
The major fuel sources for muscle during exercise are 
carbohydrates and lipids. Lipid stores are large and 
potentially inexhaustible; however, stores of carbohy-
drate are limited, comprising 300–500 g of glycogen in 
skeletal muscle, 60–100 g of glycogen in the liver and 
4–5 g of glucose circulating in the blood in individuals 
at rest1.

The acute metabolic and mechanical demands of 
exercise require the coordinated regulation of diverse 
signalling pathways, which together form a complex 
and highly flexible network that elicits a range of rapid 
cellular homeostatic adaptations, including increasing 
glucose uptake. To date, no single signalling pathway 
has been demonstrated to fully account for any one 
of the three key steps involved in exercise-mediated 
glucose uptake (delivery, transport and metabolism). 
This failure to identify a master signal transduction 
pathway probably reflects the complexity and partial 
redundancy of an evolutionarily well-conserved sys-
tem to ensure sufficient glucose delivery to the working 
muscle. Evidence to support the enormous intricacy of 
the exercise-stimulated signalling network includes data 
from our collaborative study of global protein phospho-
rylation status in biopsies taken from human skeletal 

muscle2. Approximately 1,000 phosphorylation sites 
were significantly regulated in response to an intense 
session of bicycling, of which >90% were not previously 
known to be exercise-responsive2. These findings sug-
gest that only a small fraction of the molecules regu-
lating exercise-stimulated processes such as glucose 
uptake are involved in glucose uptake by muscle.

This Review will examine the molecular mecha-
nisms that regulate glucose uptake from the blood into 
the muscle during exercise. To date, no studies have 
systematically and conclusively linked the signalling 
processes regulating glucose delivery, transport and 
metabolism together to fully understand the regulation 
of exercise-stimulated glucose uptake by skeletal mus-
cle. However, some important signalling pathways have 
been elucidated. For example, roles have been proposed 
for the 5ʹ‑AMP-activated protein kinase (AMPK), the 
calcium/calmodulin-dependent kinases and several 
stretch-sensitive proteins in glucose uptake3 and we 
will discuss the roles of these molecules and poten-
tial candidate molecules in the regulation of glucose 
uptake during exercise. Other aspects of muscle sub-
strate metabolism during exercise have been reviewed 
elsewhere4,5.
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Abstract | Skeletal muscle extracts glucose from the blood to maintain demand for carbohydrates 
as an energy source during exercise. Such uptake involves complex molecular signalling 
processes that are distinct from those activated by insulin. Exercise-stimulated glucose uptake is 
preserved in insulin-resistant muscle, emphasizing exercise as a therapeutic cornerstone among 
patients with metabolic diseases such as diabetes mellitus. Exercise increases uptake of glucose 
by up to 50‑fold through the simultaneous stimulation of three key steps: delivery, transport 
across the muscle membrane and intracellular flux through metabolic processes (glycolysis and 
glucose oxidation). The available data suggest that no single signal transduction pathway can 
fully account for the regulation of any of these key steps, owing to redundancy in the signalling 
pathways that mediate glucose uptake to ensure maintenance of muscle energy supply during 
physical activity. Here, we review the molecular mechanisms that regulate the movement of 
glucose from the capillary bed into the muscle cell and discuss what is known about their 
integrated regulation during exercise. Novel developments within the field of mass 
spectrometry-based proteomics indicate that the known regulators of glucose uptake are only 
the tip of the iceberg. Consequently, many exciting discoveries clearly lie ahead.
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Exercise-stimulated glucose uptake
A historical perspective
During the 1960s−1980s, exercise-stimulated glucose 
uptake by muscle was quantified using various tech-
niques in human participants6. This work led to the 
recognition that intensity and duration of exercise are 
key determinants of muscle glucose uptake. Subsequent 
studies that measured substrate turnover among  
endurance-trained cyclists across escalating intensities 
of exercise indicated that glucose utilization contributed 
10–18% to whole-body energy turnover7,8. Blood glu-
cose accounted for up to 40% of all oxidative metabolism 
that occurred during prolonged exercise once muscle 
glycogen stores had been depleted9–11. By contrast, gly-
cogen represents the major fuel source during intense 
sessions of short-term exercise12.

Treatment of insulin-resistant states
Exercise-stimulated glucose uptake by muscle occurs 
independently of insulin signal transduction13–15. This 
feature makes exercise an excellent nonpharmacological 
method by which to decrease hyperglycaemia in insulin- 
resistant states, including obesity and type 2 diabetes 
mellitus16. The effects of exercise on insulin action are 
summarized in BOX 1 and FIG. 1.

In addition to exerting acute effects on glucose uptake, 
exercise promotes a short-term increase in insulin sensi-
tivity after cessation of physical exertion17–19. Such insulin 
sensitization can last for 48 h after a 60‑min session of 
moderate ergometer cycling among healthy volunteers20 
and for ≥15 h among patients with type 2 diabetes melli-
tus21. Indeed, the evidence strongly suggests that regular 
exercise improves glycaemic control and insulin action 
among both obese patients and those with type 2 dia-
betes mellitus22–25. The observed effects of exercise can 
be superior to those exerted by the widely prescribed 
anti-diabetic agent metformin26. Consequently, increased 
understanding of the intricate and adaptable (yet tightly 
regulated) system that mediates uptake and disposal of 
glucose in skeletal muscle is of great pharmacological 
potential.

Regulation of glucose uptake by muscle
As noted earlier, glucose uptake into the muscle during 
exercise is governed by three tightly regulated processes: 
delivery, transport across the muscle-cell surface and 
intramyocellular metabolism. For an overview of the 
most important studies investigating delivery, transport 
and intramyocellular metabolism, please see TABLES 1–3 
respectively. All three processes must be increased in a 
coordinated fashion for efficient glucose uptake to occur. 
With the techniques currently available, it can be diffi-
cult to determine which process is rate-limiting in any 
particular situation.

Glucose delivery
Increased glucose delivery to the working muscle during 
exercise occurs primarily through a rise in blood flow 
that is proportional to the level of exercise intensity. In 
a resting young adult, the mean blood flow in one leg 
is ~300–500 ml/min (~0.03–0.05 l/min/kg)17. During 
ergometer cycle exercise, blood flow increases to 5–6 l/min  
per leg at moderate exercise intensities27 and by up to 
9–10 l/min during intense exercise at 100% of maximal 
oxygen uptake (VO2max)28. The changes in blood flow 
reflect a combination of increased cardiac output, local 
dilatation of resistance vessels in the active muscles and 
mechanical effects of muscle contraction on the veins to 
increase venous return29.

Muscle blood flow is tightly coupled to the metabolic 
demands of contractions30,31. Given that glucose uptake 
in the muscle is also dependent on metabolic demands, 
coupling of blood flow and oxygen consumption ensures 
adequate delivery of glucose to the muscle during exer-
cise. The relationship between muscle blood flow and 
oxygen use suggests that one or more signals from the 
contracting muscles are the main factors responsible 
for increased muscle perfusion and vasodilation in the 
contracting muscles. The hunt for these signals has 
not yet provided definitive answers and it is likely that 
some degree of redundancy exists among vasodilators32. 
These molecules can be released from contracting skel-
etal muscle, vascular endothelial cells, or red blood cells; 
potential candidates that might couple metabolism to 
vasodilation include nitric oxide, adenosine, ADP and 
ATP released during exercise29,32. The release of ATP 
from skeletal muscle could also increase glucose uptake 
by muscle33. Therefore, ATP might be an important 
coordinator of exercise-stimulated muscle blood flow 
and glucose uptake29.

Capillary recruitment and microvascular delivery. 
The increase in bulk muscle blood flow observed dur-
ing exercise is accompanied by a substantial elevation 
in capillary recruitment within the muscle that expands 
the surface area available for delivery of glucose and 
oxygen. Contrast-enhanced ultrasonographic imaging 
shows marked increases in both microvascular perfusion 
and blood volume (an index of muscle capillary recruit-
ment) during exercise34,35. Increased muscle perfusion 
maintains interstitial glucose concentrations close to 
the venous plasma glucose concentration during exer-
cise of increasing intensity36. This adaptation ensures 

Key points

•	Exercise-stimulated signal transduction can restore glucose metabolism in 
insulin-resistant muscle through both acute activation of glucose transport and by 
improving insulin sensitivity for up to 48 hours after exercise

•	Glucose is a major fuel source during exercise and glucose uptake by skeletal 
muscle can increase by up to 50‑fold during bouts of exercise

•	In excess of 1,000 phosphorylation sites in human skeletal muscle are regulated by 
exercise, which suggests that many regulators of muscle glucose uptake have yet to 
be discovered

•	Regulation of exercise-stimulated glucose uptake by skeletal muscle requires three 
major steps (delivery, transport and intramyocellular metabolism), any of which 
could be rate-limiting during various exercise conditions

•	Intensity and duration of exercise are key determinants of glucose uptake by 
skeletal muscle

•	Exercise-stimulated glucose transport is regulated by two major pathways that 
sense either alterations in the intracellular metabolic milieu (probably mediated by 
AMPK) or mechanical stress (partly mediated by RAC1)
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maintenance of the extracellular glucose concentration 
during exercise. Direct evidence for the importance of 
muscle perfusion during contractions was provided by 
studies of isolated perfused rat hindlimb37–39. In this 
model, increased glucose uptake was coupled to increas-
ing levels of perfusion at a fixed rate of muscle contrac-
tion; however, reduced blood flow can apparently be 
compensated for by other mechanisms. Glucose uptake 
was greatly enhanced in mice with global deletion of 
endothelial nitric oxide synthase (eNOS), a model char-
acterized phenotypically by decreased glucose delivery 
to working muscles owing to decreased nitric oxide 
production and blood flow40. Consequently, blood flow 
might not be the major mechanism regulating glucose 
delivery during exercise (TABLE 1).

Plasma glucose concentration. Delivery of glucose can 
also be regulated through changes in the plasma con-
centration of glucose. The concentration of plasma glu-
cose eliciting half maximal glucose uptake (Km) during 
exercise is ~10 mM in humans41. Therefore, changes in 
plasma glucose concentrations below the Km value, typ-
ically around the physiological level of ~5 mM, translate 
almost linearly into changes in muscle glucose uptake. A 
practical example that takes advantage of this relationship 
is when plasma glucose levels are increased during exer-
cise by ingesting glucose, leading to increased glucose 
utilization compared to when glucose concentrations 
are lower42 (TABLE 1).

Glucose transport across the muscle membrane
Translocation of GLUT4. Controlling permeability of 
the muscle surface membrane to glucose is another key 
component in the regulation of glucose uptake. Increased 
permeability during exercise depends on insertion of the  
highly conserved glucose transporter (GLUT4) into  
the plasma membrane and t‑tubules43 (FIG. 2). Evidence 

from studies in both rodent44–48 and human49–51 muscle 
indicates that muscle contraction promotes translocation  
of GLUT4 to the sarcolemma and t‑tubules.

Studies strongly suggest that GLUT4 is essential for 
exercise-induced glucose uptake. Contraction-induced 
and exercise-induced glucose uptake was almost abol-
ished in mouse muscles where expression of the gene 
encoding GLUT4 was ablated52,53. Despite an essential 
function for GLUT4, the signalling mechanisms and 
networks that regulate the mobility of this molecule 
during exercise remain to be fully elucidated (TABLE 2). 
Parallel studies of how insulin regulates GLUT4 trans-
location in adipocytes and muscle cell culture have 
revealed that the underlying mechanisms are amazingly 
complex54. This suggests that our current understanding 
of exercise-stimulated GLUT4 translocation is probably 
over-simplistic. Also, given that hundreds of proteins 
are acutely regulated during exercise2, many of which 
are known to regulate intracellular vesicle movement, it 
is highly probable that some of these proteins participate  
in the regulation of GLUT4 translocation.

Despite this complexity, several mechanisms have 
already been identified and certain pathways excluded. 
In particular, exercise-stimulated glucose transport does 
not rely on the proximal part of the insulin signalling 
pathway, which comprises the insulin receptor, insulin 
receptor substrate and Akt6,14,55. Exercise-stimulated glu-
cose uptake, therefore, remains intact in humans under 
states of insulin resistance56, and constitutes an impor-
tant alternative pathway to increase glucose uptake in 
muscle (BOX 1; FIG. 1).

Calcium sensitive signalling. Muscle contraction is 
initiated by an increased concentration of intracellular 
calcium (Ca2+). This process rapidly activates signal 
transduction proteins with the ability to sense lev-
els of Ca2+, several of which are proposed to regulate  
contraction-stimulated glucose transport (for example, 
CaMKK, CaMKII and nPKC isoforms)3,57. Substantial 
alterations in the phosphorylation status of several Ca2+-
sensing proteins have been described in human muscle 
following exercise2.

For many years, release of Ca2+ from the ryanodine 
receptors in the terminal cisternae of the sarcoplasmic 
reticulum during excitation–contraction coupling 
was believed to mediate glucose transport because 
increased intracellular Ca2+ concentration induced by 
caffeine was associated with increased glucose uptake 
in muscle58–60. However, complete dissociation between 
stimulation of glucose transport and a marker of  
ryanodine-receptor-mediated Ca2+ release (phospho-
rylation of Eef2 at Thr57) was observed in incubated 
mouse muscles61. In this study, pharmacologically and 
electrically stimulated contraction-induced glucose 
transport was strongly inhibited by pharmacological 
blockade of cross-bridge cycling despite normal levels 
of EEF2 Thr57 phosphorylation61. Furthermore, passive 
stretching combined with pharmacological activation 
of AMPK mimicked contraction-stimulated glucose 
transport without altering EEF2 Thr57 phosphorylation 
status61. Consequently, ryanodine-receptor-mediated  

Box 1 | Exercise as a nonpharmacological treatment for insulin resistance

The phenomenon of exercise-induced improvement in insulin sensitivity is somewhat 
surprising because insulin and exercise use distinct signalling pathways to stimulate 
glucose uptake45,201,202.

The mechanisms underlying the cross-talk between insulin and exercise have 
remained elusive; however, convergence points between insulin-stimulated and exercise- 
stimulated signalling have been discovered. These convergence points involve 
signalling molecules such as the GTPase-activating proteins TBC1 domain family 
member 4 (TBC1D4)108,203 and RAC1 (REFS 78,79), which are responsive to both insulin 
and exercise. However, Rac1 knockout mice can increase their insulin sensitivity post 
exercise, suggesting that RAC1 does not mediate this effect204. Conversely, TBC1D4’s 
regulator, AMPK, was recently implicated in the insulin-sensitizing effects of 
exercise205. Exercise can counteract insulin resistance and improve hyperglycaemia in 
at least three ways:
•	Stimulation of insulin-independent signalling pathways increases glucose uptake in 

muscle.
•	Improved insulin-stimulated glucose uptake occurs in the hours following an acute 

period of exercise.
•	Insulin sensitivity and responsiveness become elevated in the exercise-trained state.

Consequently, identifying proteins responsible for both the acute increase in insulin- 
independent glucose uptake and elevated insulin-stimulated glucose uptake following 
acute exercise as well as exercise training has important therapeutic implications for 
patients with type 2 diabetes mellitus or other diseases causing insulin resistance.
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c  Untrained — post-exercise

Insulin concentration

Insulin sensitive at rest
Insulin resistant at rest
Insulin sensitive post-exercise
Insulin resistant post-exercise

d  Trained — at rest

Insulin concentration

Insulin sensitive untrained
Insulin resistant untrained
Insulin sensitive trained
Insulin resistant trained

a Untrained — during exercise

Time

75% intensity exercise
40% intensity exercise

b  Untrained — at rest

Insulin concentration

Insulin sensitive
Insulin resistant

Transport

Metabolism

Delivery ↑ Microvascular recruitment 
and blood flow

↓ Microvascular recruitment 
in insulin resistance ↑ Microvascular recruitment ↑ Capillarization 

↑ GLUT4 translocation

↑ Glycolysis
↑ Oxidative phosphorylation

↓ GLUT4 translocation by 
insulin in insulin resistance

↓ HK expression in 
insulin resistance

↑ GLUT4 translocation 
by insulin 

↑ Glycogen synthesis

↑ GLUT4 expression and 
translocation 

↑ HK and mitochondrial 
expression

Rest

Ca2+ release from the sarcoplasmic reticulum is unlikely 
to be either necessary or sufficient to increase glucose  
transport in response to ex vivo muscle contraction.

By contrast, introduction of a CaMKII inhibitory pep-
tide into mouse tibialis anterior muscles suggested that 
CaMKII might be necessary for contraction-stimulated 
glucose transport62. Autophoshorylation of CaMKII at 
Thr287, which is indicative of its activation by Ca2+– 
calmodulin, was increased by mild mechanical stress 
ex vivo60, a stimulus known to promote extracellular 
Ca2+ entry. Activation of CaMKII might, therefore, 
involve activation of cell-surface Ca2+ channels to 
increase glucose transport63. Furthermore, the stimu-
lation of CaMKII and glucose transport during muscle 
contraction in isolated mouse gastrocnemius fibres was 
proposed to involve a complex signalling cascade that 
required entry of extracellular Ca2+ and release of intra-
cellular Ca2+ by cyclic ADP ribose (cADPR) and nicotinic 
acid adenine nucleotide phosphate (NAADP) as second 
messengers64. These nucleotide second messengers are 
thought to cause ryanodine-receptor-dependent Ca2+ 
release from the sarcoplasmic reticulum and lysosomal 
Ca2+ release by the two pore channels and/or ryanodine 
receptor 1, respectively65,66.

If the ryanodine receptor is indeed the source of Ca2+ 
during nucleotide stimulation, it raises the question as 
to how this process might differ from depolarization- 
induced Ca2+ release from junctional sarcoplasmic retic-
ulum by the ryanodine receptor. One possibility is that 
ryanodine receptors residing outside the junctional 

sarcoplasmic reticulum have a distinct role in Ca2+ 
signalling, similar to the ryanodine receptor signal-
ling functions found in many non-muscle cell types67. 
Activation of AMPK in rodent muscle does not activate 
CaMKII59 nor increase intracellular Ca2+ concentra-
tion68,69. Nonetheless, stimulation of glucose transport by 
the mitochondrial respiratory chain inhibitor rotenone 
seems to require cADPR and/or NAADP64 and AMPK70. 
This finding suggests that in addition to functioning as 
activators of CaMKII, increased cADPR and/or NAADP 
might also be a downstream requirement for AMPK-
dependent glucose transport.

In summary, although depolarization-induced sarco-
plasmic reticulum Ca2+ release in response to contrac-
tion does not seem to regulate glucose transport directly, 
there is some evidence to suggest that other Ca2+ sources, 
as well as Ca2+-dependent signalling proteins, could 
contribute to regulation of glucose transport during  
contraction (FIG. 2).

Mechanical stress. Little consideration has been given to 
the contribution of mechanically transduced signals in 
the regulation of glucose uptake. However, it is becom-
ing increasingly apparent that mechanical stress is a 
potent stimulus to increase glucose transport in muscle 
independent of insulin61,71–74 (FIG. 2; TABLE 2).

Apart from being sufficient to stimulate glucose trans-
port, signalling via mechanical stress is also necessary 
for optimal levels of contraction-induced glucose trans-
port. Ex vivo contraction-stimulated glucose transport 

Figure 1 | Exercise enhances insulin sensitivity. a | Exercise exerts acute effects on glucose uptake in muscle. As exercise- 
stimulated glucose uptake occurs independently of the effects of insulin, muscle contraction is a potent stimulator of 
glucose uptake in both healthy and insulin-resistant muscle51,206,207. b | Diseases related to obesity, inactivity and age, such 
as type 2 diabetes mellitus208, are strongly linked to the development of insulin resistance within the skeletal muscle. 
c | The sensitivity of muscle to insulin is increased for up to 48 h following a single bout of exercise17,20. d | Long-term 
exercise training also improves the effect of insulin on glucose uptake in muscle24,209. Exercise can, therefore, circumvent 
dysfunctional insulin signalling and offers a potent nonpharmacological tool to augment glucose uptake in 
insulin-resistant muscle to normalize glycaemic control16 GLUT4, glucose transporter type 4; HK, hexokinase.
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was reduced when tension development was inhibited 
by either pharmacological or mechanical methods61,74–76. 
These findings strongly suggest that signal transduction 
in response to mechanical stress is required to elicit an 
optimal glucose transport response. One study reported 
that N‑benzyl-p‑toluene sulphonamide (an inhibitor 
of myosin–actin interaction and therefore contractile 
force) did not affect contraction-stimulated glucose 
uptake in mouse extensor digitorum longus (EDL) mus-
cles77. However, this result was probably related to the 
intense ex vivo contraction regimen used in the study 
because the active-force production rapidly approaches 
zero during intense electrical stimulation61,77, and so 
inhibiting the contraction machinery has little effect on 
mechanical stress.

The combination of passive stretch-stimulation 
with 5‑aminoimidazole‑4‑carboxamide ribonucleotide 
(AICAR)-induced stimulation of AMPK promoted an 
additive effect on glucose transport during co‑stimulation  
with insulin but not muscle contraction61. This obser-
vation suggests that passive stretch and AICAR recruit 
GLUT4 transporters from the same pool as con-
traction but from a different pool than recruited by 
insulin. Passive-stretch signalling probably works in 
parallel to AMPK, as passive stretch does not increase 
AMPK activity and muscle-specific overexpression of a  
dominant-negative kinase-dead form of AMPK does 
not inhibit stretch-stimulated glucose transport61,71. The 
well-documented link between mechanical stress and 
glucose transport in muscle raises the possibility that 
many stretch-activated pathways might be involved in 
regulation of exercise-stimulated glucose uptake. One 
potential candidate is the Rho family GTPase RAC1. This 
molecule is activated by passive stretch and is necessary 
for both insulin-stimulated and contraction-stimulated 
glucose transport in mice, but not AICAR-stimulated 
glucose transport78–80. The downstream target of RAC1, 
p21‑activated kinase, (PAK), is also regulated by exer-
cise2, and PAK activation has been reported in contrac-
tion-stimulated rodent muscle81. Such findings suggest 
that this pathway is activated during exercise in both 
rodents and humans. Both pharmacological inhibition 
of RAC1 and knockout of the gene encoding this protein 
reduced stretch-induced glucose transport by 30–40%74. 
Inhibition of RAC1 reduced contraction-stimulated glu-
cose transport in the muscles producing tension but not 
in muscles left loosely hanging or incubated with myosin 
heavy chain inhibitors to block tension development74. 

RAC1 is, therefore, likely to be a necessary component of 
the mechanical stress stimuli to contraction-stimulated  
glucose transport (FIG. 2). Mechanical stress can be 
sensed by several proteins located at the plasma mem-
brane, including the dystrophin–glycoprotein complex, 
ion channels, integrins and focal adhesions, all of which 
have been reported to associate with and activate RAC1 
in various cell types82–84.

At least three mechanisms could link RAC1to GLUT4 
translocation and glucose transport in response to 
mechanical stress during exercise. First, RAC1 regulates 
remodelling of the actin cytoskeleton. Pharmacological 
induction of actin depolymerization reduces glucose 
transport stimulated by passive stretch, contraction 
and insulin74,79,85, However, investigating the impact 
of RAC1‑deficiency on the cortical actin cytoskeleton 
consisting of β‑actin and γ‑actin in skeletal muscle is 
challenging, because these actin isoforms are expressed 
at low levels relative to contractile α-actin86. Further 
investigation is required to firmly link RAC1 to the actin 
cytoskeleton in mature muscle. Second, RAC1 might 
facilitate GLUT4 translocation in skeletal muscle via acti-
vation of another GTPase Ras-related protein (RALA), 
which is suggested to mediate RAC1‑dependent GLUT4 
translocation in response to insulin87,88. Whether RALA 
is activated by muscle contraction or passive-stretch 
stimulation remains to be investigated. Finally, RAC1 
is both a subunit of the superoxide-producing NADPH 
oxidase 2 (NOX2) complex and required for its acti-
vation89, which has been proposed to regulate muscle  
glucose transport90.

Numerous other signalling proteins, including p38 
MAPK, ERK and CaMKII, are activated by mechanical 
stress and remain candidates for regulation of glucose 
transport. Indeed, inhibition of RAC1 only partially 
blocks glucose transport stimulated by passive stretch74, 
suggesting the existence of other stretch signals.

Metabolic stress and AMPK. The activity of AMPK in 
muscle increases substantially during contraction and 
exercise91; however, whether AMPK is necessary for 
the regulation of glucose transport remains unclear. 
Some, but not all, studies of Ampk-transgenic and 
-deficient mouse muscles have observed a reduction in  
contraction-stimulated glucose transport ex vivo or 
in exercise-stimulated glucose uptake in vivo (TABLE 2). 
The variable reduction in contraction-stimulated glu-
cose transport observed in some Ampk-deficient and 

Table 1 | Role of signalling pathways in glucose delivery

Parameter Experimental model Observations

Glucose 
delivery and 
flow

Rat hind limbs perfused with a varied flow 
in the presence of electrically stimulated 
contractions

When flow was increased, combined with constant 
contraction stimuli, disappearance of glucose increased 
by 2–4 fold37–39

Whole-body eNos KO mouse Exercise-stimulated glucose uptake increased 3‑fold in 
VL and gastrocnemius muscle compared with WT mice40

Glucose 
concentration

Highly exercise-trained human participants 
ingested a high amount of carbohydrate 
every 15 min during a 2‑ h period of exercise

Glucose uptake was higher (96 g) when participants 
ingested carbohydrate than when they ingested water 
(60 g)42

KO, knockout, VL, vastus lateralis; WT, wild type.
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Table 2 | Role of signalling pathways in glucose transport across the sarcolemma and t-tubuli

Parameter Experimental model Observations

Calmodulin Calmodulin inhibitors (trifluoperazine 
or W-7) used in mouse

~50–60% inhibition of electrically-induced contraction-stimulated glucose transport in 
incubated soleus muscle210

CaMKII CaMKII inhibitors (KN62 and KN93) 
used in rat

~50% reduction in electrically-induced glucose uptake in epitrochlearis muscle59

KN62 and KN93 used in mouse ~50% decreased electrically-induced contraction-stimulated glucose uptake in incubated 
soleus and EDL muscles211

Electroporation of a CaMKII inhibitor 
in mouse

~30% decreased in situ electrically-induced contraction-stimulated glucose uptake in TA 
muscle62

Isolated single muscle fibres (mouse) Ca2+ second messengers cADPR and NAADP required for glucose uptake in response to  
electrically-induced contraction via CaMKII64

LKB1 Lkb1 KO mouse •	~50–60% decreased electrically-induced contraction-stimulated glucose uptake in situ 
and in vitro in EDL, soleus and TA muscle212,213

•	No difference in glucose uptake induced by treadmill running in EDL and quadriceps 
muscles214

AMPK Muscle α2 Ampk KD mouse •	~50% and ~70% reduction in ex vivo and in situ electrically-induced contraction-stimulated 
glucose uptake, respectively215

•	~50% reduced glucose transport in response to electrically-induced submaximal 
contraction in EDL216

•	No effect on glucose uptake induced by treadmill exercise in quadriceps and 
gastrocnemius muscle217

•	Treadmill-exercise-stimulated glucose clearance reduced by ~60% in gastrocnemius 
muscle218

•	In situ electrically-induced contraction-stimulated glucose uptake reduced by ~60% in 
gastrocnemius–soleus–plantaris muscle96

Whole-body α1 or α2 Ampk KO mouse No effect on electrically-induced contraction-stimulated glucose uptake in soleus and EDL 
muscle219

Ampk γ3 KO mouse No effect on electrically-induced contraction-stimulated glucose transport in EDL muscle101

Muscle β1 and β2 Ampk KO mouse ~90% and ~50% reduced treadmill-exercise-stimulated glucose uptake in soleus and EDL, 
respectively94

Muscle α1 and α2 Ampk KO mouse •	Normal levels of contraction-stimulated glucose transport, except from the soleus muscle 
of male mice (~40% reduction)93

•	Normal levels of glucose uptake during treadmill exercise, except from the soleus (~30% 
increase)220

PKC Use of a PKC inhibitor (calphostin C) 
in rat

•	~50–75% reduced electrically-induced contraction-stimulated glucose uptake in 
fast-twitch muscles (but not slow-twitch muscles)221

•	~50% reduced electrically-induced contraction-stimulated glucose transport in soleus 
muscle210

Whole-body Pkcα KO mouse No effect on electrically-induced contraction-stimulated glucose uptake in EDL muscle222

TBC1D4 and 
TBC1D1

Electroporation of non-phosphorylat-
able mutant Tbc1d4 (4P) in mouse

~60–70% decreased electrically-induced contraction-stimulated glucose uptake in TA 
muscle108

Electroporation of mutant Tbc1d4 
(protein product unable to bind 
calmodulin) in mouse

~40% reduction in electrically-induced contraction-stimulated glucose uptake in TA 
muscle223

Electroporation of non-phosphoryl-
atable Tbc1d1 mutants (S231, T499, 
S621, S660 and S700) in mouse

~20–35% reduced electrically-induced contraction-stimulated glucose uptake in TA 
muscle224,225

Tbc1d1 KO mouse Treadmill-exercise-stimulated glucose uptake reduced by ~30% in white, but not red, 
quadriceps muscle, with ~40% reduced levels of GLUT4111

RAC1 Muscle-specific Rac1 KO mouse •	~20% and ~40% decreased electrically-induced contraction-stimulated glucose uptake in 
soleus and EDL, respectively79

•	~50–100% reduced running-stimulated glucose uptake in skeletal muscle80

GLUT4 Glut4 whole body null mouse •	Swimming-induced glucose uptake blunted in EDL muscle53

•	Electrically-induced contraction-stimulated glucose uptake decreased by ~80% in triceps 
muscle52

Muscle-specific Glut4 KO mouse Decreased running-stimulated glucose uptake in soleus and gastrocnemius muscle (~90%)226

Mechanical 
stress

Loosely hanging muscles in mouse Contraction-stimulated glucose transport reduced by ~20–40% in non-force producing 
muscles74,75

Inhibition of cross-bridge formation 
using ATPase inhibitors (BTS and 
blebbistatin) in mouse

•	Contraction-induced glucose transport reduced by ~20–50% in non-force producing 
muscles61,74

•	Contraction-stimulated (high intensity) glucose transport unaffected77
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transgenic mouse models might be related to secondary 
effects on muscle mitochondrial function and muscle 
ultrastructure92–94. By contrast, compelling evidence 
suggests that isolated activation of the AMPK complex, 
which contains the α2 catalytic subunit in combination 
with the regulatory β2 and γ3 subunits, is both necessary 
and sufficient to increase glucose transport in response 
to various AMPK activators in resting mouse3,5,6 and 
human95 muscle.

A delay in reaching maximal glucose transport has 
been observed in Ampk-deficient mice. Mice over
expressing a kinase-dead inactive version of AMPK in 
muscle exhibited lowered contraction-stimulated glu-
cose uptake at early time points (up to 15 min) but not 
at a later time point (20 min) when compared to wild-
type mice96. Mechanistically, this delay might involve 
AMPK acting as a brake on endocytosis of GLUT4 ves-
icles, whereas contraction predominantly stimulates 
exocytosis of GLUT4, as shown in cardiomyocytes97. 
The AMPKα2β2γ3 complex is rapidly and potently 
activated by exercise in human skeletal muscle98. By 
contrast, the AMPKα2β2γ1 complex is activated only 
during prolonged exercise99. Given that activation of 
the AMPKα2β2γ3 complex seems to be sufficient to 
increase glucose transport100,101, we propose that AMPK 
does in fact contribute to contraction-stimulated  
glucose transport in healthy muscle (FIG. 2).

Evidence from people with a naturally occurring 
activating mutation in the γ3 subunit (Arg225Trp) also 
supports a role for AMPK in glucose uptake. Affected 
individuals exhibit increased AMPK activity and an 
increase in skeletal muscle glycogen levels of ~90%102. 
These changes are accompanied by a doubling in basal 
glucose uptake in primary myotubes and a trend towards 

augmented exercise-stimulated glucose uptake com-
pared to control individuals103, indicating that regulation 
of glucose uptake by AMPK in human muscle is evolu-
tionally conserved. However, human studies also suggest 
that expression of AMPK γ3 is decreased following exer-
cise training104. Furthermore, the overall AMPK activity 
in muscle (primarily owing to AMPKα2β2γ3 activity)105 
is much less during exercise taken after a period of exer-
cise training than during exercise taken before training, 
whereas the increase in glucose uptake observed dur-
ing acute exercise was only marginally decreased in the 
trained state106. This finding is consistent with the notion 
that AMPK is not the sole regulator of glucose uptake in 
human skeletal muscle during exercise.

AMPK has also been linked to at least two vesicle traf-
ficking control mechanisms; namely, regulation of Rab 
and generation of phosphatidylinositol 3,5‑bisphosphate  
(PtdIns(3,5)P2) in the control of GLUT4 translocation. 
The Rab GTPase-activating proteins TBC1D1 and 
TBC1D4 are thought to mediate the effects of AMPK 
on GLUT4 translocation and glucose transport107,108. In 
mice, TBC1D1 is highly expressed in muscles domi-
nated by type II fibres, such as EDL, whereas TBC1D4 is 
enriched in muscles dominated by type I fibres, such as 
the soleus109. Knockout of Tbc1d1, but not Tbc1d4, abol-
ished AICAR-stimulated glucose transport in incubated 
mouse EDL muscles, whereas knockout of Tbc1d4, but 
not Tbc1d1, prevented AICAR-stimulated glucose 
transport in soleus110,111. Glucose uptake stimulated by 
treadmill exercise was reduced in white, but not red, 
quadriceps muscle in the Tbc1d1 knockout mice111, sug-
gesting a role for this molecule in type II fibres. However, 
the abundance of TBC1D4 is not tightly coupled to fibre 
type in all species, particularly in rat112 and human113 

Table 2 (cont.) | Role of signalling pathways in glucose transport across the sarcolemma and t-tubuli

Parameter Experimental model Observations

Autophagy Bcl2‑AAA mutant, Becn1+/− and 
hypomorphic Atg16l1 mouse 
(prevented autophagy activation)

Exercise-induced GLUT4 translocation and glucose transport impaired119

Nitric oxide Pharmacological NOS inhibitors 
(l‑NMMA and NAC) in mouse

•	Basal glucose uptake reduced by ~30% and glucose uptake following in situ electrically- 
induced contraction almost completely abolished in EDL131

•	Contraction-stimulated glucose transport inhibited by ~30% in EDL and by ~15% in soleus 
(only affected by NAC in this muscle)127

Use of l‑NMMA in human ~30% reduced glucose uptake in response to bicycling exercise133,134

Pharmacological NOS inhibitor 
(l‑NAME) in rat

In situ electrically-induced contraction reduced by ~20% in lower leg muscles132

nNos or eNos KO mouse Normal levels of contraction-stimulated glucose transport but increased exercise- 
stimulated glucose transport135,227

Reactive 
oxygen 
species

Treatment of isolated mouse skeletal 
muscle with NAC (as an antioxidant)

Contraction-stimulated glucose transport reduced by ~50% in EDL71,142

Actin 
cytoskeleton

Depolymerization of actin in mouse by 
latrunculin B

Contraction-stimulated glucose transport reduced by ~20–30% in soleus and EDL79

SNARK Overexpression of an inactive 
mutant SNARK in TA muscle and a 
whole-body Snark KO mouse

~20–30% reduction in electrically-induced in situ contraction-stimulated glucose uptake in 
TA212

Neuregulin ErbB4 (downstream target of 
Neuregulin)-blocking antibody 
injected into rat muscle

Glucose uptake following in situ electrically-induced contraction almost abolished in soleus 
and reduced by ~20% in EDL188

BTS, N‑benzyl-p‑toluene sulfonamide; EDL, extensor digitorum longus; KD, kinase dead; KO, knockout; TA, tibialis anterior.
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muscle. Studies in which TBC1D1 or TBC1D4 protein 
expression have been altered are difficult to interpret 
owing to the consistent finding of reduced GLUT4 
expression in such knockout models111,114. Evidence 
from humans to support a role for TBC1D4 in the regu-
lation of glucose uptake has come from the small and his-
torically isolated founder population of Greenland. This 
population carries a high frequency of a dysfunctional 
muscle-specific TBC1D4 splice variant115, essentially 
providing a human muscle-specific knockout model 
for TBC1D4. Affected individuals display markedly 
reduced glucose uptake by muscle in response to insu-
lin. This finding suggests that the studies of this protein 
conducted in rodents are relevant to humans, although 
the effect of the mutation has not yet been analysed  
with regards to exercise-stimulated glucose uptake.

At present, it is unclear which specific Rab proteins 
might be regulated by AMPK downstream of TBC1D1 
and TBC1D4. RAB8A, RAB13 and RAB14 seem to act 
downstream of TBC1D4 in insulin-stimulated GLUT4 
translocation in a rat myoblast cell line116. These mol-
ecules are, therefore, potential candidates for regula-
tion by contraction. Production of PtdIns(3,5)P2 by 
PIKFYVE, a FYVE finger-containing phosphoinositide 
kinase has been linked to insulin-stimulated GLUT4 
translocation; AMPK can phosphorylate PIKFYVE and 
presumably regulate its intracellular localization but not 
its activity117. Inhibition and knockdown of PIKFYVE in 
a mouse myoblast cell line markedly reduced AICAR-
stimulated glucose transport117. A muscle-specific 
knockout mouse lacking PIKFYVE protein displays 
reduced insulin-stimulated glucose transport in both 
soleus and EDL muscles118; however, AICAR-stimulated 
and contraction-stimulated glucose transport remain to 
be analyzed in this model.

Exercise-stimulated AMPK activation and glucose 
uptake was markedly reduced in mice with mutations 
of genes encoding autophagy proteins, specifically those 
expressing non-phosphorylatable Bcl‑2 mutants, hetero
zygous Beclin1 and hypomorphic Atg16l1 (REF. 119). The 

disturbed AMPK activation could reflect dependency 
on the lysosomal surface Ragulator-complex pro-
tein LAMTOR for exercise-stimulated AMPK acti-
vation120. However, a follow‑up study using inducible 
muscle-specific Atg7 knockout mice reported AMPK 
activation during exercise similar to controls121. The 
AMPK-phosphorylated autophagy-initiating kinases 
Unc‑51‑like (ULK) 1 and ULK 2 have several non- 
autophagy roles. Those roles include regulation of pro-
tein trafficking from the endoplasmic reticulum to the 
Golgi via phosphorylation of Sec16A122. This has been 
linked to GLUT4 translocation in an adipocyte cell line123, 
and stimulation of glycolysis by phosphorylation of sev-
eral glycolytic enzymes124. Whether autophagy-related  
signalling and membrane structures play a role in AMPK 
activation and regulation of glucose uptake remains 
unclear at present.

Interestingly, AMPK might play a more prominent 
role in the regulation of glucose uptake in the post- 
exercise period than during exercise. One study has 
implicated AMPK in the partitioning of carbohydrate 
and lipid via regulation of pyruvate dehydrogenase 1 
(PDH 1) activity following exercise in mice125.

Nitric oxide. Production of nitric oxide through 
the activity of NOS in rodent muscle is increased by 
exercise126 and electrically-induced contraction127,128. 
Production is also increased by mechanical stretching 
in primary cultures of muscle cells129. In rodent muscle, 
nNOS is probably the main isoform activated by exer-
cise or contraction as its expression in EDL muscle is 
threefold greater than that of the other muscle isoform 
(eNOS)130. Furthermore, nitric-oxide-dependent pro-
duction of cGMP during contraction was abolished in 
the EDL muscle of a Nos (but not an eNos) knockout 
mouse130. A role for nitric oxide in muscle glucose uptake 
has been proposed because pharmacological inhibition 
of NOS activity with l‑NMMA (N(G)-monomethyl-
l‑arginine) decreased glucose transport following rat 
muscle contraction ex vivo131, electrically-induced 

Table 3 | Role of signalling pathways in intracellular glucose metabolism

Parameter Experimental model Observations

Hexokinase‑2 Muscle-specific overexpression of 
Hk2 in mouse

Increased exercise-induced glucose uptake in gastrocnemius 
(~30%) and in VL (~60%), but not in soleus and diaphragm172,228,229

Partial Hk2 KO mouse 
(heterozygous)

Exercise-stimulated glucose uptake reduced by 70% in soleus 
muscle, but not in gastrocnemius or VL230

Glycogen 
content

Perfused rat hind limb, 
pre-conditioned by exercise and 
diet, resulting in low or high levels 
of glycogen

Basal and contraction-stimulated glucose uptake and cell-surface 
labelling of GLUT4 reduced by 50% reduced in gastrocnemius 
and plantaris, but not soleus, in response to high levels of 
glycogen158,159

Healthy human volunteers GLUT4 translocation and glucose uptake highest late in a bicycle 
ergometer exercise (when glycogen levels are lowered)50

Patients with McArdle disease 
(glycogen phosphorylase 
deficiency)

Higher exercise-induced glucose utilization than recorded 
among matched control individuals231

Patients with gain‑of‑function 
R225W mutation AMPKγ3 
(increased glycogen)

Increased basal (2‑fold) glucose uptake in human primary 
myotubes and a trend towards increased exercise-stimulated 
glucose uptake in quadriceps muscle102,103

KO, knockout; VL, vastus lateralis
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Figure 2 | Molecular mechanisms of exercise-regulated glucose uptake by skeletal muscle.  
In this working hypothesis, exercise promotes glucose uptake by increasing its delivery, transport and intracellular 
metabolism. Paracrine release of ATP, nitric oxide (NO) and reactive oxygen species (ROS) from working muscle might, in 
concert with extramuscular signals, increase microvascular blood flow during exercise to maintain a stable interstitial 
glucose concentration. Simultaneously, multiple intracellular signalling pathways become activated and promote glucose 
transporter type 4 (GLUT4) translocation to the cell surface, facilitating glucose entry into the muscle fibres. Muscle 
contraction occurs due to ATP-consuming cyclic attachment and de‑attachment of myosin to actin filaments 
(cross-bridge cycling). ATP turnover increases the AMP concentration and so activates the 5ʹ‑AMP-activated protein 
kinase (AMPK) pathway. Contraction-induced mechanical stress activates p21‑Rac1 (RAC1) through ill-defined 
mechanisms, possibly downstream of stretch sensitive molecules in the plasma membrane, such as integrins and the 
dystrophin glycoprotein complex (DGC). The role of different Ca2+ sources in contraction-stimulated glucose uptake is 
also unclear. Glucose within the muscle fibre is phosphorylated by hexokinase (HK) to glucose‑6‑phosphate, which either 
enters glycolysis or is incorporated into glycogen. Translocation of HK to mitochondria and release of glycolytic enzymes 
from F‑actin increases their activity and might be regulated by Ca2+ and RAC1. Intracellular metabolism of glucose ensures 
the maintenance of a high extracellular-to‑intracellular glucose diffusion gradient and low glucose‑6‑phosphate 
concentration to avoid allosteric inhibition of HK. CaMKII, Ca2+/calmodulin-dependent protein kinase II; cADPR, 
ADP-ribosyl cyclase 1; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase; NAADP, nicotinic acid adenine dinucleotide 
phosphate; nNOS, nitric oxide synthase, brain; NOX2, NADPH oxidase 2; PAK1, serine/threonine-protein kinase PAK1; 
PFK, phosphofructokinase; PIKFYVE, 1‑phosphatidylinositol 3‑phosphate 5‑kinase; RYR, ryanodine receptor; TBC1D1, 
TBC1 domain family member 1; TBC1D4, TBC1 domain family member 4.
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contraction in mice ex vivo127, in situ contraction in  
anaesthetized rats132, and during bicycle exercise  
in humans133,134. By contrast, other studies found no 
effect of NOS inhibitors on glucose uptake in mouse, 
rat and human muscle135–138.

The involvement of nitric oxide in the regulation 
of glucose transport has been challenged by studies 
of nNos knockout mice. These mice displayed similar  
contraction-stimulated glucose transport in EDL 
muscle ex vivo139 and increased glucose uptake dur-
ing treadmill exercise compared with wild-type mice. 
Importantly, the enzyme activity of NOS was com-
pletely abolished in EDL muscle of nNos knockout 
mice, indicating that other isoforms of NOS do not 
compensate to produce nitric oxide139. Furthermore, 
l‑NMMA reduced contraction-stimulated glucose 
transport in the muscles of nNos KO mice, suggesting 
off-target effects of this inhibitor. The data evaluat-
ing the role of intramuscular nitric oxide as a regula-
tor of glucose transport in muscle during exercise are 
conflicting. The possibility exists that ex vivo effects 
of NOS inhibitors in isolated, incubated contraction- 
stimulated muscle are due to off target effects.

Reactive oxygen species. Production of reactive oxy-
gen species (ROS) is elevated by muscle contraction in 
isolated muscle140–142 and following high-intensity and 
prolonged exercise143–145. Although the mitochondria 
constitute a major source of cellular ROS under basal 
conditions, membrane-localized superoxide produc-
tion by NADPH oxidase-2 (NOX2) is a major source of 
ROS during muscle contraction146,147 (FIG. 2). The activity 
of NOX2 increases in response to both muscle contrac-
tion and passive stretch in mouse muscle148,149. Given 
that both stretch-stimulated and contraction-stimulated 
glucose transport ex vivo is reduced in the presence of 
antioxidants, ROS production might be required for effi-
cient regulation of glucose transport71,142. However, these 
ex vivo findings could not be recapitulated in vivo as infu-
sion of the antioxidant N‑acetyl-l‑cysteine (NAC) did not 
affect glucose uptake during contractions of rat hind limb 
muscle in situ150 or during exercise in humans151. This dis-
crepancy might relate to increased electrical-stimulation  
intensity ex vivo, to suboptimal NAC concentrations 
in vivo, or it could reflect the fact that the rate-limiting 
step for glucose uptake measurements in vivo is different 
than that ex vivo.

AMPK and RAC1 exert opposing effects on the reg-
ulation of NOX2 activity152,153. RAC1 positively regulates 
NOX2 activity in cardiac muscle153, whereas AMPK 
seems to inhibit NOX2 activity in various non-muscle 
cell types152. Nevertheless, AMPK and mechanical stress 
(probably mediated by RAC1) are additive regulators of 
contraction-stimulated glucose transport61.

One study reported that NOX2 subunit expression 
and NOX2‑dependent ROS production were increased 
by high-fat feeding in wild-type mice. In contrast, 
whole-body NOX2 knockout mice were protected 
from insulin resistance induced by a high-fat diet, as 
measured by Akt Ser473 phosphorylation in muscle154. 
These data suggest that NOX2 is a negative regulator 

of muscle glucose uptake. This apparent contradiction 
might relate to the dosage and duration of ROS stim-
ulation, with glucose transport being stimulated by 
intermittent low-level ROS exposure (muscle contrac-
tion) but inhibited by chronic high-level exposure (for 
example, a high-fat diet).

Intracellular glucose metabolism
The intracellular metabolic state of the muscle is 
essential for maintaining the high glucose concentra-
tion gradient across the membrane that is required for 
facilitated diffusion of glucose into the working muscle.

Glycogen content. During exercise, muscle preferen-
tially utilizes glycogen stores to provide glucose for 
ATP generation; therefore, the rate of muscle glucose 
uptake from the blood is inversely related to muscle 
glycogen content155,156 (FIG. 3). During a prolonged ses-
sion of exercise, glucose uptake becomes increasingly 
important11,157. Rat muscles with high initial glycogen 
levels display reduced contraction-induced GLUT4 
translocation and glucose transport compared with 
those muscles characterized by low initial glycogen 
levels158,159. Similarly, translocation of GLUT4 in human 
muscle peaks late in exercise when the glycogen levels 
are low50. Glycogen content per se might diminish per-
meability of the muscle to glucose but this hypothesis is 
difficult to test directly because glycogen manipulation 
studies require confounding diet or exercise activity 
regimens. The findings of transgenic mouse studies in 
which glycogen content and glucose transport respon-
siveness are clearly dissociated suggest that the associa-
tion is indirect101,160,161. However, these data are difficult 
to generalize to humans given that the glycogen concen-
tration in mouse muscle is 10–20 times lower than that 
in human muscle.

High glycogen content correlates with low AMPK 
activity155,162. As AMPK activity also increases with time 
and/or intensity of exercise163–165, AMPK might represent 
the mechanistic link between glycogen and transloca-
tion of GLUT4. Binding of AMPK to glycogen166,167 could 
sequester this enzyme to prevent its full activation by 
upstream regulators, although this hypothesis requires 
further investigation. Indeed, the physiological rele-
vance of AMPK binding to glycogen in skeletal muscle 
has been questioned168. Patients with McArdle disease 
have elevated glycogen levels owing to a loss‑of‑function  
mutation in the glycogen breakdown pathway. Affected 
individuals also exhibit increased exercise-induced 
blood glucose utilization and AMPK activity162,169, sug-
gesting that a high concentration of glycogen in the 
muscle is insufficient by itself to inhibit glucose uptake 
during exercise. However, absence of glycogen break-
down creates a severe energy crisis in the muscles of 
patients with McArdle disease, which leads to elevated 
AMPK activation (and probably other aspects of glu-
cose uptake). Consequently, it is difficult to evaluate the 
role of glycogen levels per se on glucose uptake in these 
patients. Furthermore, as discussed above, AMPK might 
not participate in the regulation of glucose uptake during 
all exercise conditions.

R E V I E W S

142 | MARCH 2017 | VOLUME 13	 www.nature.com/nrendo

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



Nature Reviews | Endocrinology

a  Rest b  Early exercise c  Late exercise

Glucose

GLUT4

GLUT1

Mitochondrion

Muscle capillary bed

P

P
P

P P
PP

P P
P

P

P
P

P P
PP

PP

HK

Muscle 
contraction

Translocation

?

Muscle 
contraction

↑ ATP 
production

G-6-P

↑ ATP 
production

Glycogen Glycogen

Glycogen

Intracellular phosphorylation of glucose. Glucose 
phosphorylation is another intramuscular metabolic 
mechanism that influences glucose uptake. Hexokinase 
phosphorylates glucose to yield glucose‑6‑phosphate. 
As muscle has negligible glucose‑6‑phosphatase activ-
ity, phosphorylation irreversibly traps glucose in the 
muscle. This process is vital to preserve the high‑to‑low 
free glucose gradient for facilitated diffusion across the 
muscle membrane.

Glucose‑6‑phosphate is an allosteric inhibitor of 
hexokinase. At the onset of exercise, particularly that 
of high intensity, increased rates of glycogenolysis yield 
high levels of glucose‑6‑phosphate, which in turn inhibit 
the activity of hexokinase. The glucose gradient becomes 
impaired as evidenced by elevated intramuscular lev-
els of free glucose50,157 (FIG. 3). When glycogen stores 
decrease during prolonged exercise, the intramuscular 
glucose‑6‑phosphate levels decrease, relieving the inhi-
bition of hexokinase50,157. In concert with a concomitant 
increase in GLUT4 translocation to the sarcolemma and 

t-tubuli50, this drop in intramuscular glucose‑6‑phosphate 
likely explains the increased rates of glucose uptake 
observed late in exercise. Hexokinase‑2 has been pro-
posed to bind directly to GLUT4, inhibiting intrinsic 
GLUT4 activity170. Late in exercise, it is possible that 
hexokinase dissociates from GLUT4, resulting in acti-
vation of both molecules, although this mechanism 
remains to be demonstrated.

Overexpression of hexokinase‑2, but not GLUT4, 
in transgenic mouse models augments exercise- 
stimulated glucose uptake171. This finding indicates 
that hexokinase-mediated glucose phosphorylation 
is the rate-limiting step for glucose utilization during 
exercise in mice172–174. Whether this observation can be 
extrapolated to humans is uncertain; however, it is clear 
that intramuscular metabolic cues are important in the 
overall exercise-controlled glucose uptake system. These 
metabolic cues are highlighted in patients with markedly  
impaired muscle glycogenolysis (McArdle disease). 
Affected individuals exhibited lowered intracellular 

Figure 3 | An integrated view of exercise-stimulated glucose uptake. a | Requirements for glucose are minimal when 
muscle is at rest; therefore, glucose delivery is low. Glucose transport is also reduced owing to low permeability, a function 
controlled by the absolute number of glucose transporters in the plasma membrane. Any glucose that does enter the 
muscle is phosphorylated by hexokinase (HK), and then either stored as glycogen or metabolized to generate ATP via 
glycolysis and mitochondrial oxidative phosphorylation. b | At the onset of exercise, muscle preferentially uses glycogen 
to supply glucose for the generation of ATP to meet increased metabolic demands. This process leads to accumulation of 
glucose 6‑phosphate (G-6‑P), which blunts the activity of HK and so decreases glucose phosphorylation. Free glucose then 
accumulates in the muscle, which decreases the gradient required for glucose entry and thus overall transport rates. 
Glycogen might also inhibit translocation of glucose transporter type 4 (GLUT4) to the plasma membrane. Although both 
delivery and transport of glucose are increased, blood glucose is spared at the expense of the internal glucose stores. 
c | Glycogen is depleted during continued exercise at a rate dependent on exercise intensity. Inhibition of HK activity is 
alleviated and muscle permeability to glucose increased. The glucose supply gradually shifts from glycogen to blood 
glucose uptake to generate the required amount of ATP.
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glucose‑6‑phosphate levels and increased HK activity, 
which probably contributes to higher exercise-induced 
glucose utilization than is observed among matched 
controls162,169, despite their high muscle glycogen levels.

Some studies have emphasized the importance of the 
subcellular location of hexokinase to its in vivo activity. 
Skeletal muscle expresses both the hexokinase‑1 and hex-
okinase‑2 isoforms175. Hexokinase‑2 is the predominant 
isoform in rodent muscle176. By contrast, hexokinase‑1 
and hexokinase‑2 protein content is equally distributed 
between human muscle fibre types177,178. Hexokinase‑1 
seems to be permanently bound to the mitochondria, 
which might efficiently couple cytosolic glycolysis with 
the mitochondrial tricarboxylic acid cycle179. The sub-
cellular distribution of hexokinase‑2 is complex. This 
isoform can bind to the mitochondria, where it also pro-
motes glycolysis; however, when located in the cytosol 
it chiefly promotes glycogen synthesis179. Dissociation 
of hexokinase‑2 from the mitochondria is facilitated by 
glucose‑6‑phosphate. AKT-mediated phosphorylation of 
hexokinase‑2 reduces the sensitivity of this isoform to 
glucose‑6‑phosphate, which leads to increased mitochon-
drial binding of hexokinase‑2180. Exercise-related kinases 
might also potentially signal to hexokinase‑2, impacting 
its subcellular distribution to fine-tune enzyme activity 
in accord with exercise intensity and duration. However, 
this hypothesis remains to be tested.

Glycolysis. Patients lacking the glycolytic enzyme phos-
phofructokinase in muscle (Tarui disease) are exercise 
intolerant because muscle glycolysis, glycogenolysis and 
glucose uptake are impaired169,181. The regulation of gly-
colysis is highly complex as it comprises many steps and 
enzymes. Some data suggest that the glycolysis enzymes 
are interconnected with components of the GLUT4 
translocation machinery. Hexokinase seems to be able 
to bind to GLUT4 directly, modulating the intrinsic 
activity of this glucose transporter170. Other enzymes 
of the glycolysis pathway (phosphofructokinase and 
aldolase) physically associate with the actin cytoskel-
eton182,183. Stimuli such as calcium or insulin cause 
dissociation of these enzymes from the actin cytoskel-
eton, which increases their enzymatic activity182,183 and 
thereby increase glycolysis. In addition, aldolase has 
been proposed as a scaffolding protein, linking GLUT4 
to the actin cytoskeleton to facilitate its translocation 
to the cell surface184. This association is noteworthy 
given the evidence discussed in the previous section 
that implicates RAC1 and the actin cytoskeleton as vital 
components in glucose uptake regulation via GLUT4. 
How and whether these findings are relevant for exer-
cise-induced glucose uptake remains to be determined. 
Nevertheless, it is likely that GLUT4 translocation (FIG. 2) 
and muscle metabolism (for example, glycolysis; FIG. 3) 
are not two independent processes, but more likely two 
completely interlaced processes, during exercise (FIG. 3).

Autocrine and paracrine signals
The most important physiological stimuli of glucose 
transport in skeletal muscle are traditionally thought to 
be insulin and exercise but data are rapidly emerging on 

novel muscle-secreted autocrine and/or paracrine reg-
ulators of signalling that increase glucose transport185. 
These potential regulators include IL‑13 (REF. 186), iri-
sin187, neuregulin188 and urocortin‑3 (REF. 189); however, 
they require further rigorous testing before they can be 
assigned a role in exercise metabolism.

The myokine IL‑6 was suggested to be of importance 
for muscle glucose uptake during exercise owing to obser-
vations in humans where leg release of IL‑6 correlated 
with AMPKα2 activity190 and plasma IL‑6 concentra-
tion positively correlated with leg glucose uptake during 
graded exercise191. Furthermore, IL‑6 can activate AMPK 
and increase glucose transport in myotubes192. However, 
Il6 knockout mice display normal levels (or only a minor 
reduction) of exercise-stimulated glucose uptake, sub-
strate utilization and running capacity, indicating that 
IL‑6 is not necessary for exercise-induced muscle glucose 
uptake in this model193,194.

Electrical stimulation of isolated primary rat myotubes 
and flexor digitorum brevis (FDB) muscle fibres causes 
release of ATP and exogenous ATP stimulates glucose 
transport into mouse FDB muscle fibres33,195. ATP 
release in muscle has been suggested to be sensitive to 
mechanical stress196. Furthermore, ATP release increases 
in the muscle interstitium following human endurance 
exercise197 to stimulate a diverse range of physiological 
responses in skeletal muscle, including blood flow and 
glucose delivery198. In relation to regulation of glucose 
transport across the muscle fibre surface membranes, 
ATP and insulin seem to stimulate this process to a sim-
ilar extent in rat primary myotubes33 but it is unclear 
whether these stimuli have an additive effect on glucose 
transport. It is, however, puzzling that ATP signalling to 
glucose transport in rat primary myotubes seems to be 
dependent on at least two molecules (PI3K and AKT) that 
are required for insulin, but not contraction-stimulated, 
glucose transport15,61,199,200. Establishing whether these 
stimuli are additive and consequently whether ATP stim-
ulation mobilizes the contraction and/or insulin pool of 
GLUT4 vesicles to increase glucose transport is therefore 
important. ATP can also increase NOX2‑dependent 
ROS production via P2Y1 purinergic receptors in 
electrically stimulated mouse flexor digitorum brevis 
single fibres149. Further studies are needed to clarify the 
importance of ATP and purinergic receptor signalling in 
contraction-stimulated glucose transport.

Conclusions
Proteomic analysis of phosphorylation sites has indi-
cated that the molecular mechanisms underpinning 
exercise-stimulated glucose uptake are likely to be 
complex, with many factors still to be identified2. 
Incontrovertible evidence supports the highly con-
served GLUT4 glucose transporter as an essential reg-
ulator of glucose transport across the muscle plasma 
membrane. However, no single molecular pathway has 
yet been found to account for all exercise-stimulated  
glucose transport into muscle. This fact likely reflects 
some degree of redundancy in the signalling path-
ways that mediate glucose uptake as evolutionary 
pressures would have promoted the development of 
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parallel pathways to ensure the maintenance of muscle 
energy supply during physical activity. Metabolic and 
mechanical stress have been established as potentially 

key intracellular stimuli for glucose transport across 
the sarcolemma. Furthermore, major components of 
these stimuli have been identified, including AMPK act-
ing downstream of the turnover of ATP, and RAC1 acting 
downstream of tension development.

Future studies should test the extent to which com-
bined AMPK and RAC1 inhibition disrupts exercise  
and/or contraction-stimulated glucose uptake. In addi-
tion, the interplay between glucose delivery, transmem-
brane glucose transport and intramyocellular glucose 
metabolism remains to be fully elucidated (BOX 2). Clearly, 
many exciting discoveries lie ahead in this field and the 
development of novel techniques will advance our ability 
to look below the tip of the iceberg to understand the 
complexity of the signalling network regulating glucose 
uptake during exercise. Enhanced mechanistic under-
standing of how exercise regulates glucose uptake in 
muscle will provide a major step forward in harnessing 
the immense therapeutic potential of exercise as a lifestyle 
intervention for metabolic disease.

Box 2 | Unresolved issues

•	How does the time and intensity of muscle contraction and exercise influence the 
relative contribution of metabolic and mechanical stress signals to increase the 
glucose-transport response ex vivo and in vivo?

•	Does reorganization and/or redistribution of intracellular glucose metabolism 
proteins (for example, hexokinase and glycolytic enzymes) contribute to the 
regulation of glucose uptake in vivo?

•	What factors, other than RAC1, contribute to glucose uptake activated by mechanical 
stress ex vivo and in vivo?

•	What are the upstream regulators and downstream mediators of AMPK and RAC1? 
How do these regulatory molecules interact with both known and yet to be identified 
intramuscular and autocrine and/or paracrine regulators of glucose transport?

•	How can the mechanisms underlying exercise-stimulated glucose uptake be 
exploited to treat insulin-resistant states, such as type 2 diabetes mellitus, and what 
are the optimal pharmacological targets?
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