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McConell, Glenn, Michael McCoy, Joseph Proietto, 
and Mark Hargreaves. Skeletal muscle GLUT-4 and glucose 
uptake during exercise in humans. J. Appl. Physiol. 77(3): 
1565-1568, 1994.-The present study examined the relation- 
ship between total skeletal muscle GLUT-4 protein level and 
glucose uptake during exercise. Eight active non-endurance- 
trained men cycled at 72 * 1% peak pulmonary oxygen con- 
sumption for 40 min, with rates of glucose appearance and dis- 
appearance (Rd) determined by utilizing a primed continuous 
infusion of [3-3H]glucose commencing 2 h before exercise. 
Muscle glycogen content and utilization, citrate synthase activ- 
ity, and total GLUT-4 protein were measured on muscle biopsy 
samples obtained from the vastus lateralis. A direct relation- 
ship existed between preexercise muscle glycogen content and 
glycogen utilization during exercise (r = 0.76, P < 0.05). Citrate 
synthase activity and glucose Rd at the end of exercise aver- 
aged 21.9 t 3.0 prnol. min-’ l g-’ and 27.3 t 2.5 prnol. kg-‘. 
min-‘, respectively. There was a direct correlation between 
citrate synthase activity and GLUT-4 protein (r = 0.78, P < 
0.05); however, at the end of exercise, glucose Rd was inversely 
related to both GLUT-4 (r = -0.89, P < 0.01) and citrate syn- 
thase activity (r = -0.72, P < 0.05). Plasma insulin, which de- 
creased during exercise, was not related to glucose Rd. In con- 
clusion, glucose uptake during 40 min of exercise at 72% peak 
pulmonary oxygen consumption was inversely related to the 
total muscle GLUT-4 protein level. This suggests that factors 
other than the total GLUT-4 protein level are important in the 
regulation of glucose uptake during exercise. 
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IT HAS RECENTLY BEEN demonstrated that increments in 
muscle glucose uptake and oxidation during exercise are 
regulated more by changes within the contracting muscle 
than by systemic factors such as blood glucose and insu- 
lin levels (23). During exercise, increases in muscle capil- 
lary blood flow, enhanced membrane glucose transport, 
and activation of the glycolytic and oxidative enzymes 
responsible for glucose disposal increase glucose uptake. 
In skeletal muscle, membrane glucose transport in re- 
sponse to stimulation by insulin and/or contractions is 
facilitated by the GLUT-4 glucose transporter isoform. It 
has been observed that insulin-stimulated glucose up- 
take is directly related to the skeletal muscle GLUT-4 
protein level in rats (13, 17). Furthermore, contraction- 
stimulated glucose uptake has been found to be directly 
related to GLUT-4 protein levels in rats (9). In humans, 
insulin-stimulated glucose uptake has been found to be 

related to GLUT-4 protein levels in some (5, 8, l4), but 
not all (1, II), studies. To our knowledge, no studies have 
examined the relationship between total GLUT-4 pro- 
tein levels in skeletal muscle and glucose uptake during 
exercise in humans. On the basis of studies that have 
observed an inverse relationship between muscle citrate 
synthase activity and rate of glucose disappearance (Rd) 
during exercise (4) and a direct relationship between ci- 
trate synthase and GLUT-4 (10,16), it might be expected 
there would be an inverse relationship between GLUT-4 
protein levels and glucose uptake during exercise. 

METHODS 

Subjects. Eight active non-endurance-trained subjects volun- 
teered for this study, which was approved by the University of 
Melbourne Human Research Ethics Committee. Recre- 
ationally active non-endurance-trained individuals were cho- 
sen because they would be expected to show normal biological 
variation in aerobic capacity, total GLUT-4 protein levels, 
muscle glycogen, and citrate synthase activity. Before com- 
mencing the study they completed a medical questionnaire and 
provided written informed consent. The age, height, and weight 
of these subjects were 24 * 2 (SE) yr, 175 ? 4 cm, and 67.8 t 2.1 
kg, respectively. At least 1 wk before the trial, peak pulmonary 
oxygen uptake ( vo2 peak) was determined during incremental 
cycling (Lode, Groningen, The Netherlands) exercise to voli- 
tional fatigue and averaged 3.31 * 0.14 l/min (range 2.82-3.95 
l/min). The subjects were instructed to refrain from strenuous 
exercise, caffeine, alcohol, and tobacco in the 24 h before the 
experimental trial. In addition, they were supplied with food for 
the evening before the trial (3.0 MJ, 80.3% carbohydrate, 6.3% 
fat, 13.4% protein) to ensure adequate carbohydrate intake and 
normal muscle glycogen levels for the trial. 

Experimentalprocedures. The subjects reported to the labora- 
tory in the morning after an overnight fast. Catheters were 
inserted into a vein of one arm for [ 3-3H] glucose infusion and a 
vein of the contralateral arm for blood sampling. A resting 
blood sample was obtained, after which a primed (60 &i) con- 
tinuous infusion of [3-3H]glucose in 0.9% saline was com- 
menced. The infusion rate of the glucose tracer (0.48 &i/min) 
remained unchanged during 2 h of rest and the 40-min exercise 
bout. The catheter for blood sampling was kept patent by 
flushing with 0.9% saline and every 30 min with 0.5 ml of saline 
containing 10 U/ml heparin. After the catheters were posi- 
tioned, a muscle sample (50-100 mg) was obtained from the 
vastus lateralis muscle by using the percutaneous needle biopsy 
technique with suction. Any visible blood or connective tissue 
was quickly removed from the sample before it was frozen in 
liquid nitrogen for later determination of muscle glycogen con- 
tent, total GLUT-4 protein level, and citrate synthase activity. 
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After the 2-h rest period, subjects cycled for 40 min at a work 
load estimated to be equivalent to 70% VO~,,,~. The laboratory 
was maintained at 2O-22°C and a fan circulated air to mini- 
mize thermal stress. The subjects drank water ad libitum. 
Heart rate was monitored (Accurex Polar, Kempele, Finland), 
and expired air was collected into Douglas bags every 10 min 
during exercise for the determination of oxygen uptake and 
respiratory exchange ratio (RER). Blood samples were ob- 
tained during the preexercise infusion period (-120, -20, -15, 
-10, -5, and 0 min) and every 5 min during exercise and were 
placed on ice in fluoride-heparin tubes. After the trial, these 
samples were spun and the plasma was frozen and stored at 
-2OOC for later analysis of plasma glucose concentration and 
[3-3H]glucose. In addition, a portion of the plasma obtained 
immediately before and after 40 min of exercise was frozen at 
-20°C for plasma insulin analysis. For plasma lactate determi- 
nation, 500 ~1 of plasma were deproteinized in 8% perchloric 
acid, spun and then stored at -20°C. Immediately after the 
trial a second muscle sample was collected for glycogen determi- 
nation. The pump (Minipuls 2, Gilson, Villiers-le-Bel, France) 
infusion rate was determined at the end of each trial, and an 
aliquot of the infusate was frozen for later measurement of 
[3H] glucose activity. 

Analytic techniques. Expired air samples were analyzed for 
oxygen and carbon dioxide contents by using Applied Electro- 
chemistry S-3A/ll and CD-3A electronic analyzers (Ametek, 
Pittsburgh, PA). These analyzers were calibrated by using 
commercial gases of known composition. Volume was mea- 
sured with a Parkinson-Cowan gas meter, calibrated against a 
Tissot spirometer. Plasma glucose was measured by using an 
automated glucose oxidase method (YSI 2300, Yellow Springs 
Instruments, Yellow Springs, OH), whereas plasma insulin 
concentration was measured by radioimmunoassay (Incstar, 
Stillwater, MN). Plasma lactate was determined by using an 
enzymatic technique (15). To determine the specific activity of 
[3-3H]glucose in each sample, 500 ~1 of plasma were deprotein- 
ized with 500 ~1 of 0.3M Ba(OH), and 500 ~1 of 0.3M ZnSO,. 
This tube was then spun at 3,000 rpm for 20 min, and 800 ~1 of 
the supernatant were added to a scintillation vial that was de- 
hydrated to remove tritiated water. The vials were reconsti- 
tuted with 0.5 ml of distilled water together with 10 ml of scin- 
tillant (Beckman Instruments, Fullerton, CA), placed in a re- 
frigerator for 5-6 h, and then counted in the liquid phase using 
a beta counter (Beckman LS, CA 3801, Beckman Instruments, 
Irvine, CA). Glucose kinetics at rest and during exercise were 
estimated by using a modified one-pool non-steady-state model 
as proposed by Steele et al. (22), using a value of 0.65 as the 
rapidly mixing portion of the glucose pool and estimating the 
apparent glucose space as 25% of body weight. Rate of plasma 
glucose appearance (Ra) and Rd were determined from the 
change in specific activity of [3-3H]glucose. Muscle glycogen 
concentration was determined by using an enzymatic fluoro- 
metric method (19). Total GLUT-4 protein was determined by 
Western-blot analysis, as described elsewhere (16). Briefly, 
crude membrane suspensions, containing 60 I,cg of protein ob- 
tained by homogenization and centrifugation of muscle sam- 
ples, were solubilized, separated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis, and transfered to nitrocel- 
lulose sheets. Nitrocellulose was blocked overnight at room 
temperature with 5% dry skim milk in phosphate-buffered sa- 
line (blotto-PBS) and incubated for 2 h at room temperature 
with the polyclonal rabbit antibody R1159, specific for the last 
12 amino acids of the COOH-terminal region of the GLUT-4 
protein, diluted l/200 with blotto-PBS. Sheets were then 
washed in blotto-PBS and probed for 2 h at room temperature 
with ‘251-labeled protein A (1.5 &i/ml blotto-PBS) before be- 
ing rewashed and exposed to Kodak X-Omat AR film. The re- 
sulting autoradiograph was used to locate bands for excision 

TABLE 1. Plasma glucose, glucose Ra and Rd, plasma 
lactate, plasma insulin, and muscle glycogen before and 
after 40 min of exercise 

Pre 40 min 

Glucose, mmol/l 4.7kO.l 5.OkO.2 
Glucose Ra, pmol l kg-’ l min-’ 9.4-to.5 27.3+2.5* 
Glucose Rd, pmol l kg-l l min-’ 9.4kO.5 27.3+2.5* 
Lactate, mmol/l 0.6~10.1 4.9+0.6* 
Insulin, pm0111 51.6k6.0 40.5k6.6t 
Glycogen, mmol/kg wet wt 115k15 55+ 10* 

Values are means + SE; n = 8 men. Pre, before exercise; 40 min, 
after 40 min of exercise at 72&l% peak pulmonary 0, uptake; Ra, rate 
of glucose appearance; Rd, rate of glucose disappearance. Significantly 
different from Pre: * P < 0.01; “f P < 0.05. 

and direct gamma counting. Sections of nitrocellulose sheets of 
equal size were excised from unlabeled areas for determination 
of background counts. Molecular weight markers were used to 
determine the molecular weight of the labeled bands and were 
run on each gel, along with a crude membrane suspension pre- 
pared from rat heart to act as a standard for comparison across 
blots. Citrate synthase activity was determined on the superna- 
tant of the crude homogenate according to the kinetic method 
of Srere (21), using a Beckman DU-50 spectrophotometer 
(Beckman Instruments). Data at the start of exercise were 
compared with the end of exercise using paired t tests. Pearson 
correlation was employed to determine the relationship be- 
tween variables. All data are expressed as means t SE. 

RESULTS 

The average oxygen consumption, RER, and heart 
rate during the 40 min exercise bout were 2.39 t 0.11 
l/min (72 t 1% VO 2peak), 0.97 t 0.01, and 163 t 3 beats/ 
min, respectively. Table 1 contains the mean values for 
plasma glucose, glucose Ra and Rd, insulin, lactate, and 
muscle glycogen before and at the end of exercise. Glu- 
cose Ra and Rd were identical at rest and after 40 min of 
exercise (Table 1); however, during exercise glucose Ra 
was higher than Rd. However, the increase in plasma 
glucose concentration was not statistically significant 
(Table 1). Plasma insulin decreased during exercise (Ta- 
ble 1) and was not related to glucose Rd. There was a 
significant utilization of muscle glycogen in the vastus 
lateralis and an increase in plasma lactate levels during 
exercise (Table 1). A direct relationship was observed 
between the preexercise muscle glycogen content and 
glycogen utilization during exercise (r = 0.76, P < 0.05). 
The average citrate synthase activity was 21.9 t 3.0 
pm01 l min-l l g-l (range 10.6-36.2), whereas total 
GLUT-4 protein averaged 1.11 t 0.16 arbitrary standard 
units (AU) (range 0.69-1.83). No change was observed in 
total GLUT-4 protein levels as a result of exercise (Pre 
1.15 t 0.35, Post 1.23 t 0.31 AU; n = 5). A direct correla- 
tion existed between citrate synthase activity and 
GLUT-4 protein (r = 0.78, P < 0.05); however, there was 
an inverse relationship between GLUT-4 protein and 
glucose Rd at the end of exercise (r = -0.89, P < 0.01) 
that averaged 27.3 t 2.5 pmol l kg-’ l min-’ (range 15.3- 
36.7). There was also a negative correlation between ci- 
trate synthase activity and glucose Rd at the end of exer- 
cise (r = -0.72, P < 0.05). Similar results were obtained if 
mean Rd or total Rd during exercise were used. There 
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was a trend for a positive correlation between citrate syn- 
thase activity and both muscle glycogen utilization (r = 
0.68, P = 0.10) and the initial glycogen content (r = 0.53, 
P = 0.18). No significant correlation was found between 
glucose Rd and either preexercise muscle glycogen and 
glycogen utilization. In addition, no significant correla- 
tions were found between v02peak and GLUT-4 protein, 
citrate synthase activity, or glucose Rd or between oxy- 
gen consumption during exercise and glucose Rd. 

DISCUSSION 

The main finding of the present study was that there 
was an inverse relationship between total GLUT-4 pro- 
tein and glucose Rd during 40 min of cycling at 72 t 1% . 
vo 2peak in humans. In addition, because citrate synthase 
activity and GLUT-4 protein were directly related, there 
was also an inverse relationship between citrate synthase 
activity and glucose Rd. Although correlation between 
variables does not necessarily imply a cause and effect 
relationship, we used this analysis to investigate the po- 
tential associations between a number of intramuscular 
characteristics and glucose uptake during exercise. Our 
results suggest that skeletal muscle with an apparent en- 
hanced capacity for glucose transport and oxidation may 
exhibit lower exercise-stimulated glucose uptake. At first 
this may seem a surprising result, but it is consistent with 
findings from endurance-training studies. Endurance 
training, which increases muscle oxidative capacity and 
GLUT-4 protein (5,8, lo), results in lower glucose turn- 
over and oxidation during exercise (3, 18). Taken to- 
gether, these results suggest that factors other than the 
total GLUT-4 protein level are involved in the regulation 
of glucose uptake during exercise. The lower glucose Rd 
in individuals with higher GLUT-4 protein levels may be 
due to reduced GLUT-4 translocation and/or inhibition 
of GLUT-4 intrinsic activity. Alternatively, factors in- 
fluencing glucose disposal may be involved. For example, 
early in exercise the rate of muscle glycogen utilization is 
high and glucose phosphorylation may be reduced as a 
result of increases in glucose 6-phosphate (12); however, 
we observed no correlation between glucose Rd and ei- 
ther preexercise muscle glycogen or glycogen utilization 
during exercise. In the present study, there was also an 
inverse relationship between glucose uptake during exer- 
cise and muscle citrate synthase activity, as has been 
shown and discussed previously (4). Because GLUT-4 
protein levels were directly related to muscle citrate syn- 
thase activity, it is likely that the factors that result in an 
inverse relationship between glucose uptake and muscle 
oxidative capacity also contribute to the observed rela- 
tionship between glucose uptake and muscle GLUT-4 lev- 
els (Fig. 1). 

Insulin-mediated glucose uptake has been shown to be 
related to GLUT-4 protein levels in both rats (13,17) and 
humans (5,6,8,14). In contrast, in the present study we 
found that glucose uptake during exercise was inversely 
related to total GLUT-4 protein levels (Fig. l), suggest- 
ing a difference in the relationships between skeletal 
muscle GLUT-4 protein level and insulin- and contrac- 
tion-stimulated glucose uptake. This may be due to dif- 
ferential effects of insulin and muscle contractions on 
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FIG. 1. Relationship between final rate of glucose disappearance 

(Rd) during exercise at 72 & 1% peak pulmonary oxygen uptake and 
total GLUT-4 protein. n = 8 men. Arb units, arbitrary units. 

GLUT-4 protein recruitment and/or activity. Further- 
more, it has been suggested that there are separate insu- 
lin- and contraction-recruitable GLUT-4 protein pools 
in skeletal muscle (7), and, indeed, insulin and contrac- 
tions have been shown to have additive effects on muscle 
glucose uptake (9, 20). In addition, alterations in the in- 
tramuscular concentrations of metabolites and ions (e.g., 
adenine nucleotides, creatine phosphate, inorganic phos- 
phate, calcium), with potential effects on glucose trans- 
port and/or disposal, that may occur during exercise are 
unlikely to be present during insulin stimulation. Finally, 
previous studies using insulin-stimulation have mea- 
sured near-maximal rates of glucose uptake, whereas in 
the present study the stimulus for glucose uptake during 
exercise was likely to be submaximal. 

The question arises as to the physiological significance 
of an elevation in skeletal muscle GLUT-4 protein. It is 
possible that increased GLUT-4 protein levels enable 
high rates of glucose uptake during more intense exer- 
cise, when substrate demands are greater than in the 
present study. Furthermore, increased GLUT-4 protein 
levels may contribute, in part, to high rates of glucose 
uptake and oxidation late in exercise under conditions of 
reduced muscle glycogen and maintenance of blood glu- 
cose and insulin levels by carbohydrate ingestion (2). Fi- 
nally, high levels of GLUT-4 protein may facilitate resto- 
ration of muscle glycogen during recovery from exercise 
when carbohydrate is ingested and blood glucose and in- 
sulin levels are elevated. 

In conclusion, we have observed an inverse relation- 
ship between total GLUT-4 protein in skeletal muscle 
and glucose uptake during exercise. This suggests that 
factors other than the total GLUT-4 protein level are 
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important in the regulation of glucose uptake during ex- IO. 
ercise. 
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