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Abstract: Exercise increases muscle glucose uptake up to 100 fold compared to rest. The 

magnitude of increase depends on exercise intensity and duration. While KO of GLUT4 convincingly 

has shown that GLUT4 is necessary for exercise to increase muscle glucose uptake, studies only 

show an approximate 2-fold increase in GLUT4 translocation to the muscle cell membrane when 

transitioning from rest to exercise. It is suggested that either the methods for measurements of 

GLUT4 translocation in muscle grossly underestimate the real translocation of GLUT4 or 

alternatively that GLUT4 intrinsic activity increases in muscle during exercise, perhaps due to 

increased muscle temperature and/or mechanical effects during contraction/relaxation cycles. 
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Exercise markedly increases muscle glucose uptake. Glucose entry into skeletal muscle cells occurs 

by facilitated diffusion provided by GLUT4 and a concentration gradient of glucose from the 

interstitial space (the outside of the muscle cell) to the inside (cytoplasm) of the muscle cell.  

Studies in GLUT4 KO mice have convincingly shown that GLUT4 is necessary for contractions as 

well as insulin to increase muscle glucose uptake (11, 16, 41, 49). Nevertheless, in vivo muscle 

glucose uptake is dependent upon 4 factors and 3 of them do not depend on GLUT4. These are i) 

glucose supply (plasma glucose concentration and blood flow), ii) transcapillary transport out of 

the capillaries to the interstitium, iii) glucose transport across the sarcolemma and t-tubules and 

iiii) glucose phosphorylation and subsequent metabolism inside the muscle cell (Figure 1). 

 

In humans, muscle glucose uptake during exercise is mostly measured across 1 or 2 legs or across 

the arm by measuring the arterio-venous difference of glucose (glucose extraction) multiplied by 

the blood flow in the leg or arm. At rest in an overnight fasted individual, leg glucose uptake is 

very low reflected by the small femoral arterio-femoral venous glucose difference in the order of 

0.05-0.1 mMol/l and the leg blood flow around 300-400 ml/min (4, 5, 8, 21, 24, 38, 39, 43). This 

comes to an uptake of 15-40 umol/min/leg. Considering that leg blood flow during hard leg 

exercise can reach 7-10 l/min per leg (3, 18, 34) and A-V difference may increase to 0.3 to 0.4 

mmol/l during intense exercise (18) it follows that leg glucose uptake may increase to 2100-4000 

umol/min/leg. In other words an approximate 100 fold increase from resting values. During more 

moderate exercise of 50-60% of maximal oxygen uptake in young healthy adults,  leg blood flow is 
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around 5-6l/min and the A-V difference  0.2 to 0.3 mM, (18, 19, 39) so in that case the increase in 

leg glucose uptake may be more like 25-50 fold, still a remarkable increase.  

The intriguing question is how such large increases in glucose uptake are possible? Obviously, the 

large increase in blood flow is important to secure a continuous large supply of glucose to muscle 

but the glucose would go nowhere unless the muscle membrane permeability to glucose is 

markedly increased as well. In fact, if leg glucose uptake can increase 100 fold then it follows that 

glucose transport across the muscle membrane also increases 100 fold because if this was not the 

case, interstitial glucose concentrations would increase which does not occur (31). In fact, the 

interstitial glucose concentration during exercise is maintained close to the plasma glucose 

concentration and not much different from at rest (31). Thus, during exercise, the gradient of 

glucose from the interstitial space to the muscle cytoplasm is likely not much different from that 

at rest, since the cytoplasmic glucose concentration is close to zero both at rest and during 

exercise (19, 23) except during the early minutes of exercise or during very intense exercise where 

the cytoplasmic concentration of glucose in fact may increase (18). If the glucose gradient across 

the muscle cell membrane is approximately the same at rest and during exercise and the glucose 

flux (leg glucose uptake) increases 100 fold during hard exercise, it indicates that the permeability 

of the membrane for glucose is increased 100 fold to accommodate a 100-fold increase in glucose 

uptake. This is because: 

 Tissue uptake = concentration difference across the membrane x membrane permeability. 

 Rearranging the equation results in:  

Membrane permeability = tissue uptake/ concentration difference. 

The question then arises, is this huge increase in membrane permeability during exercise due to a 

100 fold increase in GLUT4 at the muscle sarcolemma and t-tubules? There have been a few 

attempts to measure GLUT4 translocation in muscle from rest to exercise in humans using 

membrane fractionation procedures or giant sarcolemmal vesicles and the general finding is a 2-

fold increase from rest to exercise (20, 25, 26, 36), obviously a long way from 100 fold. In rodent 

skeletal muscle, subcellular fractionation (9, 10, 14) and measurements in giant vesicles (35) or 

immunohistochemistry (45) also typically have produced a 2-fold increase in surface membrane 

GLUT4 content. This increase in reported GLUT4 translocation is likely small due to methodological 

shortcomings e.g. cross-contamination of membrane fractions or other problems related to 

production of vesicles or obtaining a true basal level. In excised rat muscle, it was shown that 

subcellular fractionation underestimated insulin-induced GLUT4 translocation compared to 

surface photolabeling with a small hexose derivative  (29). Surface labelling is likely currently the 

best method to measure the presence of GLUT4 at the surface membrane in the intact muscle 
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fiber, and in incubated rat soleus muscle maximal electrical stimulation increased GLUT4 surface 

labelling 4-fold which could fully account for the similar fourfold increase in muscle glucose 

transport (30). Furthermore, we have previously shown a tight correlation between contraction 

induced muscle glucose uptake and GLUT4 surface labeling in electrically stimulated perfused rat 

hindlimb muscles (7) (Figure 2). 

 Still, a correlation does not indicate causality. Live imaging of GLUT4 translocation during muscle 

contractions in anesthetized living mice have beautifully shown the rapid kinetics of GLUT4 

translocation to the sarcolemma and t-tubules but they authors did not quantify the data (28).  

So we are left with exercise induced GLUT4 translocation data in humans that are likely not 

quantitatively correct 

whereas in rodent models 

somewhat larger fold 

increases in GLUT4 

translocation are found 

but still a long way away 

from the 100 fold increase 

in muscle membrane 

permeability in human 

muscle with intense 

exercise. 

We can then ask whether 

GLUT4 translocation in fact 

can increase 100 fold in 

human muscle with 

exercise to fully account 

for the 100 fold increase in 

membrane permeability or whether the intrinsic transporter activity of GLUT4 is increased during 

exercise in addition to GLUT4 translocation? 

The concept of intrinsic transport activity of GLUT4 i.e. the ability of each GLUT4 transporter to 

transport glucose was developed because of  observed mismatch between glucose transport rates 

and measures of GLUT4 translocation during insulin stimulation (15). Whether changes in GLUT4 

transporter activity can occur is far less studied compared to the number of studies of GLUT4 

translocation. Still, there are a few studies that indicate that GLUT4 transport activity can be 

altered, for instance by unmasking  a GLUT4 epitope (46) or by binding of enzymes (48) or glucose 

analogues (42) or by vanadate (27). However, at this point there is no clear concept of how and 
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when GLUT4 transporter activity may change neither with insulin nor with exercise/muscle 

contraction. 

As regards insulin stimulated glucose uptake in human muscle, most studies report a 10-20 fold 

increase in leg glucose uptake in insulin sensitive young subjects at insulin concentrations that are 

submaximal but on the upper part of the dose response curve (1, 2, 6, 37, 47). Recently we 

performed a calculation of the increase in muscle membrane permeability to glucose in muscle 

and found it increased 17  and 35 fold in muscle at rest or following exercise which increases 

insulin action (32). These numbers are also well beyond the known reported increase in 

membrane GLUT4 content with insulin stimulation but also well below the 100 fold increase with 

exercise.  

So what is unique about exercise induced muscle glucose transport compared to insulin-induced 

transport? The obvious answer is the high metabolic rate in muscle during exercise, which also 

increases muscle temperature. In fact, muscle temperature at rest depends on the external 

temperature but is typically 2-3 degrees centigrade below core temperature so often  34-35 

degrees centigrade (12, 13). During exercise, muscle temperature increase again depending upon 

external temperature and exercise intensity but may increase to approximately 40-41 degrees 

during hard exercise (12, 13). This is a potential increase in muscle temperature of up to 6-7 

degrees centigrade. It is likely that such a temperature increase may increase the transporter 

activity but detailed investigations of temperature effects on GLUT4 transporter activity have to 

my knowledge not been performed. Furthermore, during muscle contraction and relaxation the 

mechanical deformation of the muscle tissue may cause increased GLUT4 transporter activity. In 

fact, passive leg movement increases muscle glucose uptake (33) and stretch of mouse muscle also 

increases glucose uptake (17, 44). Perhaps these two phenomena are responsible for increased 

glucose transporter activity during exercise, by “massaging” GLUT4 in a hot environment. Future 

studies of mechanisms changing GLUT4 transport activity may resolve this question. 

In conclusion, obvious mismatches between muscle glucose uptake during exercise and available 

data on GLUT4 translocation in muscle exist. It is time to develop better methods for measuring 

GLUT4 translocation and/or study potential mechanisms for effects on GLUT4 intrinsic transporter 

activity during muscle contractions. The latter was also mentioned in a recent review about GLUT4 

(22).  
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