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The maintenance of normal blood glucose levels at rest
and during exercise is critical. The maintenance of
blood glucose homeostasis depends on the coordina-
tion and integration of several physielogical systems,
including the sympathetic nervous system and the en-
docrine system. During prolonged exercise inmcreased
demand for glucose by contracting musele causes to
increase glucose uptake to working skeletal muscle.
Increase in glucose uptake by working skeletal muscle
during prolonged exercise is due to an increase in the
translocation of insulin and contraction semsitive glu-
cose transporter-4 (GLUT4) proteins to the plasma
membrane. However, normal bleod glucose level can
be maintained by the augmentation of glucose produc-
tion and release through the stimulation of liver glyco-
gen breakdown, and the stimulation of the synthesis of
glucose from other substances, and by the mobilization
of other fuels that may serve as alternatives. Both
feedback and feedforward mechanisms allow glycemia
to be controlled during exercise. This review focuses
on factors that control blood glucose homeostasis dur-
ing prolonged exercise.
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Introduction

Under normal circumstances, many physiological control
mechanisms ensure that there is a relatively close match-
ing of the uptake of glucose (i.e., glucose rate of disap-
pearance; R4) by tissues and the appearance of glucose
(i.e., glucose rate of appearance; R,) in the bloodstream. .

* To whom correspondence should be addressed.
Tel: 82-2-2123-6187; Fax: 82-2~2]23-6187
E-mail: ssh@yonsei.ac.kr S S AU N

This matching of uptake and appearance, reflected by a

.relatively constant blood glucose concentration over a wide

range of circumstances, is controlled by regulatory factors
governing both uptake and production (Wolfe, 1992). The
maintenance of nearly normal blood glucose levels is al-

ways of primary importance. Normal blood glucose. con-...
centrations are in the range of 4-5.5 mM (90-100 mg/dl)

and are required for optimal function of the brain and nerv-
ous system. Exercise causes increased glucose uptake from

{Geor et al., 2000; McConell et al., 2000) and feedforward
{Kjaer et al 1986 1991) regulatory controls The coordi-.

hqmggsj_as:s_dunna,exexcxse. m,oaxemﬁd by honnona,lwrggg- .

lation, autopomic nervous.system,.and alterations..in.en= .,

zyme activities.{Brooks et al., 2005).

This review focuses on factors that control blood glu-
cose homeostasts during prolonged exercxse Especially, it
will include the following aspects: 1)/regulat10n of skele-
tal muscle glucose uptake 2}/ regulation of hepatic glu-
cose production, and 3} effects of endurance training on
gliucose kinetics.

Regulation of skel_étal muscle glucose
uptake during exercise

Exercise is a potent stimulus for skeletal muscle glucose
uptake. In healthy, post-absorptive individuals, glucose
uptake from the blood satisfies 15-30%_ of the energy
requirement of the working muscle durmo moderate exer-
cise {Wahren et al.; 1971), which can_increase to 40%
during high_intensity exercise. The work rate-dependent

o

the blood. During exercise, blood glucose level can. be/g) s
maintained or mcreased by augmented release of glucose = .
from the tiver and kidneys into blood, as well as by the ¢ 5/
moblhzanon of other fuels that may serve as. altematlves y
(Brooks et al., 2005). The increase in hepatic glucose out- “
put is accomplished through a combination of feedback 4”7 2
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increase in glucose uptake is disproportionately greater at
intensities greater than 50% VOqu,, (Cooper ef al., 1989;
Wabhren er al., 1971). The increase in skeletal muscle glu-

. cose uptake during exercise results from a coordinated.

increase in rates of glucose delivery, membrane glucose
transport, and intracellular substrate flux through glycoly-

‘sris (Rose and Richter, 2005). The magnitude of the in-

crease in muscle glucose uptake is influenced.by. both.
exercise intensity..and-duration. Probably, the most influ-
ential factor for the magnitude of increase in muscle glu-
cose uptake during exercise in the post-absorptive state is
exercise-intensity, with skeletal muscle glucose uptake
being greater at higher exercise intensities (Romijn et al,
1993; Wahren ef al.,
combination of greater hber recmitment (Gollmck et al.,
1974) as well as higher metabolic stress on active-muscle

fibers.(lhelemann ef al., 1999a; 1999b) at higher exgrcxse
intensities. During exercise, the major metabolic fate of

blood glucose after entry into skeletal muscle cells is gly-
colysis {(Williams et al., 1995; Zinker et al., 1993) and
subsequent oxidation (Jeukendrup et al., 1999a; Zinker et
al., 1993).

Glucose transport across the muscle cell membrane oc-
curs by facilitated diffusion in a process that is not energy
dependent and exhibits Michaelis-Menten saturation ki-

netics, thereby suggesting the presence of a membrane

carrier of transporter. Muscle glucose transport capacity
sets the rate of membrane glucose transport at any trans-
multiple 1sotorms of glucose ,transporters. During exercise
the most important glucose transporter is GLUT4, be-
cause systemic (Ryder et al., 1999) and muscle-specific
(Zisman et al., 2000) GLUT4 knockout abolishes contrac-.
tion-stimulatedglucose..uptake, at least when studied in
vitro. Several studies suggest that glucose transport is rate
limiting for glucose uptake into muscle during exercise.
Membrane transport capacity depends upon the number
and possibly intrinsic activity of the glucose transporter
proteins in the sarcolemma. Many studies have demon-
strated that increase in ghicose transport is due to an in-
crease in the number of GLUT4 transporter proteins in the
plasma membrane, as a result of translocation from and
intracellular storage site (Goodyear et al, 1990; 1991).
Because the increase in muscle glucose transport and up-
take is often larger than the increase in plasma membrane
glucose transporter number, it has been suggested that
there is also an increase in the intrinsic activity of glucose
transporter (Goodyear et al., 1990).

Contraction and insulin both increase the transport of

; glucose into muscle cells Constabl‘e et al. { }988) have

=

There is evidence that there are distinct contraction and
insulin-responsive GLUT4 vesicle pools in skeletal mus-
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Fig. 1. Potential mechanisms by which insulin and contractions
stimulate GLUT4 translocation from intracellular pools to the
plasma membrane and transverse tubules (T-tubules) in skeletal
muscle. Insulin-stimulated GLUT4 translocation may involve
insulin receptor substrate 1 (IRS-1) and phosphatidylinositol 3-
kinase (P1 3-K). Contraction-stimulated GLUT4 translocation
may involve mitogen-activated protein kinase (MAPK; ERK,
INK, p38 MAPK). The contraction signal is probably initiated
by release of calcium (Ca™) from sarcoplasmic reticulum (SR)
and may involve calmodulin (CaM), Ca™"-CaM dependent pro-
tein kinase (CaMK), and protein kinase C (PKC).

cle (Douen et al., 1990; Lemieux ef al., 2000; Ploug ef af.,
1988) and that the molecular signals that trigger increased
glucose transport and surface membrane GLUT4 (Fig. 1)
are different when comparing insulin and contraction
stimulation {Thelemann ef al., 1999a; Wright et al., 2004).

Exercise increases the sensitivity of skeletal muscle to the .

action of 1nsuhn which together with increased insulin
flow due to enhanced muscle flow, may overcome a re-

duction in plasma insulin levels. Furthermore, insulin,

affects muscle glucose uptake via its inhibitory effects on
adlpose tissue_lipolysis and muscle glycogenolysis (Ya-
matani et al., 1992).

Recent studies using genetic manipulation to alter the
expression of proteins involved in glucose transporter and
metabolism have shed sem;aliglgtﬁcg@osmble limiting
steps in glucose uptake during exercise. It has been dem-
onstrated that neither GLUT4 overexpression nor partial
knockout alter exercise-stimulated increases in skeletal
muscle glucose uptake in vivo (Fueger et al., 2004a;
2004b), suggestlng that ~only a a_percentage of the total

brane permeablhty with exercise. Further studies usmc
mice with skeletal muscle hexokinasell (HKII) overex-
pression or partial knockout implicate an important role

for HKII in the regulation of glucose uptake by working

murine muscle in vivo (Fueger et al., 2003; 2004a; 2004b).
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However, there is little evidence that skeletal muscle HK
activity is altered by acute contractile activity or exercise,
and that there have not been studies examining the rela-
tionship between HK activity and glucose uptake with
exercise.

Despite considerable research, relatively little is known .

transport Calcmm (Ca +) has been recoomzed‘as a stxmu—'
lator of glucose transport in musele (Holloszy, 2003),
although the down stream events that ultimately increase
glucose transport have not been fully described. Ca™ may
act via signaling pathways sensitive to Ca™ such as the
conventional isoforms of protein kinase C (PKC «, B, v)
and the calcium/calmodulin-dependent protein. kinase
(CaMK). It has recently been demonstrated that exercise
increase CaMK activity in human skeietal muscle (Rose
and Hargreaves, 2003) and that inhibiting CaMK reduces
glucose transport during contractile activity in incubated
muscle (Wright et al, 2004). The signaling through
CaMK isoforms is probably related to the motor nerve
activity and could be regarded as a feedforward regulation.
Recently, much evidence has accumulated that the de-
crease in | hxgh—energy phosphates (~P) induced by con-
tractions plays a major role in the activation of muscle
glucose transport. This effect is mediated by AMP-ac-
tivated protein kinase (AMPK) by the decrease in phos-
phocreatin (PCr) and adenosine triphosphate {ATP) and
the increase in adenosine monophosphate (AMP) during
contractions (Hayashi ef al., 2000; Mu et al., 2001).

Another signal that potennally regulates glucose trans-
port in ‘muscle during exercise is mitogen-activated protein
kinases (MAPK). MAPK kinases, including extracellular
regulated kinases (ERK) and the stress-activated protein
kinases, JNK and p38 MAPK, are activated by insulin and
exercise (Ryder er al, 2001; Sakamoto and Goodyear,
2002). Although ERK activation has been implicated in the
stimulation of glucose transport by 5-aminoimidazole-4-
carboxamide 1-B-D-ribofuranoside (AICAR) and exercise
(Chen et al, 2002), inhibiting a kinase upstream from
ERK does not affect glucose transport during muscle con-
traction (Wojtaszewski et al., 1999). More studies are
required to elucidate the importance of MAPK pathways
in activating glucose transport during exercise.

Regulation of hepatic glucose production
during exercise

Maintaining adequate blood glucose supply is critical
during exercise because it constitutes an appreciable frac-
tion of the fuel for the working muscle and, as is the case
at rest, supplies virtually all the fuel for the central nerv-

ous s stem Durm the early stages of exercise muscie
Y 8 )’Pgw

whereas c1rculatmg c,lucose and non-ester;ﬁed fatty aczds

Glucose Homeostasis During Exercise

become essential with increasing exercise duration. An
increase in exercise intensity amplifies the need for car-
bohy&}ates and intra- and extra-muscular sources of glu-
cose ‘are utilized at greater rates (Brooks and Mercier,
1994). Despite the reliance of the working muscle on glu-
cose, arterial levels are generally constant.

The liver plays an important regulatory role in maintain~
ing blood glucose homeostasis by matching the increased
rate of muscular glucose utilization with a quantitatively
equaj rate of glucose production. The tracer methodology
to measure glucose flux (production and utilization) is
shown in Fig. 2. This task takes on added complexity dur-
ing prolonged exercise, since the energy requirement at a
given work intensity is constant, but hepatic glycogen
stores decrease. Thus, to maintain glucose homeostasis
and sustain giucose delivery to muscie under these condi-
tions, the liver must conserve carbon-based compounds,
such as lactate, glycerol, and certain amino acids by
channeling them into the gluconeogenic pathway.

During moderate intensity exercise, the blood glucose
level remains relatively constant, despite a marked exer-
cise-induced rise in peripheral uptake of glucose in con-
tracting muscle uptake (Kjaer et al., 1991), and a major

drop in blood glucose is not observed unless exercise is

prolonced for several hours (Ahlborg et al., 1974). This
indicates that the exercise-induced rise in hepatlc glucose
output matches the increased glucose uptake by contract-
ing skeletal muscle as long as sufficient stores of glyco-
gen are present in the liver. In contrast, if exercise be-
comes more intense, blood glucose is usually found to
increase in humans, indicating that the hepatic glucose
output exceeds the peripheral glucose uptake (Kjaer et al.,
1991). This confirms the hypothesis that mechanisms
other than feedback regulation to maintain euglycemia are
involved in the mobilization of glucose from the liver
during exercise.

Hepatic glucose production during exercise:
glycogenolysis and gluconeogenesis

In the transition from rest to exercise, liver glucose pro-
duction increases due to an enhancement of both glyco-
genolysis and gluconeogenesis. In the early stages of fast-
ing and during the initial stages of moderate and high in-
tensity exercise, almost the entire increase in splanchnic
glucose output is caused by an accelerated hepatic glyco-
genolysis (Hultman and Nilsson, 1971; Sonne et al,
1987). Liver glycogenolysis occurs following the activa-
tion of glycogen phosphorylase and simuitaneous inacti-
vation of glycogen synthase through a series of phos-
phorylation reactions initiated by hormones such as glu-

Wne The contribution of glyco-
genolysis is demonstrated by an exercise-induced reduc-

tion in liver glycogen content both in the rats (Sonne ef al.,
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Fig. 2. Tracer methodology to measure glucose flux. With the
continuous infusion of isotope tracer, such as [6,6-"H]glucse,
and [*CJglucose, and by measuring the plasma glucose isotopic
enrichment at steady state, it is pessible to determine the glu-
cose rate of appearance {(glucose R,) from the dilution of the
infused glucose isotope tracer. If the tracee (i.e., endogenously
produced glucose) concentration does not change over time,
glucose rates of appearance and disappearance (glucose Ry) are
the same.

1987) and in humans (Hultman and Nilsson, 1971). The
liver glycogen content influences the magnitude of glu-
cose output during exercise. During treadmill running a
correlation was found between the rise in hepatic glucose
output and liver glycogen levels, indicating that liver gly-
cogen concentration is an important determinant of liver
glycogenolysis and, therefore, of glucose production
(Sonne and Galbo 1986; Sonne et al., 1987). In trained
men, liver glycogen contents are larger compared-with
physically untrained counterparts (Galbo et al, 1975).
Hepatic glucose output during exercise was greater mA
trained than in untrained rats (Brooks and Donovan, ™
1983) and greater in endurance trained athletes than ih
untrained healthy control subjects when c,mups were
compared at identical relative workloads (Kjaer et al,
1987). Therefore, the glycogenolytic activity an thereby
the glucose mobilization from the liver during exercise is.
dependent on the glycogen of the liver.

Hepatic gluconeogenesis is as important as giyco-
genolysis. It has been estimated that gluconeogenesis ac-
counts for ~20% of glucose production at rest and during
low-to moderate-intensity exercise in humans {Stanley et
al., 1988) but accounts for 40-70% glucose production
under similar conditions in rats {Brooks and Donovan,
1983). The increase in liver gluconeogenesis during pro-
longed exercise is important for the conversion of glyc-
erol, lactate, and amino acids into glucose in order to de-
lay depletion of liver and muscle glycogen. The rate of
gluconeogenesis is mainly controlled by the activities of
the unidirectional enzymes, phosphoenol pyruvate car-
boxylase (PEPCK), fructose 1,6-bisphosphatase (FP2ase),
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and glucose 6-phosphatase (G6Pase). (Raddatz and
Ramadori, 2007). The gene_transcription of these glu-
coneogenic_enzymes is controlled by hormones, mainly
insulin, ,:,Iucaoons and °1ucoc0rt1cmds While insulin
inhibits gluconeogenesis by suppressing the expression of
PEPCK and Gé6Pase, glucagons and glucocorticoids stimu-
late gluconeogenesis, thereby hepatic glucose production
by inducing these genes (Raddatz and Ramadori, 2007).
When gluconeogenesis is blocked in rats by administra-
tion of mercaptopicolinic acid (MPA), exercise endurance
time is diminished by approximately 30% in both trained
and untrained rats (John-Adler et al_, 1986). Turcotte ef al.
{1990} have demonstrated that MPA-treated rats have no
measurable glucose recycling, and decreased blood glu-
cose conceniration (35%) and increased lactate concentra-
tion {160%) during exercise.

The absorptive state of the organism influences the
relative importance of gluconeogenesis. While glyco-
genolysis occurs within 2-6 h after a meal, gluconeo-
genesis has a greater importance with prolonged fasting.
In subjects who fasted for 60 h, almost all of the increase
in splaochnic glucose output during mild exercise is due
to uptake gluconeogenesis precursors (Bjorkman et al.,
1981). In contrast, if subjects receive glucose before exer-
cise, a diminished splanchnic uptake of gluconeogenesis
precursors is observed, most likely resulting in a reduced
contribution of gluconeogenesis (Ahlborg and Felig,
1977).

Feedback regulation

Feedback mechanisms have been considered to be very
important for a precise matching of hepatic glucose out-
put to the increased glucose requirements of contracting
muscles. It has been suggested that a major regulating
mechanism is a change in blood glucose levels per se,
reflecting changes in need for substrate mobilization. In
support of this, infusion of glucose during exercise, in
order to mimic the exercise-induced increase in hepatic
glucose production in control experiments, resulted in an
abolition of the endogenous glucose production during
moderate intensity exercise [60% maximal oxygen con-
sumption (VO;pay)] in both humans (Jenkins et al., 1985)
and rats (Vissing ef al., 1988). The fact that glucose infu-
sion in these experiments resulted in only a very moderate
change in plasma glucose (45 mg%) indicates that he-
patic glucose production is very sensitive to feedback
signals and furthermore, that signals that contribute to an
exercise-induced increase in glucose production can be
inhibited by glucose infusion. Some studies using glucose
ingestion have shown total abolishment of glucose pro-
duction in exercising humans (Jeukendrup et al,
1999b), some have shown a reduction in the exercise-
induced increase in R, (Geor ef al_, 2000; McConell et al.,
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2000}, and finally some have shown an absence of exer-
cise-induced hepatic glucose production under hyper-
thermic conditions (Angus ef al., 2001). This indicates
that feedback signals are active during muscular contrac-
tion, and are responsible for the exercise-induced increase
in mobilization of glucose.

Feedforward regulation

Several studies have found that glucose concentration
dose not decrease, but rather increase, during intense ex-
ercise. This has been found to be caused by an exercise-
induced rise in hepatic glucose production that exceeds
the rise in peripheral glucose uptake in both exercising
rats {Sonne and Galbo, 1985) and humans {Kjaer et al,
1986; 1991). This mismatch between glucose production
and peripheral glucose uptake is more pronounced with
increasing work intensity (Kjaer et al, 1986; 1991) and
early in exercise compared with late in exercise (Kjaer et
al., 1987; Sonne and Galbo, 1985). This indicates that
mobilization of hepatic glucose in response to exercise is
determined, in part, by activity in motor centers in the
central nervous system (central command) and that glu-
cose production is subject to feedforward rather than
feedback regulation.

It is apparent that there are numerous mechanisms that
may activate glucoregulatory processes during exercise.
One of the main difficulties in deciphering the contribu-
tions of feedback and feedforward regulation is that more
than one mechanism may act simultaneously. As a conse-
quence, the effect of an absence of one mechanism,
whether it is abolished experimentally or through disease
or injury, may be difficult to identify because of compen-
sation from an alternate pathway.

Effects of endurance training on glucose
kinetics

Both longitudinal and cross-sectional exercise training
studies reveal that glucose utilization during exercise is
decreased compared to the untrained state at the same
absolute exercise intensity (Carter et al., 2001; Coggan et
al., 1995; Miller et al., 2002; Richter ef al, 1998; van
Loon et al., 1999). Recently, several longitudinal studies
reported that endurance training at the same relative exer-
cise intensity results in similar whole body glucose kinet-
ics (Bergman et al., 1999; Friedlander ef al., 1997; 1998;
Miller et al, 2002). Furthermore, by using arterial-venous
(a-v) balance the same investigators showed that active
skeletal muscle was largely responsible for reducing ghi-
cose Ry at the same absolute workload post-training, but
that at the same relative workload, the active muscle actu-
ally took up approximately the same amount of glucose as

it did in pre-training (Bergman et al., 1999). These obser-
vations (Bergman ef al., 1999) are important because they
confirm that the endurance training-induced reduction in
glucose R, was due to a reduced uptake of glucose by
skeletal muscle.

While endurance training decreases glucose kinetics,
the skeletal muscle GLUT4 protein content (Houmard er
al , 1993; Kristiansen et al., 2000; Phillips ef al, 1996;
Ploug et al, 1990; Richter ef al, 1998) paradoxically in-
creases during exercise. This indicates that factors, such
as translocation, other than total skeletal muscle GLUT4
content are involved in the regulation of glucose uptake
during exercise.

The overall rate of carbohydrate oxidation, as deter-
mined by indirect calorimetry, was also lower throughout
exercise after endurance tramning. Quantitatively, this de-
crease was greater than the accompanying reduction in
glucose Ry, indicating that muscle glycogen utilization
must have been lower after endurance training. In fact,
during the first 30 min of exercise most of the carbohy-
drate-sparing effect of training appeared to have been due
to a showing of muscle glycogen utilization. After this
time reduced glucose turnover is as important. Coggan et
al. (1995) demonstrated that the lower glucose R, during
exercise is mostly due to a slower rate of hepatic glyco-
genolysis. Reductions in muscle and liver glycogen utili-
zation therefore contributes roughly equally to the overall
carbohydrate-sparing effect of endurance training, at least
during moderate exercise at same absolute workload.

Summary

The maintenance of normal blood glucose levels depends
on the integrated functioning of several systems. This
integration is affected by transmitter substances released
from the sympathetic nervous system and the endocrine
system. During prolonged exercise, the increased demand
for glucose by contracting muscle causes to increase glu-
cose uptake to working skeletal muscle.

The increase in glucose uptake during exercise arises
from both an increase in glucose delivery to contracting
muscle, as a result of elevated skeletal muscle blood flow,
and an increase in glucose extraction, as measured by the
arteriovenous glucose difference. Increased glucose ex-
traction by contracting muscle is due to enhanced mem-
brane glucose transporter and activation of the glycolytic
and oxidative pathways responsible for glucose disposal.

During exercise the glucose production is derived
mainly from liver glycogenolysis, and only a small part
{10-20%) is explained by gluconeogenesis. With increas-
ing exercise duration (several hours) the contribution of
gluconeogenesis rises to about 50% of the total liver glu-
cose production. This rise occurs in parallel with a decline
in liver glycogen stores and an increase in supply of glu-
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coneogenic precursors to the liver.

Both feedforward and feedback mechanisms allow gly-
cemia to be controlied during exercise. At the onset of
exercise, and during moderate to hard intensity exercise,
feedforward mechanisms operate to maintain or increase
circulating blood glucose. The central mechanisms cou-
pled to the degree of motor center activity are responsible
for an increase in glucose mobilization that exceeds the
peripheral glucose uptake, resulting in a rise in blood glu-
cose level during intense exercise. However, if blood glu-
cose concentration falls during prolonged exercise, then
powerful feedback response are elicited to maintain blood
glucose levels. The control of glycemia during exercise is
a multi-component and highly redundant system.

Endurance training reduces glucose flux during exer~
cise at a given power output. However, when expressed at
a given relative power output, endurance training does not
affect glucose kinetics. In addition, endurance training
may enhance to utilize lipids during mild to moderate
exercise, but the transition to hard exercise appears to
result in a crossover to predominantly carbohydrate utili-
zation regardless of training status.
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