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Ki Ok Shin, Ju Yong Bae, Jinhee Woo, Ki Soeng Jang, Keun Su Kim, Jung Sub Park, In Ki Kim and Sunghwun Kang. The 
effect of exercise on expression of myokine and angiogenesis mRNA in skeletal muscle of high fat diet induced obese rat. JENB., 
Vol. 19, No. 2, pp.91-98, 2015 [Purpose] The purpose of this study was to investigate the effect of regular treadmill exercise 
on the mRNA expressions of myokines and angiogenesis factors in the skeletal muscle of obese rats. [Methods] Thirty two male 
Sprague-Dawley rats (4weeks old) were divided into the CO (control) and HF (high fat diet) groups. Obesity was induced in 
the HF group by consumption of 45% high-fat diet for 15 weeks. These groups were further subdivided into training groups 
(COT and HFT); the training groups conducted moderate intensity treadmill training for 8 weeks. Soleus muscles were excised 
and analyzed by real-time quantitative PCR. [Results] mRNA expression of myokines, such as PGC-1α, IL-6, and IL-15, in the 
COT and HFT groups (which conducted regular exercise), were higher as compared with the CO and HF groups (p < 0.05). Also, 
the levels in the HF group were significantly lower when compared with CO group (p < 0.05). Expression of angiogenesis mRNA, 
namely mTOR, VEGF, and FLT1, were significantly lower in the HF group, as compared to the CO group (p < 0.05). In addition, 
COT group had a higher expression of mTORC1, mTORC2, VEGF and FLT mRNA, than the CO group (p < 0.05); the HFT 
group also had higher expressions of mTOR, VEGF and FLT1 mRNA than the HF group (p < 0.05). [Conclusion] These results 
indicate that mRNA expression of myokines was increased through the activity of muscle contraction, and it also promoted the 
mRNA expression of angiogenesis due to activation of mTOR. Thus, we conclude that not only under normal health conditions, 
but in obesity and excess nutritional circumstances also, regular exercise seems to act positively on the glycemic control and 
insulin sensitivity through the angiogenesis signaling pathway. [Key words] Regular exercise, obesity, myokine, angiogenesis, mRNA 
expression

INTRODUCTION*

Excess energy is mostly stored as adipocyte in the adipose 
tissue, resulting in obesity. It is well known that obesity is 
a major source of cytokines and other factors being secreted 
from adipocytes [1,2], which causes adversity in the body. 
However, recent studies have reported that adipose tissues 
secrete large amount of hormones that regulate appetite and 
energy homeostasis, and thus interest has been refocused on 
these tissues as being the key factor to perform important 
endocrine functions [1,3]. The factors defined as an inflam-

matory cytokine in adipose tissue are called myokines in the 
muscles, and it has been proven that the physiological actions 
of myokines is different than the cytokines [4].

IL-6, a typical inflammatory cytokine, is secreted from 
adipose tissue, and has been associated with tissue damage 
and in adult diseases [5]. However, IL-6 has been newly 
defined with respect to the muscle contractions in skeletal 
muscles [4]. IL-6 is mainly generated in the skeletal muscles 
and is released into the blood during exercise [6], whereas 
10-35% of serum IL-6 is secreted from adipose tissue at rest, 
and acts as a cytokine [7]. Production and secretion of IL-6 

*Corresponding author: Sunghwun Kang, Tel. 82-10-2034-9438, Email. 94psycho@naver.com
+ Both authors contributed equally to this work
ⓒ2015 The Korean Society for Exercise Nutrition



92 Exercise enhances mRNA expression in skeletal muscle

in the skeletal muscles is facilitated by muscle contraction 
and the degradation of the muscle glycogen concentration [8], 
resulting in increase of glucose production and lipolysis by 
inducing glucose uptake and fat oxidation [9]. Also, IL-15 
acts as an anabolic factor on muscle protein metabolism [10]. 
IL-15 inhibits muscle wasting rates related with cachexia in 
the cultured cells, and it is well known that IL-15 plays an 
important role in both muscle generation and degeneration 
[11]. In addition, Carbó et al. confirmed that IL-15 has a 
role of inducing the growth of muscles and reducing the 
adipose tissue; their studies reported that white adipose tissue 
was reduced by 33% when IL-15 was administered to adults 
rats for 7 days [12]. Peroxisome proliferator-activated receptor 
Gamma Coactivator 1 α (PGC-1α), a transcriptional coactivator, 
serves to increase the generation of ATP within mitochondria 
[13], and there is fiber-type switching towards being more 
oxidative and high endurance [14]. It has been shown that 
PGC-1α increases because of various physical activities, both 
regular aerobic and resistance exercises [15].

On the other hand, the activation of the mammalian target 
of rapamycin (mTOR) induced by exercise, plays a role as 
a restrictive mediator in mTOR complex 1 and complex 2 
(mTORC1 and C2). In other words, the excessive intake of 
nutrition stimulates the activity of mTORC1 through the 
activation of mTOR and regulates the activity of insulin 
negatively through inhibition of insulin receptor substrate 1 
(IRS-1) activity [16]. However, although effects of exercise 
are not yet clear, it is thought that the activation of mTORC2 
mediates the insulin resistance in skeletal muscle by inhibition 
of ribosomal S6 kinase 1 (S6K1) activation [17]. 

In general, it is believed that the activation of mTOR 
complex due to excess nutrition negatively effects the action 
of insulin in skeletal muscles, and this in turn is due to the 
negative effect of protein kinase B (PKB), also known as 
AKT. However, evidence shows that long-term and continuous 
exercise is the key factor to enable both positive aspects of 
insulin action and effective aspects of the mTOR complex 
[18]. Takahashi et al. also reported that increasing angio-
genesis occurred through the synthesis of vascular endothelial 
growth factor (VEGF), muscle fiber hypertrophy and 
angiogenesis factor, regulated by AKT signals generated in 
the muscle tissues. Thus, this study showed that muscle fiber 
hypertrophy occurs by an increase of exercise-induced 
angiogenesis [18]. Moreover, in situations of hypoxia caused 
by exercise, VEGF is upregulated when the activity of 
hypoxia-inducible factor 1α (HIF-1α), increases [20]. Consi-
dering all the results, we see that exercising has positive 
effects on angiogenesis.

As known from previous studies, the skeletal muscle 

contraction induced by regular exercise may be able to give 
positive changes in the mRNA expressions of myokines and 
angiogenesis. Therefore, it was important to confirm the 
changes of mRNA expression in skeletal muscle of obese rats 
through physical exercise. The purpose of this study was to 
investigate the effect of regular treadmill exercise on the 
mRNA expression of myokines and angiogenesis factors in 
skeletal muscle of high-fat diet induced obese rats.

METHODS

Experimental animals

Thirty two male Sprague-Dawley rats (4weeks old) were 
obtained from Dahan Biolink (Eumseong, Korea) and 
maintained in the D University College of Medicine Animal 
Laboratory. The animals were housed 3~4 mice per cage and 
acclimatized for a week. Laboratory was under a controlled 
condition of light (12 h of light, 12 h of dark), temperature 
(23 ± 2℃), and humidity (55~60%). All mice were given free 
access to food (commercial standard chow) and tap water, 
and their parameters were recorded daily. Animal experiments 
were approved by Dong-A University Medical School 
Institutional Animal Care and Use Committee, and all 
procedures were conducted in accordance with committee 
guidelines.

Dietary treatment and induction of obesity

One week after their arrival, all animals were randomly 
assigned to a Control (CO, n = 16) or High-fat diet group 
(HF, n = 16). HF group was fed 45% fat chow (20% 
carbohydrate, 45% lipid, and 14% protein) to induce obesity, 
whereas CO group was fed standard chow for 15 weeks. All 
animals had free access to tap water, and dietary intakes were 
recorded every morning (09:00); body weight was also 
measured every week at the same time (09:30). 

Exercise treatment

After the period of inducing obesity, CO group was 
randomly divided to CO (n = 8) or CO + Training group 
(COT, n = 8); HF group was similarly randomized into HF 
(n = 8) or HF + Training group (HFT, n = 8). Rats of both 
the training groups underwent exercise training on a 
motor-driven animal treadmill 5 times/week for 8 weeks, with 
HFT group maintaining their high fat diet. The exercise 
protocol used was a modification conducted in a previous 
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Target mRNA Forward primer Revers primers
PGC-1α 5'-ACAGAAACAGCAGCAGAGACA-3' 5'-TGGGGTCAGAGGAAGAGATAA-3'
IL-6 5‘-TCTTGGGACTGATGTTGTTG-3’ 5‘-TAAGCCTCCGACTTGTGAA-3’
IL-15 5'-ACTACCTGTGTTTCCTTCTCAAC-3' 5'-TTGGCCTCTGTTTTAGGG-3'
mTOR 5'-TGAGAGAGGAGATGGAGGAA-3' 5'-TTCAGAGCGGAGAAAGCA-3'
mTORC1 5'-TGACTTACCGAGAGCACACA-3' 5'-ACATTCACAGACTCAGGCATC-3'
mTORC2 5'-GAAGGTGCTAAAACTGAAGGTG-3' 5'-CAGAACTCGGAAACAAGGAA-3'
VEGF 5'-TTCAGAGCGGAGAAAGCA-3' 5'-CATCTGAAGTACGTTCGTTTA-3'
FLT1 5'-CCCTGGATGAGCAGTGTG-3' 5'-AAATGCCGAAGCCTGAAC-3'
B-actin 5'-GCCTCACTGTCCACCTTCCA-3' 5'-GGGCCGGACTCATCGTACT-3'

Table 1. The primers information for quantitative real-time PCR

study [21]. Exercise intensity consisted of 5 m/min for 5 
minutes, 12m/min for 5 minutes and 18m/min for 20 minutes 
at 0% slope for the first 4 weeks of training session(low 
intensity). For last 4 weeks, exercise intensity was increased 
to 10 m/min for 5 minutes, 16m/min for 5 minutes, and 
22m/min for 30 minutes at the same slope (moderate intensity) 
[21,22].

Blood and tissue samplings

To exclude the temporary effects of treadmill exercise, 
sacrifice was conducted 48 h after the last exercise session. 
All animals were sacrificed between 09:00 and 12:00 AM. 
Food was removed from the animals’ cage 12 h before 
sacrifice. After complete anaesthesia (ethyl ether), the blood 
samples (5 ml) were drawn from the abdominal vena cava. 
Thereafter, the blood was centrifuged at 3,000 rpm for 10 
min, and the supernatant was collected. Subsequently, 10g 
of soleus muscle was excised; the samples were weighed and 
immediately frozen in liquid nitrogen, and stored at -80℃. 

Lipid profiles

Plasma total cholesterol (TC), triglyceride (TG), and 
high-density-lipoprotein-cholesterol (HDL-C) concentrations 
were measured on Sunrise automatic biochemistry analyzer 
(TEKAN, Switzerland) by the enzymatic colorimetric method 
using commercially available radioimmunoassay kit (Mercodia, 
Sweden). The low-density-lipoprotein-cholesterol (LDL-C) 
was calculated by the formula described by Friedwald, Levy 
& Fredrickson [23]: 

LDL-C = TC - (HDL-C + TG/5)
The serum glucose level was estimated using a GlucoDr 

glucometer (Allmedicus, Korea). Plasma insulin level was 
determined spectrophotometrically with a rat insulin ELISA 
kit (Mercodia, Sweden) according to the manufacturer's 
instructions. Insulin resistance index (IRI) was assessed by 
homeostasis model assessment estimate of insulin resistance 

(HOMA-IR) as follows:
IRI = Fasting insulin(µIU/mL) × Fasting glucose(mg/dL) / 

405

Real-time quantitative PCR

Total soleus muscle RNA was extracted using QIAzol lysis 
reagent (QIAGEN, MD, USA), according to the manu-
facturer’s protocol. Muscle samples (0.1g) were homogenized 
in 1mL QIAZOL lysis reagent and then mixed with 200 μl 
chloroform, shaken vigorously, and kept at room temperature 
for 15 minutes. The mixtures were then centrifuged at 13,000 
rpm for 15min at 4℃. After transferring the supernatant to 
a new eppendorf tube, 2-Propanol (SIGMA Aldrich, MO, 
USA) was added; samples were left at room temperature for 
10 min, after which they were centrifuged at 12,000rpm for 
10 min at 4℃. After confirming pelleting, the RNA pellet 
was washed with 1mL 75% ethanol and then centrifuged at 
7,500rpm for 5min at 4℃. After removing the ethanol, sample 
was dried completely, and the resulting RNA was dissolved 
in 50 μl RNase-free water. The purity of extracted RNA was 
measured by the ratio of the absorbance at 260 nm to that 
at 280 nm. cDNA was synthesized from 2 μg of the total 
RNA, and addition of oligo dt, RNase-free water and a mixture 
which was containing 10X M-MLV- RT buffer, reverse- 
transcriptase, 2mM dNTP mixture and Rnase inhibitor.

Real-time quantitative PCR was carried out on StepOne 
Real-Time PCR System (Applied Biosystems, CA, USA). 
Aliquots of 2 μl of the cDNA samples were mixed with 1 
μl each forward/reverse primer, 6 μl of Rnase-free water and 
10 μl of SYBR green Master mix (Applied biosystems, CA, 
USA). The reaction parameters were as follows: 95℃ for 
10min for 45 cycles; each cycle was performed at 95℃ for 
15s and at 60℃ for 1min. Fold difference was employed to 
calculate the amount of the target gene with the endogenous 
control gene (β-actin). The sequence of primers used in the 
present study was designed by Bioneer (Daejeon, Korea), as 
shown in Table 1. 
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Fig. 1. Changes of body weight after 8 weeks of exercise.
Presented Mean ± SE, * significantly different before exercise, p < 0.05, 
# : significantly different compared to HF group, p < 0.05

Variable CO COT HF HFT

TC (mg/dl) 191.55 ± 2.85 167.01 ± 5.91* 201.35 ± 11.16 163.80 ± 15.92*

TG (mg/dl) 76.25 ± 3.89* 73.16 ± 4.57* 115.52 ± 14.20 68.09 ± 7.82*

HDL-c (mg/dl) 33.37 ± 1.63 36.84 ± 2.30* 26.93 ± 2.05 33.26 ± 2.54

LDL-c (mg/dl) 142.93 ± 3.43 115.54 ± 6.58 151.42 ± 11.24 116.93 ± 18.02

Glucose (mg/dl) 139.00 ± 3.09* 135.38 ± 2.34* 170.00 ± 10.80 147.27 ± 6.43

Insulin (uIU/ml) 31.04 ± 6.38* 18.93 ± 2.65* 69.97 ± 14.57 40.42 ± 8.30*

HOMA-IR 10.70 ± 2.30* 6.31 ± 0.85* 28.39 ± 5.12 14.66 ± 2.95*

Presented Mean ± SE, * vs HF p < 0.05

Table 2. Changes of lipid profiles after 8 weeks of exercise.

Statistical analysis

All calculations were performed using the Statistical 
Package for Social Sciences version 22.0 (SPSS Inc., Chicago, 
IL, USA) and are presented as means ± standard error. To 
compare difference between the groups analysis of variance 
(ANOVA) test Pairwise comparisons were performed with 
Duncan's test. A significant level was set at p < 0.05 for 
statistical analysis.

RESULTS

Changes in body weight

Changes of the body weight after 8 weeks of training are 
presented in Fig. 1. 

The body weight of HF group was significantly increased 
due to the continuous intake of high-fat diet (p < 0.05), but the 
weight of COT and HFT group were not significantly different, 
even though the body weight decreased after 8 weeks of 
training. Considering the results of the difference between 
groups after 8 weeks of training, the weight of HF group 
was significantly higher than all other groups (p < 0.05).

Changes in the lipid profiles

Changes in lipid profiles after 8 weeks of training are 
presented in Table 2. The HF group (high-fat dietary intake) 
is significantly higher in TG, glucose, insulin, and HOMA-IR 
(p < 0.05). Although TC and LDL-C is higher in HF group 
than CO group, the difference was not significant. However, 
lipid profiles in COT and HFT group, who participated in 
regular exercise, changed positively. TC, TG, insulin and 
HOMA-IR in COT and HFT group were significantly lower 
than in the HF group (p < 0.05); the CO group (intake of 
normal diet) was also significantly different than the HF group 
(p < 0.05).

Changes in mRNA expressions of myokines and angiogenesis 
factors

Changes in the mRNA expression of myokines after 8 
weeks of training are presented in Fig. 2. mRNA expression 
of all myokine factors in the HF group were reduced, as 
compared to the CO group (p < 0.05). Expression of PGC-1α 

mRNA in COT and HFT groups was significantly higher 
compared to the CO and HF groups (p < 0.05). Also, 
expressions of IL-6 and IL-15 mRNA in COT and HFT group 
were significantly higher compared with CO and HF groups 
(p < 0.05).

Changes in mRNA expression of angiogenesis factors after 
8 weeks of training are presented in Fig. 3. Expression of 
mTOR mRNA in HF group was significantly lower compared 
with all other groups (p < 0.05). Expression of mTOR-C1 
mRNA in COT group was significantly higher compared with 
HF and HFT groups (p < 0.05); the mTOR-C2 mRNA in COT 
group was significantly higher compared with all other groups 
(p < 0.05). Moreover, expression of VEGF mRNA in the COT 
and HFT groups, which conducted regular exercise was 
significantly higher when compared with CO and HF group 
(p < 0.05). Expression of FLT1 mRNA in HF group was 
lower than CO group, and COT and HFT groups were also 
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Fig. 2. Changes of mRNA expression of myokines 
Presented Mean ± SE, * vs CO group, p < 0.05, # vs HF group, p < 0.05, ∫ vs HFT group, p < 0.05

    

  

Fig. 3. Changes of mRNA expression of angiogenesis factors 
Presented Mean ± SE, * vs CO group, p < 0.05, # vs HF group, p < 0.05, ∫ vs HFT group, p < 0.05

significantly higher compared with CO and HF group 
respectively (p < 0.05).

DISCUSSION

This study was conducted to analyze the effect of regular 
treadmill exercise on the mRNA expression of myokines and 
angiogenesis factors in skeletal muscle in obese rats, induced 
by high-fat diet for 15 weeks. The results in this study 
revealed that obesity, resulting from the continuous intake of 
high-fat diet, increases the body weight and reduces the 
mRNA expression of myokines and angiogenesis factors in 
the skeletal muscle. However, regular exercise positively 
improves the body weight and lipid profile, and increases the 
mRNA expression of myokines and angiogenesis factors 
through the activity of muscle contractions.

It is known that obesity resulting from a high-fat intake 

induces insulin resistance [24] and leptin resistance [21] in 
peripheral tissues. However, exercise decreases the insulin and 
leptin resistance, through enhanced insulin mediated glucose 
metabolism. Hence, both endurance and resistance exercises 
have been suggested to be effective in training adaptation and 
improvement of insulin sensitivity in skeletal muscles [25].

In this study, we also found that regular exercise reduced 
the body weight and improved the insulin resistance by 
reducing the amount of glucose and insulin.

In previous studies of myokines induced by exercise, blood 
concentration of myokines was known to increase with 
moderate and high-intensity exercise which does not induce 
muscle damage, and thereafter rapidly decreasing soon after 
exercise [26,27]. Moreover, the study conducted by Nieman 
et al. reported that blood concentration of myokines was 
increased after treadmill running for 3 hours at the 70% 
VO2max intensity, in 16 marathon runners [28]. However, 
moderate intensity exercise using cycle ergometer [29] and 
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rowing [30] does not induce an increase in blood concen-
tration. These results reflected that an increase of myokine 
concentration in blood is proportional to the type of exercise, 
the duration, intensity, and muscle mass [26,27]. 

As reported above many studies have described the 
relationship between blood myokines and exercise. Nieman 
et al. reported that myokine mRNA level does not changed 
after 3 h running [31]. Nielsen et al. reported that at the 
recovery 48 h after eccentric contractions of skeletal muscle, 
blood concentration of myokine does not change, whereas the 
IL-15 mRNA expression in muscle tissue increases [32]. In 
this study, we confirmed that regular exercise increase the 
mRNA expression of all myokine factors. This result is 
considered to be an outcome of continuous muscle contrac-
tions through regular exercise, contradictory to the acute 
exercise conducted in previous study.

mTORC1 negatively regulates the insulin activity through 
the inhibition of IRS-1; however, it is not yet clear how 
mTORC2 prevents the activity of S6K1 [17]. Moreover, 
mTORC2 is an enzyme that acts to regulate the activation 
and phosphorylation of AKT, and the lack of mTORC2 in 
skeletal muscle induces the reduction of insulin mediated 
glucose uptake [33]. Thus, mTORC2 and AKT seems to be 
effective factors, and it could be essential for the understan-
ding of glucose homeostasis. Obesity due to the excess nutrition 
has an adverse effect on the mTOR activity, whereas exercise 
improved the insulin resistance without reducing the mTOR/ 
S6K1 in obese rats. Therefore, it may be involved in other 
aspects of glucose metabolism [34]. The positive activation 
of mTOR induced by physical activity can be confirmed a 
few hours after exercise, both in activities involving various 
aerobic exercise and high-intensity resistance exercise [35,36]. 
Moreover, the mTOR activation mechanism due to exercise 
was also analyzed through the PI3K activation in insulin 
mediated IRS1 pathway, in experiments conducted by Kirwan 
et al. [37]. The study indicated that PI3K activation has an 
important role as a regulator of glucose metabolism via 
potential of GLUT4 in skeletal muscle, through an increasing 
activity of PI3K in the exercise group [37]. As mentioned 
above, the results of our study showed that obesity due to 
the excess nutrition inhibits the mTOR complex activity. Also, 
in case of obesity induced by high-fat diet, mRNA expression 
of mTOR complex does not change positively via exercise. 
However, regular exercise increases the mRNA expression 
of mTOR C1 and C2, especially a significant increase of 
mTOR2 mRNA expression induced activation of AKT, which 
in turn acts positively on the glucose metabolism. 

Excess nutrition is negative to insulin activity and 
suppresses the activity of AKT and mTOR that exist in the 

sub-paths of insulin [18]. However, the AKT serine-threonine 
protein kinase, activated by PI3K pathway through exercise 
in the form of external stimulation [38] regulates the size of 
tissue and cell hypertrophy [39]. In this sense, angiogenesis 
was increased through synthesis of VEGF, which is the factor 
that induces muscle fiber hypertrophy and angiogenesis by 
AKT signal generated from skeletal muscles [19]; it has 
previously been demonstrated that the cause of muscle 
hypertrophy is influenced by enhancement of angiogenesis 
due to the implementation of regular exercise. Moreover, the 
states of hypoxia by aerobic exercise upregulates the production 
of VEGF, resulting from an increasing activity of hypoxia- 
inducible factor 1α (HIF-1α) [20]. Thus, hypoxia due to the 
exercise has been reported to have a positive effect on 
angiogenesis. Exercise training leads to an increase of 
capillaries, and this can be confirmed by stimulation of motor 
neurons after chronic exercise [40]. In fact, difference between 
the capillaries and fiber rate can be explained as the result 
of not only differences in muscle fiber, but also the angio-
genesis response of tissue type through exercise training [41]. 
Exercise increases the blood flow, thereby providing supplies 
of additional oxygen and nutrition to the skeletal muscles [42]. 
In particular, endurance exercise causes an increase in the 
vessel diameter in order to adapt the vessel for a long time 
in moving the skeletal muscle, which affects angiogenesis 
through increasing blood flow. Thus, increase of muscle 
capillaries occurs, and VEGF being the potential mitogen of 
endothelial cells, may be referred to as being the cause of 
angiogenesis in response to exercise.

In summary, the findings in this study are that high-fat diet 
negatively effects angiogenesis, as concluded from the 
observation that both myokine mRNA and angiogenesis 
mRNA expression ae decreased. However, regular exercise 
is effective in upregulating the mRNA expression of both 
myokines and angiogenesis factors in the skeletal muscle. We 
contemplate that mRNA expression of myokines was 
increased by muscle contraction, and mRNA expression of 
angiogenesis was promoted by activation of mTOR mRNA. 
Thus, in a healthy state, as well as in obesity and in plethora 
of nutrition, regular exercise is considered to act positively 
in controlling the glucose and insulin sensitivity, via the 
angiogenesis signaling pathway
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