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Introduction

The Journal of Experimental Biology published a series of articles

by Weibel, Taylor, Hoppeler and associates in the 1990s that

defined the design of pathways for the utilization of oxygen and

substrates (Hoppeler and Weibel, 1998; Roberts et al., 1996; Taylor

et al., 1996; Vock et al., 1996a; Vock et al., 1996b; Weber et al.,

1996a; Weber et al., 1996b; Weibel et al., 1991; Weibel et al.,

1996). In these elegant analyses, the relationships of biological

structure to functional limitations were defined by a series of

transfer steps. These transfer steps conceptualized the delivery of

oxygen from the environment, as well as substrates from storage

depots, to working muscle. The concept of symmorphosis, whereby

“no more structure is built and maintained than is required to meet

functional demand”, was central to building the relationship of

structure to functional limitations (Weibel et al., 1991).

Here we describe the regulatory factors that operate within the

structural framework defined in this classic series of papers,

focusing on the functional controllers of glucose influx into skeletal

muscle. Blood glucose homeostasis cannot be understood without

defining the control of muscle glucose uptake. Indeed, skeletal

muscle comprises the bulk of insulin-sensitive tissue, and thus is

where glucose uptake is quantitatively the most important. It is also

the primary site of glucose uptake during exercise. As exercise and

insulin are the primary physiological conditions that stimulate

muscle glucose uptake, these conditions act to challenge the

systems that control glucose flux into muscle. Here we will

highlight studies in which these conditions have been used to

perturb the glucoregulatory system. Moreover, defects in flux

control that lead to glucose intolerance and insulin resistance

resulting from high-fat feeding will be discussed. As in the previous

studies summarized by Hoppeler and Weibel (Hoppeler and

Weibel, 1998), we will describe the control of glucose flux in terms

of the integration of physiological systems, and will emphasize

animal models that provide unique insight into metabolic

regulation.

Muscle glucose uptake defined

The physiological regulation of muscle glucose uptake requires that

glucose travels from the blood to the interstitium to the intracellular

space and then is phosphorylated to glucose 6-phosphate (G6P).

The coupling of these processes involved in the influx of glucose

is illustrated in Fig.1. Blood glucose concentration, muscle blood

flow and recruitment of capillaries to muscle determine glucose

movement from the blood to the interstitium. The plasma

membrane glucose transporter content determines glucose transport

into the cell. Muscle hexokinase (HK) activity, cellular HK

compartmentalization and the concentration of the HK inhibitor,

G6P, determine the capacity to phosphorylate glucose. Glucose

phosphorylation in muscle is irreversible; therefore, with this

reaction, glucose is trapped and the uptake process is complete.

These three steps – delivery, transport and phosphorylation –

comprise muscle glucose uptake. This is not to say that steps

downstream of glucose phosphorylation do not affect glucose

uptake. It is just that any downstream step must, by definition, act
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Summary

Skeletal muscle glucose uptake increases dramatically in response to physical exercise. Moreover, skeletal muscle comprises the

vast majority of insulin-sensitive tissue and is a site of dysregulation in the insulin-resistant state. The biochemical and

histological composition of the muscle is well defined in a variety of species. However, the functional consequences of muscle

biochemical and histological adaptations to physiological and pathophysiological conditions are not well understood. The

physiological regulation of muscle glucose uptake is complex. Sites involved in the regulation of muscle glucose uptake are

defined by a three-step process consisting of: (1) delivery of glucose to muscle, (2) transport of glucose into the muscle by GLUT4

and (3) phosphorylation of glucose within the muscle by a hexokinase (HK). Muscle blood flow, capillary recruitment and

extracellular matrix characteristics determine glucose movement from the blood to the interstitium. Plasma membrane GLUT4

content determines glucose transport into the cell. Muscle HK activity, cellular HK compartmentalization and the concentration of

the HK inhibitor glucose 6-phosphate determine the capacity to phosphorylate glucose. Phosphorylation of glucose is irreversible

in muscle; therefore, with this reaction, glucose is trapped and the uptake process is complete. Emphasis has been placed on the

role of the glucose transport step for glucose influx into muscle with the past assertion that membrane transport is rate limiting.

More recent research definitively shows that the distributed control paradigm more accurately defines the regulation of muscle

glucose uptake as each of the three steps that define this process are important sites of flux control.
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through glucose delivery, transport or phosphorylation. For

example, acceleration of glycolysis or glycogen synthesis could

reduce G6P, increase HK activity, increase the capacity for glucose

phosphorylation and potentially stimulate muscle glucose uptake.

Reciprocally, rapid glycogen breakdown such as that which occurs

with exercise could increase the G6P pool, inhibit HK, decrease the

rate of glucose phosphorylation and, through this mechanism,

impede the rate of muscle glucose uptake.

The distributed control paradigm (Fig.1) for muscle glucose

uptake has been challenging to study because intracellular glucose,

which is the product of membrane glucose transport and the substrate

for glucose phosphorylation, cannot be measured directly. It can

theoretically be calculated indirectly as the difference between total

muscle glucose and interstitial glucose. Numerous theoretical and

measurement issues make this calculation untenable. The close

coupling of glucose delivery, transport and phosphorylation and the

existence of glucose compartmentalization and spatial gradients

compelled us to develop new techniques to overcome these

difficulties associated with defining muscle glucose uptake.

Studying the whole organism

There have been innumerable studies that have attempted to address

the control of glucose uptake in isolated muscle. These studies have

provided tremendous insight into the basic cellular mechanisms

behind glucose transport. Isolated muscle preparations, as does

virtually every experimental model system, have strengths and also

limitations. Extramyocellular factors involved in the control of

glucose uptake (e.g. glucose delivery to muscle) are necessarily

absent. Moreover, glucose uptake by isolated muscle preparations

is extremely resistant to insulin (requiring suprapharmacological

insulin levels) and contraction (requiring extremely high-intensity

contraction). It is likely that in some instances the rates of glucose

uptake in vitro do not become high enough to test the glucose

phosphorylation capacity of muscle. As isolated muscle

preparations are relatively simple to execute and far easier to

interpret because they are free of the often complicating variables

of the internal environment of the whole organism, most of the

literature describes studies conducted in vitro. This body of work

has led to the inevitable conclusion that membrane transport is rate

limiting for muscle glucose uptake. One difficulty in studying the

whole organism is that animal models are often stressed during

experiments. This is particularly true of the mouse, whose small

size makes the obtainment of blood difficult. The studies from our

laboratory that are described below were performed using unique

methods that were specifically designed to avoid stress and were

validated to be stress-free on the basis of plasma catecholamine

concentrations (Ayala et al., 2006; Berglund et al., 2008). By the

use of these methods, we show that under physiological conditions

the distributed control paradigm, where regulation of flux is

distributed between multiple steps (Fig.1), better defines muscle

glucose uptake than the rate-limiting step paradigm, where

regulation is dominated by a single step (Wasserman, 2009).

Control of muscle glucose influx during exercise

Regulating the supply of glucose to the working muscle

Blood glucose concentration is a key determinant of the rate at

which muscle can consume glucose. If blood glucose

concentration falls, the rate of muscle glucose uptake will decline

as well. Conversely, an increase in blood glucose concentrations

will cause muscle glucose uptake to increase. Liver release of

glucose is the primary means by which blood glucose is sustained

in the post-absorptive state in the face of constant tissue glucose

usage. Thus, the control of liver glucose output is key to the

regulation of muscle glucose uptake. Of course, the gut is key in

providing glucose after a meal, and the ingestion of glucose can

sustain blood glucose concentration under circumstances during

which the liver rate of glucose release cannot keep pace with

tissue glucose utilization.

Glucagon is the primary controller of hepatic glucose production

in the sedentary state (Liljenquist et al., 1977). Exercise is a robust

challenge of the processes involved because of the high rates of

glucose production necessary to maintain blood glucose

(Wasserman, 2009). Glucagon secretion from the pancreatic a cell

increases during exercise, whereas insulin secretion from the

pancreatic b cell declines. The decline in insulin secretion

potentiates the actions of glucagon (Lavoie et al., 1997; Lins et al.,

1983; Wasserman et al., 1989c). Studies in animals (Wasserman et

al., 1984; Wasserman et al., 1985; Wasserman et al., 1989b) and

humans (Hirsch et al., 1991; Lavoie et al., 1997; Wolfe et al., 1986)

demonstrate that the increase in glucagon is the primary stimulator

of hepatic glucose production during exercise. The powerful effect

of glucagon on hepatic glucose production was recently

demonstrated by Berglund et al. (Berglund et al., 2009). This study

showed that increasing glucagon in sedentary mice to levels similar

to those seen during exercise causes a marked discharge of hepatic

energy stores so that the adenosine monophosphate (AMP) to

adenosine triphosphate (ATP) ratio is increased. This increase in

the AMP:ATP ratio, through allosteric mechanisms, facilitates the

glucagon-induced breakdown of glycogen and the oxidation of fat

in the liver (Wasserman et al., 1989a; Wasserman et al., 1989b).

Some have noted a disassociation between glucagon

concentrations and glucose release from the liver and have used this

to argue that glucagon does not stimulate hepatic glucose output

during exercise (reviewed by Wasserman, 2009). This argument is

D. H. Wasserman and others

Glucose Glucose
6-phosphate

• Blood flow

• Capillary recruitment
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  that sustain blood glucose

• Transporter number

• Transporter activity

• Hexokinase number

• Hexokinase
  compartmentation

• Spatial barriers

• Regulation by G6P
  feedback

Fig.1. Distributed control of muscle glucose uptake. Modified from

Wasserman and Halseth (Wasserman and Halseth, 1998) and

Wasserman et al. (Wasserman et al., 1967).
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flawed. The reason for this disassociation is that glucagon is

secreted into the hepatic portal venous circulation, which traverses

the liver. The liver extracts glucagon, thereby slowing the time

course and dampening the rise in the hormone in the peripheral

circulation (Coker et al., 1999; Wasserman et al., 1993).

It is unlikely that catecholamines are directly responsible for the

increase in glucose production during exercise, as hepatic

denervation (Wasserman et al., 1990), selective hepatic b- and a-

adrenergic receptor blockade (Coker et al., 1997) and

adrenalectomy (Moates et al., 1988) have little or no effect in the

exercising dog. These findings are consistent with research in other

species, including humans (Wasserman, 1995). Other factors such

as interleukin-6 (Febbraio et al., 2004) or an as-yet-undefined

regulator may play a role, perhaps by regulating the endocrine

pancreas.

Muscle blood flow, the factor besides glucose concentration that

determines blood glucose delivery, is markedly increased with

exercise. A hallmark of the physiological response to exercise is

marked hyperemia and an increase in capillary blood flow. The

overall effect of this phenomenon on glucose influx is that more

glucose is delivered to the working muscle and there is increased

surface area for exchange of glucose. This hemodynamic effect

increases the delivery not only of glucose but also of all blood

constituents. Simulating the exercise-induced increase in glucose

delivery in the absence of an increase in glucose transporter type 4

(GLUT4) protein translocation to the muscle membrane is

inadequate by itself, however, in recreating the exercise-induced

increase in muscle glucose uptake (Zinker et al., 1993b).

Glucose transport across the plasma membrane of working

muscle cells

Membrane transport is almost certainly the primary barrier to

muscle glucose uptake in the fasted, sedentary state, as membrane

GLUT4 content is low and the membrane is relatively impermeable

to glucose. GLUT4 translocation to the muscle membrane is

accelerated by muscle contraction (Etgen et al., 1996; Ploug et al.,

1992), and the intracellular signaling mechanism(s) resulting in

GLUT4 translocation to the muscle membrane (Funai et al., 2009;

Kramer et al., 2007; Kramer et al., 2006; Sakamoto and Goodyear,

2002; Witczak et al., 2010) and muscle glucose uptake (Goodyear

et al., 1990; Ploug et al., 1984; Richter et al., 1985; Wallberg-

Henriksson and Holloszy, 1985; Wasserman et al., 1991;

Wasserman et al., 1992) is independent of the actions of insulin.

Moreover, the fate of glucose extracted from the blood is different

in response to exercise and insulin (Wasserman et al., 1991; Zinker

et al., 1993a). The working muscle oxidizes glucose, whereas

insulin-stimulated muscle primarily stores glucose.

Glucose phosphorylation within the working muscle cells

The ability of myocytes to phosphorylate glucose is inhibited by

G6P. During exercise, the simultaneous increase in glycogen

breakdown and glucose uptake can potentially lead an increase in

the inhibitory G6P levels. This, combined with exercise hyperemia

and increased glucose transport, predicts a shift in the muscle

glucose uptake barrier from transport to phosphorylation. The first

hint that glucose phosphorylation may become a significant barrier

to glucose influx was an observation in muscle from exercised rats.

It was shown that HK II mRNA, but not GLUT4 mRNA, was

increased following exercise (O’Doherty et al., 1994) because of

an increase in gene transcription (O’Doherty et al., 1996). Although

increased GLUT4 expression has been reported following exercise

(Kraniou et al., 2006; Ren et al., 1994), the HK II gene has since

been shown to be considerably more responsive (O’Doherty et al.,

1994; Pilegaard et al., 2005). The increase in HK II mRNA in

response to a single bout of exercise only makes sense from an

adaptive standpoint if glucose phosphorylation is a barrier to

muscle glucose uptake.

Determining the functional roles of glucose delivery, transport and

phosphorylation 

The functional barriers to muscle glucose uptake were subsequently

tested during exercise using isotopic glucose analogues in the

conscious rat to obtain a surrogate for intracellular glucose by

applying the concept of glucose countertransport (Halseth et al.,

1998; Halseth et al., 2000; Halseth et al., 2001; O’Doherty et al.,

1998; Petersen et al., 2003). In an isotopic steady state, glucose

countertransport creates a situation where the distribution of one

sugar between intracellular and extracellular water is induced by a

transmembrane gradient of a second sugar (Morgan et al., 1964).

The distribution of trace 3-O-[3H]methyl-glucose between

intracellular and extracellular water can then be used to calculate

the glucose concentration at the outer ([G]om) and inner ([G]im)

membrane surfaces. The extracellular glucose gradient (arterial

glucose minus [G]om), the trans-membrane gradient ([G]om–[G]im)

and the intracellular glucose available for phosphorylation ([G]im)

can then be calculated from this information. An index of muscle

glucose uptake (Rg) can be derived from the accumulation of

phosphorylated 2-deoxy[3H]glucose (2[3H]DG). Extracellular,

membrane and intracellular resistances to muscle glucose influx

can be calculated using a variation of Ohm’s Law for electrical

circuits where glucose gradients and Rg are analogous to voltage

gradient and current, respectively. This model is illustrated in Fig.2
and is shown with reference to anatomical compartments in Fig.3.

The countertransport method revealed that exercise decreases the

extracellular and muscle membrane glucose gradients (Halseth et al.,

Glucose influx (Ig)

Segment of a closed circuit

RExtracellGa RTransport RPhos

RExtracell=(Ga–Ge)/Ig RTransport=(Ge–Gi)/Ig RPhos=Gi/Ig

Gi 0Ge

Fig.2. Ohm’s Law was applied to determine sites of resistance to

muscle glucose uptake. Ga, Ge and Gi are the glucose

concentrations in the arterial blood, outer sarcolemmal surface and

inner sarcolemmal surface, respectively. RExtracell, RTransport and RPhos

are the resistances to glucose influx in the extracellular space,

across the membrane and at the phosphorylation step, respectively.

Ig is the glucose ‘current’ as estimated using 2[3H]DG. Using the

countertransport method, glucose gradients were calculated as

described in the text. Transgenic mice were used to alter sites of

resistance.
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1998), reflecting a shift in control of muscle glucose uptake from

glucose delivery and transport to glucose phosphorylation. The

decrease in resistance to glucose transport is consistent with the

translocation of GLUT4 to the plasma membrane. The decrease in

resistance to glucose delivery is predictable from the marked exercise

hyperemia. The concept that muscle glucose delivery was not a major

barrier to muscle glucose uptake during exercise (Halseth et al.,

1998) is consistent with results obtained with microdialysis

(MacLean et al., 1999). The shift in control of muscle glucose influx

to glucose phosphorylation during exercise is consistent with the

accumulation of glucose in muscle tissue from exercising humans

(Katz et al., 1986; Katz et al., 1991; Richter et al., 1998).

The second approach used to dissect control of glucose flux into

working muscle was the application of isotopic techniques to

mouse models with genetic increases in muscle GLUT4 and HK II.

As was the case with the countertransport model, this approach was

also based on Ohm’s Law, where 2[3H]DG was used to gain an

index of muscle glucose influx. The hypotheses that HK II

overexpression (deletion of RPhos in Fig.2) would increase the

capacity of muscle to consume glucose, whereas GLUT4

overexpression (deletion of RTransport in Fig.2) would have no effect

were tested (Fueger et al., 2004a; Halseth et al., 1999). Mice

overexpressing GLUT4 (GLUT4Tg) and/or HK II (HKTg) were

catheterized and underwent experiments >5days later. Consistent

with predictions of the countertransport approach, HKTg mice had

increased exercise-stimulated Rg, whereas GLUT4Tg mice did not.

A variation of the ‘control coefficient’ concept was applied to the

three steps of muscle glucose uptake and was calculated by the

equation derived from control theory (Kacser and Burns, 1995):

CTg �ln(Rg) / �ln(PTg) , (1)

where CTg is the control coefficient for the regulatory site of interest

and PTg is calculated from the GLUT4 and HK II expression in

GLUT4Tg and HKTg mice relative to their wild-type littermates. In

a closed system, the control coefficients sum to 1.0. A control

coefficient for glucose delivery is calculated as 1.0 minus the sum

of control coefficients for transport and phosphorylation steps. It is

assumed that the fold overexpression equals the functional increase

in the transgene product. The control coefficient in the fasted

sedentary state is highest at the transport step. During exercise, the

control coefficient for transport falls to zero, suggesting that the

muscle membrane is highly permeable to glucose because of

recruitment of GLUT4 from intracellular vesicles. The control

coefficient calculated for delivery also fell to very low levels,

suggesting that exercise-induced hyperemia largely removes the

glucose delivery barrier. During exercise, the onus of control very

clearly rests with the phosphorylation step. Notably, these results

are the same as those obtained using the countertransport approach.

Mice with a heterozygous or homozygous deletion of GLUT4

and mice with a heterozygous HK II deletion (complete knockout

is lethal) extend results obtained in GLUT4 and HK II

overexpressing mice. The Rg response to exercise was diminished

in mice with a partial HK II knockout (Fueger et al., 2003). A

heterozygous deletion of GLUT4 did not impair Rg in working

muscle (Fueger et al., 2004b); however, a complete deletion of

GLUT4 prevented the increase in Rg with exercise and led to

marked hyperglycemia (Fueger et al., 2007b). We tested the

hypothesis that if the glucose phosphorylation barrier in GLUT4

knockout mice was lowered by HK II overexpression, muscle

would then be sensitive to reduced transport capacity. This was in

fact the case (Fig.4). Lowering the phosphorylation barrier resulted

in a shift in control so that muscle glucose uptake was sensitive to

a 50% reduction in GLUT4 during exercise (Fueger et al., 2004c).

Fig.5 shows fractional muscle 2[3H]DG uptake in sedentary and

exercising mice with varying degrees of muscle GLUT4 and HK

II expression. Several significant points emerge: (1) GLUT4

overexpression increases fractional muscle 2[3H]DG uptake in

sedentary mice, whereas HK II overexpression does not; (2)

GLUT4 overexpression does not further increase the stimulatory

effect of exercise on fractional 2[3H]DG uptake; (3) muscle can

tolerate a 50% reduction in GLUT4 expression without

compromising sedentary and exercise-stimulated fractional

2[3H]DG uptake, provided that the phosphorylation barrier is not

Blood

Extracellular

Intracellular

Delivery

Transport

Phosphorylation

GLUT4

HK II

Fig.3. The flux of glucose from the blood to the membrane to muscle.

Steps 1, 2 and 3 represent glucose delivery, membrane transport and

phosphorylation steps, respectively. Hexagons labeled ‘G’ are glucose

molecules; those with an associated ‘P’ are glucose 6-phosphate. Green

ovals are glucose transporters. The figure illustrates the fasted, sedentary

state where few transporters are in the plasma membrane. Glucose 6-

phosphate inhibition of glucose phosphorylation is illustrated by a negative

feedback loop. The countertransport method estimates glucose gradients

across each step using radioactive glucose analogues. Transgenic mice

were used to alter sites of resistance at each step.
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Fig.4. Resistance to glucose phosphorylation and the impact of a 50%

reduction in GLUT4 on the index of skeletal muscle glucose uptake (Rg)

during exercise in mice. The absence of a single GLUT4 allele (GLUT4+/–)

in mice does not affect Rg during exercise when resistance to

phosphorylation is high. However, it leads to a marked reduction in Rg

when the resistance to glucose phosphorylation is reduced by HK II

overexpression. ‡P<0.05 compared with Rg in wild-type (WT) mice. *P<0.05

compared with Rg in mice overexpressing HK II (HKTg). Data are from

Fueger et al. (Fueger et al., 2004c).
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reduced by HK II overexpression; and (4) HK II overexpression

increases the maximum velocity (Vmax) of fractional 2[3H]DG

uptake during exercise. The shift in control from transport to

phosphorylation should not be interpreted as meaning that GLUT4

is not important in the regulation of muscle glucose uptake. GLUT4

translocation is the fulcrum that distributes the balance of control

between the three steps that control muscle glucose uptake. It is the

sensitive regulation of GLUT4 translocation that shifts the burden

of control from glucose transport to phosphorylation.

Determining the functional roles of AMPK and NOS signaling

In recent years, the roles of nitric oxide synthase (NOS) (Bradley

et al., 1999; Higaki et al., 2001; Lee-Young et al., 2010; McConell

et al., 2006; McConell and Wadley, 2008; Shearer et al., 2004)

and AMP-activated protein kinase (AMPK) (Canto et al., 2010;

Jensen et al., 2008; Jensen et al., 2009; Lee-Young et al., 2009;

Maarbjerg et al., 2009; Mu et al., 2001; Shearer et al., 2004) in

the regulation of glucose uptake by working muscle has received

considerable attention. Studies in vivo show extensive interaction

between the NOS and AMPK signaling pathways in working

muscle (Lee-Young et al., 2010; Lee-Young et al., 2009). We

have assessed how these signaling pathways affect barriers to

muscle glucose uptake in vivo. Mice expressing a dominant-

negative mutation of the AMPKa2 subunit within skeletal muscle

have an impaired Rg response to exercise when compared with

wild-type littermates exercising at the same relative work rate.

Surprisingly, however, this decrease appears to have been due not

to impaired glucose transport, but rather impaired glucose

delivery (Lee-Young et al., 2009). This result is consistent with

the demonstration that the AMPKa2 mutant mice had a reduction

in muscle NOS activity during exercise (Lee-Young et al., 2009),

whereas glucose transporter activity was unaffected (Maarbjerg

et al., 2009). Mice with a global endothelial NOS deletion also

have a marked decrease in glucose delivery to working muscle,

largely due to decreased blood flow (Lee-Young et al., 2010).

Remarkably, despite this decrease, glucose influx is greatly

accelerated, because of the rapid decline in muscle metabolic state

(Lee-Young et al., 2010). The ability to adapt to reduced glucose

delivery and sustain muscle glucose uptake reflects the powerful

nature of distributed control of muscle glucose uptake. It is

notable that endothelial NOS deletion results in impaired

mitochondrial function. One can speculate that the increased

reliance on glycolysis for energy production (as evidence by

marked increases in plasma lactate levels) reduces G6P

concentration. It can then be hypothesized that the reduction of

G6P reduces the control coefficient for glucose phosphorylation,

permitting high rates of glucose uptake even in the presence of

low glucose delivery rates.

Control of insulin-stimulated muscle glucose influx

Determining the functional roles of glucose delivery, transport and

phosphorylation 

The use of isotopic analogs was applied to the concept of

countertransport, as described above, to delineate barriers to

insulin-stimulated muscle glucose influx during hyperinsulinemic,

euglycemic clamps (insulin clamps) with physiological doses of

insulin in unstressed rats (Halseth et al., 1998; Halseth et al., 2000;

Halseth et al., 2001; O’Doherty et al., 1998). The countertransport

method showed that insulin decreases the muscle membrane

glucose gradient in a dose-dependent manner, reflecting a shift in

control of muscle glucose uptake away from glucose transport to

delivery and/or phosphorylation. These results were also consistent

with those obtained by muscle interstitial microdialysis (Holmang

et al., 1998; Rosdahl et al., 1998).

Examination of insulin-stimulated glucose flux control using

unstressed, transgenic mice during insulin clamps performed at

high physiological insulin levels showed remarkable agreement

with results obtained using the countertransport method in insulin-

clamped mice. Consistent with predictions of the countertransport

approach, HKTg mice (deletion of RPhos in Fig.2) had increased

insulin-stimulated Rg values (Fueger et al., 2004a; Halseth et al.,

1999), whereas GLUT4Tg mice (deletion of RTransport in Fig.2) did

not (Fueger et al., 2004b). Control of muscle glucose uptake using

the three-step process showed that the control coefficient for

glucose transport fell to near zero. Thus, as with exercise,

physiological insulin stimulation results in increased GLUT4

0

2

4

6

F
ra

c
ti
o
n

a
l 
2
[3

H
]D

G

u
p
ta

k
e

 (
µ

l 
1
0
0
 g

–
1
 m

in
–
1
)

0 1 2 3

GLUT4 protein (a.u.)

Effect of HK II overexpression

HK II overexpression

Wild-type littermates

ExerciseSedentary

Fig.5. Fractional 2-deoxyglucose (2[3H]DG) uptake in the gastrocnemius of

mice expressing 0-, 0.5-, 1.0- and ~3.5-fold wild-type GLUT4 levels during

exercise or in the sedentary state. GLUT4 only affected fractional 2[3H]DG

uptake in the sedentary state when it was overexpressed. However, the

absence of GLUT4 caused a marked attenuation of fractional 2[3H]DG

uptake during exercise regardless of whether HK II was overexpressed. HK

II overexpression had no effect on the response during saline infusion but

increased the exercise. Data points are means ± s.e.m. of 8–11 in vivo

mouse experiments. Modified from Wasserman (Wasserman, 2009).

0

5

10

15

R
g
 (

µ
m

o
l

1
0
0
 g

 t
is

s
u
e

–
1
 m

in
–
1
)

HKTg

‡

HKTg+
GLUT4+/–

Low resistance to
phosphorylation

WT GLUT4+/–

*

Fig.6. Resistance to glucose phosphorylation and the impact of a 50%

reduction in GLUT4 on the index of skeletal muscle glucose uptake (Rg)

during the steady-state period of a 4.0mUkg–1min–1 insulin clamp. The

absence of a single GLUT4 allele (GLUT4+/–) in mice does not affect Rg

during physiological insulin stimulation when resistance to phosphorylation

is high. However, it leads to a marked reduction in Rg when the resistance

to glucose phosphorylation is reduced by HK II overexpression. ‡P<0.05

compared with Rg in wild-type (WT) mice. *P<0.05 compared with Rg in

mice overexpressing HK II (HKTg). Data are from Fueger et al. (Fueger et

al., 2004b).

THEJOURNALOFEXPERIMENTALBIOLOGY



259Glucose uptake in vivo

translocation and a precipitous fall in the control coefficient for

transport. The difference between insulin stimulation and exercise

is that with insulin, control of muscle glucose uptake is shared

between glucose delivery and phosphorylation, whereas during

exercise the onus of control rests with the phosphorylation step.

Again, these results are the same as those obtained using the

countertransport approach in rats.

Mice with a heterozygous or homozygous deletion of GLUT4

and mice with a heterozygous HK II deletion extended results

obtained in insulin-clamped GLUT4 and HK II overexpressing

mice. A reduction in HK II impairs whole-body insulin sensitivity

and heart Rg, but not Rg of the gastrocnemius muscle (Fueger et al.,

2007a). As was the case with exercise, a 50% reduction in GLUT4

did not impair Rg in insulin-stimulated states (Fueger et al., 2004b).

Muscle can tolerate a 50% reduction in GLUT4 during insulin

stimulation provided that the barrier to glucose phosphorylation is

not removed by HK II overexpression (Fueger et al., 2004b).

However, in the absence of a barrier to glucose phosphorylation,

membrane glucose transport becomes a limitation to muscle

glucose uptake (Fig.6).

The fractional skeletal muscle 2[3H]DG uptake in saline-infused

and insulin-clamped mice with varying degrees of muscle GLUT4

and HK II expression is summarized in Fig.7. The relationships of

these proteins to muscle 2[3H]DG uptake in insulin-clamped mice

is generally similar to the response in exercised mice (Fig.5). It can

be readily seen that: (1) GLUT4, but not HK II, overexpression

increases fractional muscle 2[3H]DG uptake in saline-infused mice;

(2) GLUT4 overexpression does not increase the stimulatory effect

of a physiological increase in insulin on fractional 2[3H]DG uptake;

(3) muscle can tolerate a 50% reduction in GLUT4 expression

without affecting insulin-stimulated fractional 2[3H]DG uptake;

and (4) HK II overexpression increases the Vmax of fractional

2[3H]DG uptake during an insulin clamp conducted at

physiological hyperinsulinemia. We interpret these findings to

mean that the sensitive regulation of GLUT4 translocation

increases glucose membrane permeability to the point where the

onus of control shifts from glucose transport in the saline-infused

state to glucose phosphorylation (and glucose delivery) under

insulin-clamped conditions.

Barriers to muscle glucose uptake in the diet-induced insulin-

resistant state

Insulin resistance can be associated with deficits in muscle blood

flow (Clerk et al., 2007; Duplain et al., 2001; Inyard et al., 2009;

Laakso et al., 1992), membrane glucose transport (Han et al., 1995;

Liu et al., 1996; Zierath et al., 1997) and intracellular capacity to

phosphorylate glucose (Bonadonna et al., 1996; Braithwaite et al.,

1995; Pendergrass et al., 1998; Williams et al., 2001). We

delineated the steps that cause the functional impairment in muscle

glucose uptake by applying the countertransport method to rats fed

a high-fat diet. Results showed that extracellular and intracellular

resistances were the two chief causes of the resistance of muscle

glucose uptake to insulin. This is not to say that transport is normal.

Evidence clearly shows that glucose transport is defective with diet-

induced insulin resistance (Liu et al., 1996). The countertransport

experiments show, however, that the primary functional limitations

are in glucose delivery and phosphorylation in this model. The

pathogenesis of insulin resistance is further complicated when one

considers that extracellular barriers to glucose delivery are also apt

to be barriers to insulin delivery. Impaired insulin delivery will

impact muscle glucose uptake and metabolic regulation in general

if the barrier to insulin delivery is sufficiently large.

Mice of the C57Bl/6J strain develop insulin resistance on a high-

fat diet (Surwit et al., 1988) and were used to determine the

functional deficits that make muscle insulin resistant. The

hypothesis that HK II overexpression could correct insulin-

stimulated muscle glucose uptake in mice fed a high-fat diet was

tested. In contrast to the marked effect of HK II overexpression on

insulin-stimulated muscle glucose uptake in mice fed chow, there

was no effect in mice fed the high-fat diet (Fueger et al., 2004a)

(Fig.8). This suggested that the glucose phosphorylation barrier

was not the functional limitation causing insulin resistance to

0

0.5

1.0

1.5

F
ra

c
ti
o
n

a
l 
2
[3

H
]D

G

u
p
ta

k
e

 (
µ

l 
1
0
0
 g

–
1
 m

in
–
1
)

0 1 2 3

GLUT4 protein (a.u.)

Effect of HK II overexpression

HK II overexpression

Wild-type littermates

InsulinSaline

Fig.7. Fractional 2-deoxyglucose (2[3H]DG) uptake in the gastrocnemius of

mice expressing 0-, 0.5-, 1.0- and ~3.5-fold wild-type GLUT4 levels during

the steady-state period of a 4.0mUkg–1min–1 insulin clamp or during an

equal duration saline infusion. HK II content was either normal (WT) or the

protein was overexpressed. GLUT4 only affected fractional 2[3H]DG uptake

during saline infusion when it was overexpressed. However, the absence of

GLUT4 caused a marked attenuation of fractional 2[3H]DG uptake during

insulin stimulation regardless of whether HK II was overexpressed. HK II

overexpression had no effect on the response during saline infusion but

increased the maximal response to insulin. Data points are means ± s.e.m.

of 8–11 in vivo mouse experiments. Modified from Wasserman

(Wasserman, 2009).

0

5

10

15

Index of skeletal

muscle glucose

uptake

(µmol 100 g–1 min–1)

HKTg

Chow fed High fat fed

WT

*

*
,†

SVL

HKTgWT

* *
,‡

0

5

10

15

*

*
,†Gastroc

*
*

,‡
Insulin-clamped

Saline-infused

Fig.8. Glucose metabolic index measured using 2-deoxyglucose (2[3H]DG)

was measured for the gastrocnemius and superficial vastus lateralis (SVL)

during the last 30min of a 120-min saline infusion or hyperinsulinemic-

euglycemic clamp (4.0mUkg–1min–1) experiment on conscious,

unrestrained mice fasted for 5h. Wild-type (WT) or HK II overexpressing

(HKTg) mice were fed either a standard diet or a high-fat diet up to the age

of 4months of age and fasted for 5h. Data are means ± s.e.m. for 7–14

mice per group. *P<0.05 vs saline condition; †P<0.05 vs WT standard diet;
‡P<0.05 vs HKTg standard diet. Data are from Fueger et al. (Fueger et al.,

2004b). Figure reproduced from Wasserman (Wasserman, 2009).

THEJOURNALOFEXPERIMENTALBIOLOGY



260

muscle glucose uptake. The countertransport data showed that

extracellular resistance was the chief site of resistance to muscle

glucose uptake. To further test this finding, we treated mice fed the

high-fat diet for 3months with the PDE5a inhibitor, sildenafil

(Ayala et al., 2007). PDE5a is expressed in vascular smooth muscle

and causes breakdown of cyclic guanosine monophosphate

(cGMP). cGMP signals relaxation of vascular smooth muscle.

Inhibition of PDE5a with sildenafil treatment results in increased

cGMP levels and decreased vascular resistance (reduction in

RExtracell in Fig.2). We showed that this compound increases

insulin-stimulated muscle Rg in mice fed the high-fat diet and it did

so without improving muscle insulin signaling (Fig.9). This

supports the theory that inhibition of PDE5a acts by lowering the

barrier to glucose delivery and, by doing so, decreases insulin

resistance. One would predict that sildenafil increases insulin

delivery to the muscle as well. The fact that insulin signaling was

not enhanced would suggest that the improved Rg response was not

due to greater insulin availability. Sildenafil treatment had other

consequences, including increased energy expenditure and

decreased body weight. So although sildenafil is effective at

improving insulin-stimulated muscle glucose uptake in the insulin-

resistant mouse, more work is required before the mechanism of

action can be fully defined (Ayala et al., 2007). 

Conclusions

For decades, the presumption by researchers was that muscle

glucose uptake is rate limited by membrane transport. This

conclusion was based almost entirely on studies conducted in vitro.

In the whole organism, the paradigm for control of glucose flux

into muscle is much different. This paradigm posits that muscle

glucose uptake is under distributed control by processes that control

glucose delivery to, membrane transport into and phosphorylation

within muscle. This model recognizes that the liver and gut are also

important determinants of muscle glucose uptake as they maintain

glucose concentrations and sustain muscle glucose delivery.

Moreover, feedback inhibition of HK II by G6P provides a means

by which the distribution of control is transferred to pathways

downstream of glucose phosphorylation (i.e. glycogen synthesis

and glycolysis). This enables the linkage of energy metabolism/

storage with glucose flux. Here we show, using isotopic methods

and transgenic/mutant mice, that each of these three steps can be

formidable barriers to muscle glucose uptake under physiological

conditions. The therapeutic implication is that one or more of these

steps should be effective targets for treatment of glucose

intolerance and insulin resistance. Here we showed the importance

of a therapy that targets the glucose delivery step.
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