedentary + high fat diet group (HFD, n = 
10), exercise + chow diet group (Chow-Ex, n = 10), high fat 
diet + Exercise group (HFD-Ex, n = 10), were carried out to 
determine the effects of exercise training and diet composition. 
High-fat diets were 30% carbohydrate, 50% fat, 20% protein, 
and 65% carbohydrate, 15% fat, and 20% protein. Two rats 
were kept in one cage (20.7 × 35 × 17 cm), and the temperature 
of the cage was maintained at 21 ° C. The light phase and dark 
phase were adjusted to 12 hours each, and the dark phase was 
adjusted from 7:00 am to 7:00 pm. This animal protocol has 
approved the deliberation of the Animal Experimental Ethics 
Committee of Daegu Techno Park Bio Health Convergence 
Center (Approved number: BHCC-IACUC-2016-01).

Experimental Procedures

Exercise training program: The exercise protocol was 
partially modified by the method of Ivy et al. [13]. The 
treadmill run was performed three times a week with medium 
intensity using an electric laboratory treadmill (Quinton 
Instrument, Seattle, WA). To adapt the exercise program for 
the first week, perform 5 minutes at 10 m / min speed and 
0 ° slope, then gradually increase the treadmill speed, slope 
and time, and from 2 weeks to 20 m / min at 8 ° slope. Run 
for 30 minutes to maintain exercise level until the end of the 
experiment. All treatments were conducted between 9:00 am 
and 10:00 am.

Endurance exercise test: After 4 weeks of treatment, the 
endurance exercise test was performed using Simi et al. [14]. 

cytokines secreted from adipose tissue around blood vessels, 
oxidative stress and decreased nitric oxide (NO) availability 
[4]. In particular, the inflammatory response considered to 
be the most representative factor related to vascular function 
control is the increased secretion of inflammatory cytokines 
from adipose tissue, which is a mediator of the clinical 
relationship between cardiovascular disease and diabetes. It is 
considered to be the most important factor in the pathogenesis 
of both type 1 and type 2 diabetes [5]. Various methods for 
suppressing inflammation, which are the most representative 
risk factors of vascular function, have been sought. As a 
cause, interest in adipose tissue around blood vessels has 
been emphasized [6]. In the process of inflammation, 
adipose tissue around the blood vessels is a key organ that 
secretes inflammatory cytokines and chemokines and causes 
hypertension, arteriosclerosis, hyperlipidemia and diabetes 
[7]. Therefore, the more effective obesity treatment process is 
required to reduce the body fat and perivascular adipose tissue 
as well as to suppress the inflammation process.

Exercise training, which is the most representative method 
for obesity treatment, is known to be the most effective 
method for preventing and alleviating vascular inflammation 
and deterioration as well as obesity treatment, especially for 
improving inflammation and vascular endothelial damage 
and vascular relaxation has been considered specific help 
[8]. Improving cardiovascular risk indicators associated 
with dyslipidemia, hypertension and diabetes has been 
considered to help mitigate risk factors associated with chronic 
cardiovascular disease and cancer [9]. However, recent studies 
have shown that there is no clear effect on the reduction of 
low-level inflammation by regular exercise and improvement 
of risk indicators of cardiovascular disease in the elderly [10], 
and Carlsson et al. [11] suggested no effective results could be 
identified. In addition, Pedrinolla et al. [12] pointed out that 
exercise training alone insufficiently prevents and alleviates 
the effects of vascular inflammation and deterioration in 
aging and obesity. Ongoing research is needed to establish the 
evidence related to the necessity. In other words, it is necessary 
to have a clearer analysis on whether a combination of dietary 
treatment and exercise can alleviate vascular inflammation and 
dysfunction. 
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The treadmill speed was set at 22 m / min and the slope was 
set at 0% to measure the time from start to exhaustion when 
a person refuses to run or posture even after three or more 
encouragements.

Muscle endurance test: Suspension test was performed 
using the method of measuring muscle function suggested by 
Park et al. [15]. Muscle function was measured by measuring 
the time (sec) the test animal is suspended by installing a 
parallel bar (5 mm thick) of about 50 cm height from the 
ground. The average of the values   obtained by performing 
three discontinuously was determined as muscular endurance.

Oral glucose tolerance test (OGTT): After 8 weeks of 
treatment, 48 hours of rest and 12 hours of fasting were 
excluded to rule out last-bout exercise effects. After resting 
blood through the tail, 50% glucose solution was orally 
administered at 1 g / 1 kg. Then, at 15, 30 and 60 minutes, 300 
μl of blood was collected from the tail. The collected blood was 
subjected to anticoagulant treatment (5 μl heparin) and then 
centrifuged (1500 g, 15 minutes) to extract only plasma and 
stored at −80 ° C. until analysis. Rats with blood samples were 
injected subcutaneously with 0.9% saline solution (2.5 mL) to 
replenish the lost plasma.

Tissue extraction and blood collection: After a total of 
8 weeks of treatment, fasting was performed for 12 hours, 
anesthetized with pentobarbital sodium (5 mg / 100 g of body 
mass), and body composition was measured using DEXA 
for bovine animals. Thereafter, 5 mL of blood was collected 
from the abdominal artery of the abdominal cavity. After 
blood collection, visceral fat was removed from each site and 
weighed.

Blood variables analysis: Blood glucose levels were 
measured using an automatic blood glucose analyzer (YSI 
2300 STAT plus, Springfield, USA) using whole blood. 
Blood collected from the abdominal cavity was separated 
from serum and enzymatic analysis using an ELISA kit (St. 
Louis, MO) of Sigma, nitric oxide (NO, KGE001, P193798), 
endothelial nitric oxide synthase (eNOS, E-EL-R0367, 
657N6E1YPP) and inducible nitric oxide synthase (iNOS, 
E-EL-R0520, SKUF688U1T) levels were analyzed, respectively. 
Serum C-reactive protein (CRP) levels were measured by 
immunoassay using the N High Sensitivity CRP kit from 

the FDA (Dade Behring GmbH, Germany) and the Behring 
Nephelometer 100 analyzer (Messer Griesheim GmbH, 
Germany).

Western blotting: The method of Lowry et al. [16] 
was used for protein assay. The samples were dissolved in 
Laemmli buffer and electrophoresis was performed in SDS-
polyacrylamide gel. In the immunoblotting using antibody, 
we measured interleukin-6 (IL-6) (Santa Cruz Bio, sc-1265), 
tumor necrosis factor- α (TNF-α) (Santa Cruz Bio, sc-1350) 
and GAPDH (Santa Cruz, sc-47778), which were visualized 
using the ECL after an antibody treatment and being 
quantified by densitometry (sigma-plot 8.0 system). 

Statistical Analysis 

All data were calculated using mean and standard 
deviation (Mean ± SD) for each group using SigmaPlot 12.0 
statistical analysis program. One-way ANOVA was performed 
to analyze the differences among the groups, and two-way 
repeated ANOVA was performed to analyze the difference 
of OGTT results between treatment and time. The post hoc 
test was performed using Tukey’s method and the statistical 
significance level was α = .05.

Results

As the measurement results of body composition are 
shown in Fig. 1, the HFD group without exercise was 
significantly (p<0.05) highest in both body weight and visceral 
fat mass. Body weight was significantly higher (p <0.05) in the 
HFD group than in the Chow group in the non-exercise group. 
In the exercise group, the HFD group was higher than the 
Chow group, but there was no significant difference. Visceral 
fat content was also significantly higher (p <0.05) in the HFD 
group than in the Chow group in the non-exercise group, 
and the HFD group was higher than the Chow group in the 
exercise group, but there was no significant difference.

The results of physical fitness are shown in Fig. 2, the 
duration of exercise to all-out was significantly higher (p 
<0.05) in both Chow-Ex and HFD-Ex groups than the HFD 
and Chow groups who did not exercise. At the suspension 
time, both the HFD and Chow groups who exercised were 
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Figure 1. Comparisons of body weight (A) and visceral fat weight (B) after 
treatments * p<0.05 significant difference as compared to chow group.

Figure 2. Comparisons of endurance capacity (A) and muscular endurance 
(B) after treatments * p<0.05 significant difference as compared to Chow and 
HFD groups.

Figure 3. Comparisons of blood variables as glucose (A), CRP 
(B), nitric oxide (C), insulin (D), eNOS (E), iNOS (F), and MDA 
(G).  * p<0.05 significant difference: glucose as compared to 
Chow group; CRP as compared to the other groups; eNOS as 
compared to Chow or HFD groups. (CRP, C-reactive protein; 
eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric 
oxide synthase; MDA, malondialdehyde).
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higher than the HFD and Chow groups who did not exercise, 
but there was no statistically significant difference.

The measurement results of blood variables are shown in 
Fig. 3, blood glucose concentration was significantly higher (p 
<0.05) in both non-exercise HFD and exercise HFD groups 
than Chow group. Serum CRP levels were significantly lower 
(p <0.05) in the exercised Chow group than all the other 
groups. The blood NO level was significantly higher (p <0.05) 
in the HFD and Chow groups than in the non-exercise group. 
Blood insulin levels were significantly higher (p <0.05) in non-
exercise HFD group than in all other groups. Blood eNOS 
activity was significantly higher (p <0.05) in the HFD and 
Chow groups than in the non-exercise group. Serum iNOS 
activity and MDA concentrations were not significantly 
different among groups.

 In OGTT, the changes of in blood glucose concentrations 
were shown in Fig. 4. At 60 and 120 minutes of recovery, the 
non-exercise HFD and exercise HFD groups were significantly 
higher (p <0.05) than the Chow group. In the comparison 
based on the same diet, the exercise group was lower than the 
non-exercise group, but there was no statistically significant 
difference.

Comparison of protein expression in aortic tissue was 
shown in Fig. 5, IL-6 protein expression level was significantly 
higher (p <0.05) in the non-exercise HFD group than the 
other groups. The expression level of TNF-α was significantly 
lower (p <0.05) in the HFD and Chow groups than in the 
non-exercise group.

Discussion

Changes in body weight and visceral fat in this study 
showed a significant increase in the high-fat diet group, 
indicating the importance of dietary composition [17], which 
is regarded as an effective intervention of controlling body 
composition. However, significant body weight and visceral 
fat loss due to exercise performance could not be confirmed. 
Low-calorie and low fat intake is important as a basic method 
for reducing body weight and visceral fat mass [18], and in 
the case of exercise performance, an appropriate protocol 
based on more sufficient exercise amount is important. In 
other words, the exercise program for weight control confirms 
the need to be configured in more detail. In the change of 
physical fitness, endurance exercise ability was significantly 
improved in the exercise group, and there was no statistically 
significant difference in muscular endurance, but the exercise 
group also showed high exercise effect. It is considered that 
the exercise program applied in this study is a cardiovascular 

Figure 4. Comparisons of blood glucose concentration in OGTT after 
treatments * p<0.05 significant difference as compared to Chow or Chow-Ex 
group.

Figure 5. Comparisons of IL-6 and TNF-α protein expressions in aortic 
vascular tissue * p<0.05 significant difference: IL-6 as compared to the other 
groups; TNF-α as compared to the Chow or HFD groups (IL-6, interleukin 6; 
TNF-α tumor necorsis factor alpha).
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endurance improved as a treadmill running corresponding to 
aerobic exercise, and it was found that the exercise program 
had a slight effect on the improvement of muscle endurance 
of the long running. It is considered to reflect the specificity 
of exercise training [19].

The blood glucose level was higher in the high-fat diet 
group regardless of exercise, and the blood insulin level was 
higher in the high-fat diet group without exercise than in 
the Chow group. The exercise effect was confirmed by not 
showing this significant difference. Increased blood glucose 
and insulin concentrations in the high-fat diet group are 
considered to be a results of increased insulin resistance due 
to obesity [20]. These results are also clearly shown in the 
results of OGTT, the blood glucose concentration of OGTT 
showed a significant increase in the group fed high fat diet. In 
the case of exercise, low blood glucose levels were found in 
both types of diets, which suggests that exercise performance 
can alleviate the increase in insulin resistance caused by 
high-fat diet. The exercise effect related to improving insulin 
resistance improves the regulation of glucose metabolism 
by weight control, but the specific weight control effect by 
exercise training suppresses unnecessary gluconeogenesis 
and improves intracellular glucose homeostasis. This is due 
to the improvement of mitochondrial oxidation capacity 
[21]. In this study, however, the importance of dietary control 
was emphasized to improve insulin resistance, and it was 
considered important to construct more detailed exercise 
program to expect exercise effect.

Blood CRP levels have been considered to be important 
factors in inflammation and insulin resistance [22], and the 
Chow group with exercise was significantly lower than the 
non-exercise Chow group, confirming the effects of exercise 
to alleviate inflammation and insulin resistance. However, the 
HFD group did not show any significant difference even after 
exercise, so it was also possible to confirm the importance 
of dietary composition to relieve inflammation. Obesity and 
high-fat diets induce an inflammatory response with the 
accumulation of adipose tissue in the body, which acts as a 
cause of insulin resistance with an increase in inflammatory 
cytokine secretion. In this study, the high-fat diet group 
showed consistent results such as increased visceral fat, 

increased insulin resistance, and increased inflammatory 
factors. 

Obesity due to high-fat diets is associated with a significant 
increase in risk factors for atherosclerosis, inhibition of 
nitric oxides that relax vascular endothelial cells, increased 
ET-1, which constricts vascular endothelial, and enhanced 
prostanoid-mediated vasoconstriction, and inflammatory 
activation [23]. In addition, it causes oxidative stress, increases 
secretion of inflammatory cytokines, inflammation of the 
vascular endothelium due to vascular wall deposition of 
platelets and monocytes, and increases blood CRP levels and 
atherosclerosis through the domino process of the decrease 
of nitric oxide secretion. In this study, it was confirmed 
that the high-fat diet intake group had a negative effect on 
vascular endothelial function by increasing blood CRP 
concentration and decreasing NO concentration. In chronic 
vascular diseases including atherosclerosis, the vascular 
endothelial layer exhibits decreased function such as vascular 
tension regulation, blood cell deposition, smooth muscle 
proliferation, and inflammatory response [24]. Nitric oxide 
in the vascular endothelial layer is the most representative 
factor for vascular relaxation function [25], which is a key 
factor in body composition, energy metabolism and vascular 
function regulation [26]. In particular, NO produced by 
eNOS in relation to vascular function plays a key role in 
maintaining homeostasis of blood vessel walls by inhibiting 
platelet deposition, inflammation, oxidative stress, vascular 
smooth muscle cell migration and proliferation, and leukocyte 
deposition [27], also plays an important role in preventing 
inflammation of blood vessel tissue [28]. NO concentration 
and eNOS activity are known to be inhibited in obesity-
induced obesity by high-fat diets [29], whereas iNOS is known 
to affect inflammatory macrophages [30]. In this study, blood 
NO concentration and eNOS activity were higher in the 
exercise group in both the high fat diet and the Chow diet, 
indicating that the positive effect of exercise performance was 
higher than the diet composition. The effect of shear stress 
on blood vessels has an important effect on blood vessel 
elasticity control [31]. When blood flow and shear stress 
increase through exercise, eNOS is activated and nitric oxide 
secretion increases. It has a positive effect on the activation 
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of endothelial function and cardiovascular function [32]. 
This effect of exercise not only activates vascular endothelial 
function in healthy adults, obese, postmenopausal women, 
the elderly, and hyperlipidemic patients, but also improves the 
vascular endothelial bioavailability in patients with coronary 
artery disease and heart failure, which is effective in treating 
these diseases [33, 34]. In particular, aerobic exercise has 
been reported to have a positive effect on the treatment of 
cardiovascular disease through increased secretion of nitric 
oxide and activation of bioavailability [35]. In this study, the 
high-fat diet group showed a significant decrease in blood NO 
and eNOS activity, and the exercise group showed a significant 
increase in blood NO and eNOS activity. In contrast, it was 
clearly confirmed that aerobic exercise had a positive effect.

As a result of analysis of protein expression level of aortic 
vascular tissue, HFD group was significantly higher in IL-6 
protein expression, and high-fat diet was considered to have 
a negative effect on inflammation of vascular tissues. In the 
Chow group and the high-fat diet group, exercise significantly 
decreased, indicating that exercise performance had a positive 
effect on the inflammation of vascular tissues. In this study, 
the protein expression of Il-6 and TNF-α [36], which are 
representative factors of obesity-related inflammatory 
cytokines, were significantly increased in the vascular tissues 
of the high-fat diet group. It was confirmed that it affects 
the increase in insulin resistance, and as a result, it was 
confirmed that obesity is likely to indicate the activation of 
vascular inflammation [37]. TNF-α is one of the most likely 
inflammation-inducing cytokines during obesity, and NO 
bioavailability and the inhibition of eNOS protein expression 
in vascular tissues are inextricably linked with TNF-α. TNF-α 
acts as a key cause of endothelial dysfunction in which ROS is 
increased and impairs NO-mediated endothelium-dependent 
vasodilation [1, 38, 39]. In the obese state, it is highly likely 
that the regulation of vascular function is difficult due to the 
secretion of substances that negatively affect vascular function 
from perivascular adipose tissue (PVAT) [40]. Sousa et al. 
[41] suggest that PVAT is an important cause of endothelial 
dysfunction by releasing inflammatory markers and oxidative 
stressors in the blood, and aerobic exercise is thought to be 
an up-regulated the anti-oxidant expression and decreased 

PVAT oxidative stress. It helps to improve endothelial 
relaxation. Therefore, it can be seen that aerobic exercise of 
this study may help to improve vascular endothelial function 
that can be decreased after obesity caused by high fat diet. In 
this study, variables that directly affect NO availability, such 
as NOS coupling or folic acid concentrations [42], were not 
measured, but it is clearly confirmed that exercise helped to 
improve vascular endothelial function by increasing blood NO 
and eNOS activity. In addition, as the exercise groups with 
chow or high-fat diet significantly reduced the expression of 
TNF-α protein as inflammatory marker [43] in blood vessels 
and improved blood NO concentration and eNOS activity, 
it has been clearly shown that exercise can relieve vascular 
inflammation and have a significant impact on vascular 
endothelial activation.

In addition, Brunn et al. [44] also reported a significant 
decrease in inflammation-related markers such as CRP, IL-6, 
IL-8 and MCP-1 in the blood through exercise and low calorie 
diet. Therefore, exercise performance and dietary changes 
may be very effective considerations for improving vascular 
endothelial function and inflammation.

Conclusion

High-fat dietary intake leads to an increase in body 
weight, visceral fat mass, insulin resistance and inflammatory 
factors, and is likely to cause a decrease in vascular endothelial 
function. The results of this study confirmed that exercise 
training through aerobic exercise and dietary control may 
help to reduce inflammatory expression and improve vascular 
endothelial function in high-fat diet induced obese rats.
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