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Abstract: PURPOSE: Red ginseng (RG) has been reported to improve the blood and organ 

lipid profile when combined with exercise. However, the effect of RG on energy 

metabolism during exercise is poorly understood. Therefore, this study was designed to 

investigate whether RG treatment alters fat utilization during exercise; METHODS:  

We used seven-week-old ICR mice (n = 42). RG (1 g/kg) was administered orally daily  

during two weeks of endurance training. All mice were randomized into two groups: 

training only group (CON group) and training with RG group (RG group). Endurance 

training consisted of 20~25 m/min on a slope of 8° for one hour five times a week. After a 

two-week experimental period, we measured substrate utilization during exercise at the 

same intensity and duration of training using a respiratory calorimetry chamber. Mice were 

dissected for glycogen measurement of muscles and liver before, immediately after,  

and one hour after the exercise; RESULT: Fat oxidation during the initial 20 min of the 

one-hour exercise significantly increased in the RG group compared to the CON group.  

In addition, the liver glycogen stores significantly decreased immediately after the  

OPEN ACCESS



Nutrients 2014, 6 1875 

 

one-hour exercise compared to at rest in the RG group, but did not differ between 

immediately after the one-hour exercise and at rest in the RG group. The glycogen 

concentration in white and red gastrocnemius muscle did not differ between the groups 

immediately after the one-hour exercise; CONCLUSIONS: These results suggest  

that RG treatment for two weeks promotes fat oxidation and a glycogen-sparing effect 

during exercise. This might lead to a delay in peripheral fatigue during endurance  

exercise performance. 
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1. Introduction 

The energy needed for exercise is not only stored in the body, but it is also derived from dietary 

carbohydrate, protein, and fat that is broken down or oxidized through their respective metabolic 

pathways [1]. To increase endurance exercise capacity, it is important to utilize fat metabolism 

effectively and/or have a glycogen-sparing effect in the liver and muscle during exercise of the 

peripheral tissues [2–4]. Peripheral fatigue is mainly caused by depletion of stored energy in peripheral 

tissues and it is thought to reduce lactate levels in the muscle. Thus, to increase the ability to efficiently 

exercise it is necessary (1) to increase stored glycogen in the liver and muscle; (2) promote oxidation 

of stored fat; and (3) promote blood circulation. 

Ginseng, as a natural remedy, improves psychologic function, exercise performance, and immune 

function. Many animal and human studies showed that intake of ginseng has beneficial effects. It 

enhances phagocytosis, natural killer cell activity, and production of interferon; improves physical and 

mental performance; it increases resistance to stress; and affects hypoglycemic activity [5]. These 

beneficial effects are attributed to ginsenosides (Rg1, Rb1, Rg2) and saponin. In particular, ginsenosides 

has been shown to make up a larger proportion of “red ginseng”. Red ginseng is produced by steaming 

and drying ginseng. During this heat process, ginsenosides undergo chemical changes resulting in a 

compound with the potential to induce special physiologic activities [6–8]. 

Many studies reported on the anti-fatigue effect of ginseng extract or red ginseng. A 10-day in vivo 

administration of ginseng extract modulates peroxisome proliferator-activated receptor-α function, 

which regulates the expression of a number of genes critical for lipid and lipoprotein metabolism, and 

significantly increases serum concentrations of total cholesterol, triglycerides, and high-density 

lipoprotein cholesterol [9]. In a study by Song et al. [10], mice were fed a high-fat diet containing RG 

for 13 weeks and the authors found that genes associated with lipid metabolism were down-regulated; 

these genes are usually up-regulated by a high-fat diet. In studies demonstrating the effect of ginseng 

on exercise performance, acute ginseng intake after a three-hour swimming exercise improved 

recovery from fatigue, suggesting an effect of ginseng on endurance exercise performance. 

Additionally, mice treated with acute ginseng extract had higher blood glucose and lower plasma free 

fatty acid (FFA) levels after swimming for 30 min [11,12]. 

Most previous studies analyzed the effect of ginseng extract or red ginseng on blood lipid profiles 

before and after exercise, but did not determine the alteration of energy metabolism during exercise, 
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such as respiratory quotient level or fat oxidation. Therefore, this study was designed to investigate 

whether RG administration influences the alteration of fat utilization during exercise using a 

respiratory calorimetric chamber and measuring glycogen levels in liver and muscles. The results of 

the present study will provide further insight into the beneficial effect of RG on efficient metabolic 

regulation during exercise. 

2. Materials and Methods 

2.1. Animals and Treatment 

Seven-week-old male ICR mice (n = 42) were used. The mice were purchased from Orient Bio Inc. 

(Seongnam, Korea). All mice were housed in standard plastic cages under controlled conditions of 

humidity (50%) and temperature (23 ± 1 °C) with alternating 12-h cycles of light (08:00 to 20:00) and 

darkness (20:00 to 08:00). Mice were allowed to adapt to the laboratory housing for 1 week.  

Forty-two male mice were divided into 2 groups: control (CON, n = 21) and RG administered (RG,  

n = 21). They were given free access to water and a non-purified commercial diet (5L79, Orient Bio 

Inc., Seongnam, Korea), containing (g/kg) crude protein, 180; crude fat, 52; crude fiber, 52; minerals, 57; 

and carbohydrate, 368. The protein, fat, and carbohydrate ratio (%) based on calories was 21:14:65, 

and gross and metabolizable calorie contents of the diet were 4.04 and 3.21 kcal/g, respectively.  

Body weight and food intake of each mouse were measured (Innotem IB-6100 balance, company, city, 

Korea). All experimental procedures were carried out at the Animal Experiment Research Center of 

Konkuk University. This study was conducted in accordance with the ethical guidelines of the Konkuk 

University Institutional Animal Care and Use Committee. 

Table 1. Ginsenosides composition in Red-Ginseng Extract (mg/g). 

Ingredient Content 

Rg1 0.71 

Re 0.93 

Rf 1.21 

Rf1 0.78 

Rg2(s) 1.92 

Rg2® 1.29 

Rb1 4.62 

Rc 2.41 

Rb2 1.83 

Rd 0.89 

Rg3(s) 2.14 

Rg3® 0.91 

Total 19.64 
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2.2. Red Ginseng Extract 

RG extract dissolved in distilled water was administered to the RG group daily at a dose of 1 g/kg 

body weight (included 19.64 mg ginsenosides/g RG extract) for 2 weeks [13]. The CON group was 

treated with vehicle only (distilled water 5 mL/kg body weight). RG was obtained from Korea Ginseng 

Corp. (Seoul, Korea). Details on the levels of ginsenosides in RG are shown in Table 1. The mice in 

the control group received the same amount of distilled water. 

2.3. Training Methods 

We used aerobic running exercise protocol with minor modification [14]. After 3 days of an 

adaption period for the treadmill, all mice were forced to run at 20 m/min (running speed) and was 

raised by maintaining the slope at 8° for 50 min once a day, 5 times a week, on the first week of 

training. The running time per a day was increased by 25 m/min and maintained the slope at 8° on the 

last week of training (65%–70% of VO  max).  

2.4. Measurement of Metabolic Rates 

Resting metabolic rate was measured 1 week before and 2 weeks after the exercise period as 

previously described [14]. After the 2-week experimental period, we measured substrate utilization 

during exercise at the same intensity and duration of training method using a respiratory calorimetry 

chamber. Two hours before the experiment, mice were put in a metabolic chamber to reduce stress. 

They were given free access to water and food. Flow velocity within the chamber was set to 1.2 L/min 

and measured for 24 h. 

2.5. Gas Analysis 

Respiratory gas was measured using an open-circuit apparatus based on previous studies [15,16]. 

The O2 uptake and CO2 production were measured using a mass analyzer (model RL-600, Alco 

System, Chiba, Japan; used a gas analyzers) and a switching system (model ANI6-A-S, Alco System). 

All flow rates were kept constant at 3 L/min. O2 uptake and CO2 production were used to calculate the 

respiratory exchange ratio, carbohydrate oxidation, and fat oxidation in the mice. 

2.6. Blood Analysis 

Blood samples were collected before, immediately after, and 1 hour after the exercise. Plasma was 

prepared by centrifugation. Plasma glucose was measured using commercial kits (Asan Pharmaceutical 

Co., Hwaseong-si Gyeonggi-do, Korea), the plasma FFA level using a non-esterified fatty acid kit 

(Wako Pure Chemical Industries), and the plasma insulin level was determined with an enzyme-linked 

immunosorbent assay kit (Morinaga Bioscience Laboratory, Yokohama, Japan). 

2.7. Glycogen Analysis 

Mice were dissected for the glycogen measurement in muscles and liver before, immediately after, 

and 1 h after the exercise. Glycogen was measured in perchloric acid extract using the 
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amyloglucosidase method [17]. Approximately 30 mg of tissues were sampled on ice. We added 0.5 mL 

of 2N HCL and incubated the samples for 2 h at 96 °C before adding 1.5 mL of 0.67 M NaOH. After 

centrifugation at 5000 g and 4 °C for 5 min, glycogen hydrolyzed to glucose as the supernatant. A  

100 µL sample of glucose was taken and 1 mL of reaction buffer (containing 1M Tris-HCL (pH 8.0), 

100 mM MgCl2, 200 mM adenine triphosphate, 500 nM dithiothreitol, 10 mM nicotinamide adenine 

dinucleotide phosphate, hexokinase, and glucose-6-phosphate dehydrogenase) was added and 

incubated for 30 min at 37 °C. Then, the sample was put on ice to stop the reaction. The glucose 

content was analyzed in 96-well plates using a spectrophotometer at a wavelength of 340 nm. 

2.8. Statistical Analysis 

The SPSS 19.0 program was used for the statistical analysis of this study (SPSS, Inc., Chicago, IL, 

USA). The effect of time and group was analyzed using two-way repeated measures analysis of 

variance. Since a significant interaction was not detected, a post hoc Tukey test was used for multiple 

comparisons in the CON groups and the RG groups. Differences were considered significant  

at p < 0.05. 

3. Results 

3.1. Body Weight and Food Intake 

Changes in body weight and food intake during the two-week experimental period are shown in  

Table 2. The initial body weight, final body weight, body weight gain, total amount of food intake, and 

daily food intake was not different between the two groups. 

Table 2. The change of body weight, food intake. 

 CON RG 
Initial body weight (g) 35.1 ± 1.6 34.7 ± 1.4 
Final body weight (g) 36.9 ± 2.0 36.1 ± 1.2 
Body weight gain (g) 1.6 ± 1.2 1.4 ± 1.0 

Total amount of food intake (g/2weeks) 73.0 ± 6.8 77.6 ± 5.9 
Daily food intake (g/day) 4.5 ± 0.4 4.8 ± 0.3 

Values are presented as means ± standard error; CON: no treatment with training; RG: RG treatment  

with training. 

3.2. Carbohydrate Oxidation and Fat Oxidation during Exercise 

The exercise lasted for one hour at an intensity of about 65%–75% VO  max. After the two-week 

experimental period, carbohydrate oxidation during exercise was not different between the two groups 

(Figure 1A). In addition, after the experimental period, fat oxidation during exercise was not different 

between the two groups (Figure 1B). In contrast, when examining each session of exercise separately, 

fat oxidation during the initial 20 min of the one-hour exercise was significantly higher in the RG 

group (35.5 ± 0.8 mg/kg/min) than in the CON group (30.5 ± 1.5 mg/kg/min) (Figure 1C). 
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Figure 1. The change in carbohydrate oxidation and fat oxidation during exercise for 1 h. 

(A). The change in carbohydrate oxidation during exercise for 1 h; (B). The change in fat 

oxidation during exercise for 1 h; (C). Fat oxidation at every 20 min. Values are presented 

as means ± standard error (n = 21). * vs. CON p < 0.05; CON: no treatment with training, 

RG: RG treatment with training. 
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3.3. Plasma Parameters 

The plasma concentrations of glucose and insulin did not differ between the groups at any time 

point (Figure 2A,B). The plasma concentrations of FFA decreased after recovery from the exercise for 

1 h in both groups, but it did not differ between the groups at any time point (Figure 2C). 

Figure 2. The change in plasma parameters during exercise and after exercise for one hour. 

(A): Glucose; (B): Insulin; (C): Free fatty acid level at rest, after exercise, and recovery in 

the CON and RG groups. Values are presented as means ± standard error (n = 14). # vs. 

Rest in RG p < 0.05; ** vs. After exercise in RG, p < 0.05; * vs. Rest in CON, p < 0.01;  

§ vs. After exercise in CON, p < 0.01; CON: no treatment with training; RG: RG treatment 

with training. 
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Figure 3. The change in glycogen concentrations during exercise and after exercise  

for one hour. (A): Liver; (B): Gastrocnemius-white muscle; (C): Gastrocnemius-red muscle 

at rest, after exercise, and recovery in the CON and RG groups. Values are represented as 

means ± standard error (n = 14). # vs. Rest in RG, p < 0.01; ** vs. Rest in RG, p < 0.01;  

* vs. Rest in CON, p < 0.05 (two-way analysis of variance group effect ***);  

CON: no treatment with training; RG: RG treatment with training. 
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3.4. Glycogen Concentrations 

In the CON group, the liver glycogen stores significantly decreased after recovery from the exercise for 

one hour compared to when at rest. However, this decrease was not observed in the RG group (Figure 3A). 

The glycogen concentrations in white gastrocnemius muscle tended to be higher in exercise-trained 

mice treated with RG at the immediately after the one hour exercise (p = 0.069) and those in and red 

gastrocnemius muscle did not differ between the groups at any time point (Figure 3B,C). 

4. Discussion 

The major findings of the present study were the following: firstly, fat oxidation during the initial 

20 min of a one-hour exercise period was significantly higher in exercise-trained mice that received 

RG compared to mice that were only exercise-trained; secondly, the liver glycogen stores significantly 

decreased immediately after the one-hour exercise period in the mice that were only exercise-trained, 

but this decrease was not observed in exercise-trained mice that received RG. 

Several studies suggested that RG intake reduced body weight and fat content [18–20]. RG intake 

down-regulated genes associated with lipid metabolism, which are up-regulated by a high-fat  

diet [10,11]. Based on these previous studies, we expected that RG intake would further increase fat 

oxidation when combined with endurance training, which is known to increase the rate of fatty acid 

mobilization in intramuscular fat [21]. In the present study RG intake increased fat oxidation after the 

initial 20 min of the one-hour exercise period in exercise-trained mice. As one of reasons for the 

increase in fat oxidation at the only initial phase, we cautiously assume that the effect of RG intake on 

the fat oxidation might have been diluted by the exercise training. Not only intake of red ginseng, but 

moderate intensity of exercise increases fatty acid availability during exercise. We also observed a 

glycogen-sparing effect after the one-hour exercise period in exercise-trained mice that received RG. 

This glycogen-sparing effect in the liver after the one-hour exercise period was also seen in white 

gastrocnemius in exercise-trained mice treated with RG, though it did not reach statistical significance. 

Taken together, these results indicate that administration of RG for two weeks in combination with 

endurance training might have a synergistic effect on increased fat oxidation during exercise. 

We found higher glycogen levels after one-hour exercise in exercise-trained mice that with RG.  

Tang et al. [22] demonstrated that glycogen levels in the liver were higher after a prolonged swimming 

exercise in mice that received 20(R)-ginsenoside Rg3 for two weeks. Although this study used a 

different type of exercise and a different level of intensity than our study, it suggests that ginsenosides 

might influence hepatic glycogen metabolism. In addition, rats that received acute ginseng extract had 

higher plasma glucose and lower FFA levels after a 30-minute swimming exercise compared to control  

rats [11]. However, our study did not show different levels in plasma biomarkers between groups 

despite the higher hepatic glycogen levels in exercise-trained mice treated with RG. It is considered 

that plasma glucose and FFA levels might have changed during the initial phase of the one-hour 

exercise. We observed higher fat oxidation during the initial phase and thereby hepatic glycogen level 

increased after one hour of exercise in order to supply glucose to the muscle. 

Xiong et al. [23] demonstrated that ginsenoside Rb1 administration promoted fat oxidation and had 

a glycogen-sparing effect. Especially, they showed that the food intake in the Rb1 treatment group was 
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lower than in the control group, probably via appetite inhibition. In contrast, the effect of appetite 

inhibition by red Ginseng treatment was not observed in the present study and this may be due to that 

the difference of the dosage and experimental duration between Xiong et al.’study [23] and our study. 

The dosage of Rb1 administered was 10.0 mg/kg body weight and four weeks of duration in Xiong  

et al.’s study, but 4.6 mg/kg body weight and two weeks in this study. 

Twelve weeks of intake of Korea Red Ginseng enhanced the insulin signaling pathway by 

increasing phosphorylation of IR-b, IRS-1, Akt and GSK3a/b and by increasing the glucose transporter 

isoform (GLUT4) translocation in skeletal muscle [20]. Exercise training is the most potent stimulus to 

increase skeletal muscle GLUT4 expression [24]. We showed that glycogen concentrations in white 

gastrocnemius muscle tended to be higher in exercise-trained mice treated with RG, but it did not reach 

statistically significant level. Particularly, it was unclear why glycogen concentration in liver was 

higher after exercise in RG group compared with CON group, although this result was not observed in 

gastrocnemius muscles. Thus, it will be necessary for us to examine the effect of RG on glucose 

metabolism related to gene expression in liver and muscles in a future study. 

The present study had several limitations. Firstly, we did not perform a run-time to exhaustion test, 

which can provide more information on the beneficial effects of the intervention on endurance 

performance. Secondly, we didn’t set the exercise and food control so that could not discuss the effect 

of RG intake or exercise training on parameters related to energy metabolism. To clarify the 

synergistic effects of RG administration in combination with exercise on energy metabolism in more 

detail, it would be important to add a resting group to the present experimental setting. However, we 

clearly revealed that RG intake could enhance fat oxidation during exercise in exercise-trained mice as 

this result was not observed in exercise-trained mice that did not with RG. 

5. Conclusions 

In conclusion, RG intake for two weeks promotes fat oxidation and the glycogen-sparing effect 

during exercise. Therefore, consuming RG when training can improve endurance exercise performance. 

Acknowledgment 

This study was supported by a grant (NRF-2011-32A-G00050) from the National Research 

Foundation funded by the Korean Government. 

Author Contributions 

H. H. analysed and interpreted the data and wrote the manuscript. J.K. and H.Y.  analysed data. J.P. 

interpreted the data and wrote the manuscript. K. L. interpreted the data and had primary responsibility 

for the final content. W.C., B. K., C.L. and H. S. interpreted the data.  All authors approved the final 

version of the manuscript.  

Conflicts of Interest 

The authors declare no conflict of interest. 
  



Nutrients 2014, 6 1884 

 

References 

1. Lee, H.; Hong, M.K.; Shin, S.A.; Son, T.Y.; Ann, E.S.; Kim, W.S.; Hong, Y. The effect of BCAA 

administration on the central fatigue and endurance exercise capacity. Exerc. Sci. 2002, 11, 25–34. 

2. Inoue, K.; Fushiki, T. Exercise and central fatigue. Korean J. Exerc. Nutr. 2003, 7, 227–233. 

3. Lim, K.W. Effects of branched chain amino acid ingestion on m RNA expression of lactate 

transpoters and lactate metabolism during endurance exercise in rats and athletes. Korean J. Exerc. 

Nutr. 2006, 10, 9–16. 

4. Ikeuchi, M.; Koyama, T.; Takahashi, J.; Yazawa, K. Effects of astaxanthin supplementation on 

exercise-induced fatigue in mice. Biol. Pharm. Bull. 2006, 29, 2106–2110. 

5. Kiefer, D.; Pantuso, T. Panax ginseng. Am Fam Physician. 2003, 15, 1539–1542. 

6. Shin, Y.W.; Choi, H.J.; Park, J.E.; Kim, D.H.; Park, J.H.; Kim, N.J. Effect of Heat Processed 

Ginseng on Anti-Fatigue. Korean J. Pharmacogn. 2006, 37, 246–252. 

7. Chen, C.F.; Chiou, W.F.; Zhang, J.T. Comparison of the pharmacological effects of Panax 

ginseng and Panax quinquefolium. Acta Pharmacol. Sin. 2008, 29, 1103–1108. 

8. Lee, H.J.; Lee, Y.H.; Park, S.K.; Kang, E.S.; Kim, H.J.; Lee, Y.C.; Choi, C.S.; Park, S.E.;  

Ahn, C.W.; Cha, B.S.; et al. Korean red ginseng (Panax ginseng) improves insulin sensitivity and 

attenuates the development of diabetes in Otsuka Long-Evans Tokushima fatty rats.  

Metabolism 2009, 58, 1170–1177. 

9. Yoon, M.; Lee, H.; Jeong, S.; Kim, J.J.; Nicol, C.J.; Nam, K.W.; Kim, M.; Cho, B.G.; Oh, G.T. 

Peroxisome proliferator-activated receptor a is involved in the regulation of lipid metabolism by 

ginseng. Br. J. Pharmacol. 2003, 138, 1295–1302. 

10. Song, Y.B.; An, Y.R.; Kim, S.J.; Park, H.W.; Jung, J.W.; Kyung, J.S.; Hwang, S.Y.; Kim, Y.S. 

Lipid metabolic effect of Korean red ginseng extract in mice fed on a high-fat diet. J. Sci. Food 

Agric. 2012, 30, 388–396. 

11. Avakian, E.V.; Sugimoto, R.B.; Taguchi, S.; Horvath, S.M. Effect of Panax ginseng Extract on 

Energy Metabolism during Exercise in Rats. Planta Med. 1984, 50, 151–154. 

12. Avakian, E.V.; Evonuk, E. Effect of Panax ginseng extract on tissue glycogen and adrenal 

cholesterol depletion during prolonged exercise. Planta Med. 1979, 36, 43–48. 

13. Hwang, H.J.; Kim, J.S.; Kim, B.K.; Lee, C.H.; Suh, H.J.; Yun, H.Y.; Park, J.H.; Lim, K.W. 

Effects of Korean red ginseng intake during endurance training on resting energy metabolism in 

male mice. J. Exerc. Nutr. Biochem. 2013, 17, 1–5. 

14. Jeon, Y.R.; Kim, J.S.; Hwang, H.J.; Lim, K.W. Effects of endurance training for 4 weeks on 

resting metabolic rate and excess post-exercise oxygen consumption in mouse. J. Exerc. Nutr. 

Biochem. 2012, 16, 113–122. 

15. Kim, J.S.; Hwang, H.J.; Yun, H.Y.; Kim, B.K.; Lee, C.H.; Suh, H.J.; Lim, K.W. Silk peptide 

intake increases fat oxidation at rest in exercised mice. J. Nutr. Sci. Vitaminol. 2013, 59, 250–255. 

16. Lim, K.W.; Kim, J.S.; Jeon, Y.R.; Hwang, H.J.; Suh, H.J. Measurement of resting metabolic rate 

using metabolic chamber in resting rats. J. Exerc. Nutr. Biochem. 2011, 15, 35–40. 

17. Passonneau, J.V.; Lauderdale, V.R. A comparison of three methods of glycogen measurement in 

tissues. Anal. Biochem. 1974, 60, 405–412. 



Nutrients 2014, 6 1885 

 

18. Karu, N.; Reifen, R.; Kerem, Z. Weight gain reduction in mice fed Panax ginseng saponin, a 

pancreatic lipase inhibitor. J. Agric. Food Chem. 2007, 18, 2824–2828. 

19. Kim, J.H.; Kang, S.A.; Han, S.M.; Shim, I. Comparison of the antiobesity effects of the 

protopanaxadiol- and protopanaxatriol-type saponins of red ginseng. Phytother. Res. 2009, 23, 

78–85. 

20. Lee, S.H.; Lee, H.J.; Lee, Y.H.; Lee, B.W.; Cha, B.S.; Kang, E.S.; Ahn, C.W.; Park, J.S.;  

Kim, H.J.; Lee, E.Y.; et al. Korean red ginseng (Panax ginseng) improves insulin sensitivity in 

high fat fed Sprague-Dawley rats. Phytother. Res. 2012, 26, 142–147. 

21. Jeukendrup, A.E.; Saris, W.H.; Wagenmakers, A.J. Fat Metabolism During Exercise: A Review. 

Part I: Fatty Acid Mobilization and Muscle Metabolism. Int. J. Sports Med. 1998, 19, 231–244. 

22. Tang, W.; Zhang, Y.; Gao, J.; Ding, X.; Gao, S. The Anti-fatigue Effect of 20(R)-Ginsenoside Rg3 in 

Mice by Intranasally Administration. Biol. Pharm. Bull. 2008, 31, 2024–2027.  

23. Xiong, Y.; Shen, L.; Liu, KJ.; Tso, P.; Xiong, Y.; Wang, G.; Woods, SC.; Liu, M. Antiobesity and 

antihyperglycemic effects of ginsenoside Rb1 in rats. Diabetes 2010, 59, 2505–2512. 

24. Richter, E.A.; Hargreaves, M. Exercise, GLUT4, and Skeletal Muscle Glucose Uptake.  

Physiol. Rev. 2013, 93, 993–1017.  

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


