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Introduction
 

ormal glucose homeostasis is the 

result of a balance between the 

appearance of glucose in the blood 

and its cellular uptake and use (1). These 

processes are controlled by the action of 

hormones (insulin and glucagon) and by a 

family of membrane proteins (2,3). The 

function of these glucose transport proteins 

(GLUTs) is modified in derangements of 

glucose homeostasis such as diabetes and 

obesity (4,5). GLUT4 is expressed as the 

major transporter only in tissues which 
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Abstract 
Objective: GLUT4 glucose transporter content and glucose 

transport capacity are closely correlated in muscle. The purpose of 

current study was to evaluate the effect of 6 weeks of resistance 

training and High-Intensity Interval Training (HITT) on Glut-4 gene 

expression in type 2 diabetes mellitus (T2DM) by high fat diet and 

STZ.  

Materials and Methods: This study was done on 32 male 

Wistar in Baqiyatallah University of Medical Sciences-Tehran. The 

study sample consisted of 32 male Wistar 10 week old weighting 

220 ± 20 gr which were divided into 4 obese groups. One diabetic 

group had to do resistance training and another group did HIIT. One 

more diabetic group and the healthy group did not do any activities. 

At the end, the amount of their left ventricular GLUT-4 was 

measured. Independent t-test and one way ANOVA were used to 

examine the results.  

Results: The expression of Glut-4 in the left ventricle of diabetic 

rats was 0.72 lower than that of the non-diabetic group, due to 

T2DM induction (P-value:0.029). There was a significant difference 

between the groups in expressing Glut-4 in the left ventricle. The 

post hoc test confirmed a significant increase in the expression of 

Glut-4 in the resistance and HIIT group compared to the control 

group (P-value:0.017 and P-value:0.05).  

Conclusion: However, there was no significant difference in 

expression of Glut-4 between the two groups of resistance and HIIT. 

Our findings showed that T2DM patients with cardiovascular 

disease can improve their problem by performing physical activity. 

Keywords: Resistance training, HIIT, GLUT-4, Type 2 diabetes 
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glucose uptake is stimulated by insulin (like 

cardiac muscle) (6,7). There is a close 

correlation between GLUT4 protein 

concentration and maximally stimulated 

glucose transport (8,9). Furthermore, GLUT4 

protein concentration and maximally 

stimulated glucose transport activity vary in 

parallel in response to different adaptive 

stimuli (9-12).  

A major stimulus that induces an adaptive 

increase in GLUT4 is exercise. This adaptation 

occurs in 6-12 weeks programs of running or 

swimming (10-14). 

The pool of GLUT4 vesicles that responds to 

insulin is biochemically distinct from GLUT4 

vesicle populations that redistribute to the 

plasma membrane under other stimuli such as 

exercise (15-17). 

GLUT4 mRNA expression is largely restricted 

to brown and white adipose tissue, skeletal 

muscle, and heart. Glucose uptake via GLUT4 

in these tissues is used for very different 

purposes related to the tissue’s function. 

GLUT4 gene expression is also a matter to up 

and down regulation depending on the 

physiologic state of the organism. Changes in 

GLUT4 gene expression are observed in 

physiologic states of altered glucose 

homeostasis. In general, GLUT4 mRNA 

expression is reduced in severe insulin 

deficiency such as STZ-induced diabetes and 

nutritional deprivations such as starvation 

(18,19). These changes in steady-state GLUT4 

mRNA levels are tissue specific. For example, 

changes in GLUT4 mRNA expression occur 

much more rapidly in adipose tissue than 

skeletal muscle (20). Chronic fasting markedly 

reduces GLUT4 mRNA levels in adipose 

tissue, but has little or no effect on GLUT4 

mRNA in skeletal muscle (21). These tissue-

specific physiologic adaptations are consistent 

with the tissue-specific fates of GLUT4-

dependent glucose uptake in these tissues. 

Specifically, muscle must retain its pool of 

GLUT4 so that it can call on GLUT4 to 

respond to exercise and muscle contraction. 

Changes in steady state levels of GLUT4 

mRNA could potentially be the result of 

changes in either the rate of synthesis of 

GLUT4 mRNA (gene transcription) or 

stability of messenger RNA. Nuclear run on 

assays measuring the rate of GLUT4 mRNA 

transcription demonstrate that transcription is 

decreased in both adipose tissue and skeletal 

muscle in STZ-induced diabetic animals 

(22,23), while the rate of the GLUT4 gene 

transcription in skeletal muscle of fasted 

animals is increased (23). Thus, changes in 

GLUT4 mRNA steady state levels reflect 

changes in the rate of mRNA synthesis. 

In contrast to the down regulation of GLUT4 

which is observed in insulin deficiency and 

fasting, GLUT4 expression is increased at the 

transcriptional level by endurance exercise 

(23). The increase in GLUT4 gene expression 

in response to exercise is rapid, occurring after 

only one session after aerobic exercise (24). 

This increase is 1.5-2 folds which is enough to 

modify carbohydrate metabolism (24). After 

cessation of endurance training, GLUT4 

expression reverts to normal levels in two to 

four days (25,26). 

The study aim was to recognize genetic 

variations and their possible changes in 

response to exercise. 
 

Materials and Methods 
The present study is experimental and 

fundamental research. The study was done in 

Baqiyatallah University of Medical Sciences 

in Tehran. Thirty two male Wistar 10 weeks 

old  weighting 220 ± 20 gr, which were 

selected and divided into 4 obese groups (3 

diabetic type 2 and 1 healthy groups). 

 

Protocol method 
For induction of type 2 diabetes, a high-fat diet 

for 6 weeks followed by intraperitoneal 

injection of STZ solution in citrate buffer with 

PH = 4.5 (30 mg / kg). For the preparation of 

high-fat foods in standard diets of rats 

purchased from Pars and Food Company, 1% 

cholesterol powder and 1% 100% pure corn oil 

were added. One week after diabetes 

induction, fasting blood sugar (FBS) was 
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measured. FBS level between 150 and 400 mg 

/ dL was considered as type 2 diabetes (27). 

All of the rats were kept under controlled light 

conditions (12 hours of light and 12 hours of 

darkness, 6 am and 6 o'clock) with 

temperature (22 ± 3 °C) and humidity in the 

range of 30-60. Three rats were kept in 

Plexiglas cages with a lid and dimensions of 

25 by 27 by 43 cm, so that they can freely 

access standard water and food.  

 

Study groups 
Male Wistar rats were randomly divided into 4 

groups including 3 diabetic type 2 diabetics 

(HIIT diabetic group, resistant diabetic group, 

and diabetic control group) and a healthy non-

diabetic group. 

The HIIT periodic diabetic group contain 8 

rats, 10 weeks old, and from the 16th week of 

a period of HIIT six weeks 5 sessions of 30 

minutes per week in the form of running on 

treadmill with 40-second repetitions and active 

2-minute rest between each repeat (28). All 

rats were dissected 48 hours after the last 

training session. 

The second group (diabetic group with 

resistance training): This group consisted of 8 

male, 10 week old male Wistar rats who were 

diabetic with high-fat diet and STZ, and from 

the 16th week in a course of resistance training 

for 6 weeks, 5 sessions Weekly in the form of 

5 sets with 4 replays per set. The interval 

between sets was 2 minutes and the intervals 

between repetitions per set were 30 seconds. 

All mice were described 48 hours after the last 

training session. The application of the 

resistance to close the weight to the tail of the 

rats is equivalent to different percentages of 

body weight during the training period. 

Diabetic control group: The group consisted of 

8 male 10 week old male Wistar rats that were 

diabetic during 6 weeks of high-fat diet and 

STZ infusion and continued to use high-fat 

diet until the end of the study. Finally, they 

were described with rats in other groups. 

Healthy group: The group consisted of 8 male 

10 week old male Wistar rats that were obese 

over a 6-week high-fat diet and continued to 

use high-fat diet until the end of the study. 

Finally, they were described with rats in other 

groups. 

There is a Reverse Primer in the kit. But the 

Forward primer is designed with iodine. In 

fact, the Forward primer is the same as the 

mature micro RNA sequence, but should be 

checked for the melting temperature (Tm), so 

that if its melting temperature is not matched 

with the Reverse primer, changes to its 

structure are given. After designing a primer 

by a geneticist, the order was made to make 

the company a pioneer, and was prepared after 

a week. In addition, the RNA-polymeras2 

gene was used as control gene. Table 1,2 

shows the pattern of primers. 

RNA extraction: RNA was extracted from the 

pancreatic tissue by the Rneasy Protect Kit 

(QIAGEN) kit according to the company's 

instructions. We scraped 20 milligrams of 

tissue from scalpel into microtiops and then 

extracted the RNA using the RNeasy Protect 

kit in accordance with the instructions of the 

German manufacturer. 
 

Statistical analysis  
Descriptive statistics were used to describe the 

data and draw charts, to compare the groups, 

independent t-test and one way ANOVA were 

used. For completing additional tests, a 

follow-up test of LSD was performed as 

needed. The significance level will be 

considered as α=5%. All statistical analyzes 

were performed using SPSS software version 

22. 

Table 1. High intensity interval training protocol 
Recovery speed (meter per min) Steep percent Running speed (meter per min) Running repetitions Weeks 

10 5 25 8 rep. 1 

10 10 25 10 rep. 2 

10 10 28 10 rep. 3 

10 10 32 10 rep. 4 

10 10 35 10 rep. 5 

10 10 35 10 rep. 6 
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Results 
Based on independent T-test to compare 

diabetic and non-diabetic control groups, the 

mean expression of GLUT-4 (in the left 

ventricle of diabetic rats was reduced by 0.72 

± 0.27 to non-diabetic group (P-value:0.029). 

The results of one-way ANOVA test showed 

that there was a significant difference between 

the groups in the expression of GLUT-4 in the 

left ventricle (P-value:0.04), so that the post 

hoc test of LSD had a significant increase of 

GLUT-4  expression in the group with 

resistance training was confirmed (P-value: 

0.017). On the other hand, based on the 

findings of the post-test LSD, HIIT exercise 

also led to a significant increase in expression 

of GLUT-4 compared to the control group (P-

value:0.050). However, there was no 

significant difference in expression of GLUT-

4 between the two groups of resistance 

(2.06±0.91) and HIIT (1.84±0.89) (P-value: 

0.572) (Figure 1). 

 

Discussion 
The results of this study indicated that 6 weeks 

HIIT and resistance training resulted in 

expression of GLUT-4 receptor expression in 

the left ventricle of type 2 diabetic rats. 

Glut-4 is expressed in the heart, skeletal 

muscle and adipose tissue (29,30), where it is 

responsible for decreasing plasma glucose 

levels after a meal (31). 

Previous study examined the effect of 

swimming training on Glut-4 gene expression 

in diabetic rats. The results showed a 

significant increase in the expression of the 

Glut-4 gene (32). 

One study demonstrated increase in Glut-4 

expression in male Wistar rats in response to 

6-week swimming training (33). Also an 

increase in Glut-4 expression in mice that 

swam for 5 days was showed (34). 

The results of all these studies are consistent 

with the results of this study. Although not 

well understood, what exercises affect the 

presence of Glut-4, but it has recently been 

suggested that Glut-4 plays an important role 

in regulating glucose and insulin. 

Therefore, it is likely that due to increased 

insulin receptor substrate due to exercise 

activity, a positive feedback would be 

generated and increased transporter protein. 

Another hypothesis to increase Glut-4 

expression in response to exercise may be 

Galanin effects. Galanin is a nerve gland 

peptide and an important hormone in insulin 

sensitivity fluctuations (35). 

One study noted that Galanin increased by 

Table 2. Resistance Training Load 

Weeks Resistance (Percentage of Body weight) 

1 30 

2 50 

3 70 

4 90 

5 100 

6 100 

 

 

 
Figure 1. Relative levels of GLUT-4 expression in the studied groups 
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physical exercise in mice. In this study, insulin 

sensitivity and Glut-4 expression also 

increased (36). According to these results, 

Glut-4 expression may be associated with 

increased Galanin levels. 

Finally, Glut-4 increases due to exercise may 

be due to the effects of Glut-4 mRNA. 

SLC2A4 gene prescription is activated by two 

major factors: the increasing myositis factor 2 

(MEF2) and the increasing factor Glut-4 

(GEF) (35,36). On the other hand, AMPK 

protein activity as a result of muscle 

contraction requires HDAC5 phosphorylation, 

which results in secretion of MEF2 (37). 

HIIT increases the expression of Glut-4 in 

skeletal muscle more than low intensity 

exercise by activating both calcium-dependent 

messenger pathways and the AMP enabled 

protein kinase pathway (AMPK). However, 

the increase of Glut-4 gene expression is 

dependent on the amount of energy consumed, 

more than that it is affected by single mode 

exercise (38). 

It was reported that levels of GLUT-4 mRNA 

increased due to physical activity and 

decreased during insulin deficiency (39), and 

these changes were due to variations in the 

level of Glut-4 genetic enzymes (40). 

Insulin acts by stimulating the transfer of Glut-

4 containing vesicles from intracellular 

sources to the plasma membrane, resulting in a 

rapid and immediate increase in glucose 

transmission (41). Glut-4 gene expression is 

regulated by complex mechanisms that are 

exposed to tissue-specific and also hormonal 

metabolism (42). Thus, Glut-4 expression in 

skeletal and cardiac muscles is disrupted in 

contravening normal conditions such as 

hypothyroidism during pregnancy (43,44). 

The results of some studies showed large 

amounts of multiplier increases at the cell 

level, including Glut-4, depend on the 

response to exercise or muscle contractions in 

the evaluation method (45). As a result of the 

exercise, the amount of Glut-4 protein in the 

large sarcolema vesicles increases 

approximately twice (46). 

A relative study stated that there was no 

difference in the expression of Glut-4 in 

samples that had been swallowed for 4 weeks 

(47-48). These results are not consistent with 

the results of the present study. Possible 

reasons for mismatching are the type of 

exercise, the intensity of exercise, the duration 

of exercise, the population tested and sampling 

methods. 

However, it is suggested that molecular 

mechanisms are responsible of these results, 

which may depend on the type of muscle.  

 

Conclusions 
These results point to the important role and 

expression of Glut-4 expression and function 

in absorbing glucose, followed by the 

reduction of cardiovascular risk associated 

with high sugar. The adaptive increase in 

GLUT-4 may also help to explain these 

findings that a few days of exercise training 

can result in a significant enhancement of 

insulin action on glucose disposal (49). 

 

Acknowledgements 
This research is a part of a doctoral thesis in 

the field of exercise physiology, which has 

been approved by the faculty of Physical 

Education and Exercise Sciences in Islamic 

Azad University (Central Tehran branch). We 

would like to specifically thank the Animal 

Clinic of Yazd University of Medical Sciences 

and Health Services (The International 

Branch). We would also like to show our 

gratitude to other good people, who helped 

and assisted with us, for accomplishment of 

the present study.  

 

References
 

1.  Olefsky JM. Insulin resistance and the 

pathogenesis of non-insulin dependent diabetes 

mellitus: cellular and molecular mechanisms. 

Advances in Experimental Medicine and Biology 

1993;334:129-50.  

2. Thorens B. Molecular physiology of glucose 

transporters. Diabetes care, 1990;13(3):209-18. 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

do
.s

su
.a

c.
ir

 o
n 

20
24

-0
4-

26
 ]

 

                               5 / 8

https://ijdo.ssu.ac.ir/article-1-338-en.html


H. Kalhor et al. 

 

37 IRANIAN JOURNAL OF DIABETES AND OBESITY, VOLUME 9, NUMBER 1-2, SPRING-SUMMER 2017 

 

 

3. Kayano T, Burant CF, Fukumoto H, Gould GW, 

Fan YS, Eddy RL, et al. Human facilitative glucose 

transporters. Isolation, functional characterization, 

and gene localization of cDNAs encoding an 

isoform (GLUT5) expressed in small intestine, 

kidney, muscle, and adipose tissue and an unusual 

glucose transporter pseudogene-like sequence 

(GLUT6). Journal of Biological Chemistry 

1990;265(22):13276-82. 

4. Kahn BB. Facilitative glucose transporters: 

regulatory mechanisms and dysregulation in 

diabetes. Journal of Clinical Investigation 

1992;89(5):1367-74.  

5. Garvey WT, Huecksteadt TP, Matthaei S, Olefsky 

JM. Role of glucose transporters in the cellular 

insulin resistance of type II non-insulin-dependent 

diabetes mellitus. Journal of Clinical Investigation 

1988;81(5):1528-36. 

6. Charron MJ, Brosius FC, Alper SL, Lodish HF.A 

glucose transport protein expressed predominately 

in insulin-responsive tissues. Proceedings of the 

National Academy of Sciences of the United States 

of America 1989;86(8):2535-9.  

7. Kraegen EW, Sowden JA, Halstead MB, Clark PW, 

Rodnick KJ, Chisholm DJ, et al. Glucose 

transporters and in vivo glucose uptake in skeletal 

and cardiac muscle: Fasting, insulin stimulation and 

immunoisolation studies of GLUT1 and GLUT4. 

Biochemical Journal 1993;295(1):287-93.  

8. Henriksen EJ, Bourey RE, Rodnick KJ, Koranyi L, 

Permutt MA, Holloszy J0. Glucose transporter 

protein content and glucose transport capacity in rat 

skeletal muscles. Am. J. Physiol 1990;259:593-8.  

9. Megeney LA, Neufer PD, Dohm GL, Tan MH, 

Blewett CA, Elder GCB, et al. Fiber type effects on 

contraction-stimulated glucose uptake and GLUT4 

abundance in single fibers from rat skeletal muscle. 

Am. J. Physiol 1993;583-93. 

10. Ploug T, Stallknecht BM, Pedersen K, ahn BB, 

Ohkuwa T, Vinten J, et al. Effect of endurance 

training on glucose transport capacity and glucose 

transporter expression in rat skeletal muscle. Am. J. 

Physiol. 1990;259:778-86. 

11. Rodnick KJ, Henriksen EJ, James DE, Holloszy J0. 

Exercise training, glucose transporters, and glucose 

transport in rat skeletal muscles. Am. J. Physiol. 

1992;262:9414. 

12. Ren JM, Semenkovich CF, Holloszy J0. Exercise 

induces rapid increases in GLUT4 expression, 

glucose transport capacity, and insulin-stimulated 

glycogen storage in muscle. Am. J. Physiol. 

1993;264:146-50. 

13. Friedman JE, Sherman WM, Reed MJ, Elton CW, 

Dohm GL. Exercise training increases glucose 

transporter protein GLUT-4 in skeletal muscle of 

obese Zucker (fa/fa) rats. FEBS Lett. 1990;268:13-

6. 

14. Houmard J, Shinebarger MH, Dolan PL, Leggett-

Frazier N, Bruner RK, McCammon MR.1993. 

Exercise trainingincreases GLUT-4 protein 

concentration in previously sedentary middle-aged 

men. Am. J. Physiol. 1993;264(6):896-901. 

15. Kandror KV, Coderre L, Pushkin AV, Pilch PF, 

Comparison of glucose-transporter-containing 

vesicles from rat fat and muscle tissues: evidence 

for a unique endosomal compartment. Biochemical 

Journal, 1995;307(2):383-83.  

16. Lund S, Holman GD, Schmitz O, Pedersen O. 

Contraction stimulates translocation of glucose 

transporter GLUT4 in skeletal muscle through a 

mechanism distinct from that of insulin. 

Proceedings of the National Academy of Sciences 

of the United States of America, 1995;92(13):5817-

21. 

17. Santalucia T, Camps M, Castello A. Developmental 

regulation of GLUT-1 (erythroid/Hep G2) and 

GLUT-4 (muscle/fat) glucose transporter 

expression in rat heart, skeletal muscle, and brown 

adipose tissue. Endocrinology, 1992;130(2):837-46. 

18. Olson L. Regulated of GLUT4 transcription and 

gene expression. Current Medicinal Chemistry. 

Immunology, Endocrine & Metabolic Agents, 

2005;5:219-25. 

19. Olson L, Knight JB. Regulation of GLUT4 

expression in vivo and in vitro. Frontiers in 

Bioscience, 2003;8:401-9. 

20. Richardson JM, Balon TW, Treadway JL, Pessin 

JE. Differential regulation of glucose transporter 

activity and expression in red and white skeletal 

muscle. Journal of Biological Chemistry, 

1991;266(19):12690-4.  

21. Charron MJ, Kahn BB. Divergent molecular 

mechanisms for insulin-resistant glucose transport 

inmuscle and adipose cells in vivo. Journal of 

Biological Chemistry, 1990;265(14):7994-8000. 

22. Gerrits PM, Olson AL, Pessin JE. Regulation of the 

GLUT4/muscle-fat glucose transporterm RNA in 

adipose tissue of insulin-deficient diabetic rats. 

Journal of Biological Chemistry. 1993;268(1):640-

4. 

23. Neufer PD, Carey JO, Dohm GL. Transcriptional 

regulation of the gene for glucose transporter 

GLUT4 in skeletal muscle. Effects of diabetes and 

fasting. Journal of Biological Chemistry, 

1993;268(19):13824-29.  

24. Ren JM, Semenkovich CF, Gulve EA, Gao J, 

Holloszy JO, Exercise induces rapid increases in 

GLUT4 expression, glucose transport capacity, and 

insulinstimulated glycogen storage in muscle, 

Journal of Biological Chemistry, 

1994;269(20):14396-401. 

25. Kawanaka K, Tabata I, Katsuta S, Higuchi M. 

Changes in insulin-stimulated glucose transport and 

GLUT-4 protein in rat skeletal muscle after 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

do
.s

su
.a

c.
ir

 o
n 

20
24

-0
4-

26
 ]

 

                               6 / 8

https://ijdo.ssu.ac.ir/article-1-338-en.html


HIIT & Glut-4 gene expression 

 

IRANIAN JOURNAL OF DIABETES AND OBESITY, VOLUME 9, NUMBER 1-2, SPRING-SUMMER 2017 38 

 

 

training,” Journal of Applied Physiology, 

1997;83(6):2043-7. 

26. Host HH, Hansen PA, Nolte LA, Chen MM, 

Holloszy JO. Rapid reversal of adaptive increases 

in muscle GLUT-4 and glucose transport capacity 

after training cessation. Journal of Applied 

Physiology, 1998;84(3):798-802. 

27. Sun YP1, Lu NC, Parmley WW, Hollenbeck CB. 

Effect of cholesterol diets on vascular function and 

Atherogenesis in rabbits. Proc Soc Exp Bio Med 

2000;224(3):166-71. 

28. Mogharnasi M, Gaeini A, Kordi M, Ravasi A, 

Javadi E, Sheykholeslami D. The Effect of Four 

Weeks of Detraining after a Period of Intense 

Sprint Training on Risk Factors of Atherogenic 

Inflammatory Damages. Journal of Sport 

Biosciences. 2011;3(9):5-20. 

29. Zorzano L, Sevilla E, Tomàs A, Gumà M, Palacín 

Y. GLUT4 trafficking in cardiac and skeletal 

muscle: isolation and characterization of distinct 

intracellular GLUT4-containing vesicle 

populations. Biochemical Society Transactions Aug 

01, 1997,25(3)968-74. 

30. Thai MV, Guruswamy S, Cao KT. Myocyte 

enhancer factor 2 (MEF2)-binding site is required 

for GLUT4 gene expression in transgenic mice: 

Regulation of MEF2 DNA binding activity in 

insulin-deficient diabetes. Journal of Biological 

Chemistry 1998;273(23):14285-92. 

31. Khayat ZA, Patel N, Klip A. Exercise- and Insulin-

Stimulated Muscle Glucose Transport: Distinct 

Mechanisms of Regulation" Canadian Journal of 

Applied Physiology, 2002;27(2):129-51. 

32. Zhaosheng T, Li Y, Chengying G, Yun L, Lian Z. 

Effect of Exercise on the Expression of 

Adiponectin mRNA and GLUT4 mRNA in Type 2 

Diabetic Rats. Journal of Huozhong university of 

Science and Technology, 2005;25(2):191-3. 

33. Luciano E, Carneiro EM, Carvalho CR, Carvalheira 

JB, Peres SB. Endurance training improves 

responsiveness to insulin and modulates insulin 

signal transduction through the phosphatidylinositol 

3-kinase/Akt-1 pathway. Eur J Endocrinol 

2002;147:149-57. 

34. Chibalin AV, Yu M, Ryder JW, Song XM, Galuska 

D. Exerciseinduced changes in expression and 

activity of proteins involved in insulin signal 

transduction in skeletal muscle: differential effects 

on insulin-receptor substrates 1 and 2. Proc Natl 

Acad Sci U S A 2000;97:38-43. 

35. McGee S, Spasling D, Olson A, Hargreaves M. 

Exercise increases MEF2- and GEF DNA binding 

activity in human skeletal muscle. FASEB J 

2006;20:348-59. 

36. He B, Shi M, Zhang L, Li G, Zhang L. Beneficial 

effect of galanin on insulin sensitivity in muscle of 

type 2 diabetic rats. Physiol Behav 2011;103:284-9. 

37. Sparling DP, Griesel BA, Weems J, Olson AL. 

GLUT4 Enhancer Factor (GEF) interacts with 

MEF2A and HDAC5 to regulate the GLUT4 

Promoter in adipocytes. J Biol Chem 

2008;283:7429-37. 

38. Richter EA, Hargreaves M. Exercise, GLUT4, and 

skeletal muscle glucose uptake. Physiol Rev 

2013;93:993-1017. 

39. Ren JM, Semenkovich CF, Gulve EA, Gao 

J, Holloszy JO. Exercise induces rapid increases in 

GLUT4 expression, glucose transport capacity, and 

insulin-stimulated glycogen storage in muscle. J 

Biol Chem. 1994;269(20):14396-401. 

40. Gerrits PM, Olson AL, Pessin JE. Regulation of the 

GLUT4/muscle-fat glucose transporter mRNA in 

adipose tissue of insulin-deficient diabetic rats. J 

Biol Chem. 1993;268(1):640-4. 

41. Liu ML, Olson AL, Edgington NP, Moye-Rowley 

WS, Pessin JE. Myocyte enhancer factor 2 (MEF2) 

binding site is essential for C2C12 myotube-

specific expression of the rat GLUT4/muscle-

adipose facilitative glucose transporter gene. J Biol 

Chem. 1994;269(45):28514-21. 

42. Knight JB, Eyster CA, Griesel BA, Olson AL. 

Regulation of the human GLUT4 gene promoter: 

interaction between a transcriptional activator and 

myocyte enhancer factor 2A. Proc Natl Acad Sci U 

S A. 2003;100(25):14725-30.  

43. Ramos S, Goya L, Alvarez C, Martín MA, Agote 

M, Escrivá F, et al. Different role of insulin in 

GLUT-1 and -4 regulation in heart and skeletal 

muscle during perinatal hypothyroidism. American 

Journal of Physiology - Endocrinology and 

Metabolism Published 1 November 

2001;281(5):1073-81. 

44. Castelló A, Rodríguez-Manzaneque JC, Camps M, 

Pérez-Castillo A, Testar X, Palacín M, et al. 

Perinatal hypothyroidism impairs the normal 

transition of GLUT4 and GLUT1 glucose 

transporters from fetal to neonatal levels in heart 

and brown adipose tissue. Evidence for tissue-

specific regulation of GLUT4 expression by thyroid 

hormone. J Biol Chem. 1994;269(8):5905-12. 

45. Hayashi T, Wojtaszewski J, Goodyear LJ: Exercise 

regulation of glucose transport in skeletal muscle. 

Am.J.Physiol. 1997;273:1039-51. 

46. Kristiansen S, Hargreaves M, Richter EA. 

Progressive increase in glucose transport and 

GLUT-4 in human sarcolemmal vesicles 

duringmoderate exercise. Am. J. Physiol. 

1997;272:385-9. 

47. Lehnen Alexandre M, Leguisamo Natalia M, Pinto 

Graziela H, Markoski Melissa M, Machado Kátia 

De Angelis, Ubiratan F, Schaan Beatriz. The 

beneficial effects of exercise in rodents 

arepreserved after detraining: a phenomenonun 

related to GLUT4 expression Cardiovascular 

Diabetology. 2010;9:67. 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

do
.s

su
.a

c.
ir

 o
n 

20
24

-0
4-

26
 ]

 

                               7 / 8

https://ijdo.ssu.ac.ir/article-1-338-en.html


H. Kalhor et al. 

 

37 IRANIAN JOURNAL OF DIABETES AND OBESITY, VOLUME 9, NUMBER 1-2, SPRING-SUMMER 2017 

 

 

48. Song YJ, Sawamura M, Ikeda K, Igawa S, Nara Y. 

Training in swimming reduces blood pressure and 

increases muscle glucose transport activity as well 

as GLUT4 contents in stroke-prone spontaneously 

hypertensive rats. Appl Human Sci 1998;17:275-

80. 

49. Rogers MA, Yamamoto C, King DS, Hagberg JM, 

Ehsani AA, Holloszy J0. Diabetes Care 

1998;11:613-8. 

 

 

39 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

do
.s

su
.a

c.
ir

 o
n 

20
24

-0
4-

26
 ]

 

Powered by TCPDF (www.tcpdf.org)

                               8 / 8

https://ijdo.ssu.ac.ir/article-1-338-en.html
http://www.tcpdf.org

