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ABSTRACT

The aims of this thesis were to assess the hormonal, metabolite, and metabolic
responses to carbohydrate ingestion and to maintained hyperglycaemia using the
glucose clamp technique in well-trained subjects. Carbohydrates were ingested before
and duning prolonged cycling in two forms i.e. glucose and maltodextrin. Performances
were assessed as times to exhaustion. The hyperglycaemic clamp studies were
employed on subjects under resting and exercise conditions. The effect of dietary
status was investigated in the exercise study.

Ingestion of carbohydrate either before or during prolonged exercise produced
consistent findings 1n terms of promoting carbohydrate oxidation (P<0.01). The
resultant elevation of plasma glucose compared with placebo ingestion led to
significant increases in plasma insulin but diminished concentrations of glucagon, the
catecholamines, non-esterified fatty acids (NEFA), and B-hydroxybutyrate (B-OH).
The consequences of the increased availability of carbohydrate were an increased time
to exhaustion. No significant differences were observed between the forms of
carbohydrate ingested for hormonal, metabolite, and metabolic measures, nor was
there a significant difference in times to exhaustion.

The hyperglycaemic clamp technique proved reliable under resting and exercise
conditions since plasma glucose concentrations of 12 mM were readily maintained.
Under conditions of rest and exercise, maintained hyperglycaemia significantly
impaired concentrations of plasma lipids, glucagon, the catecholamines, and cortisol,
whereas plasma insulin was elevated. These changes resulted in increasing rates of
glucose utilisation at rest, whilst during exercise maximal rates approaching 2 g min™
were achieved. A small, but significant (P<0.01), muscle glycogen sparing was
observed after exercise when hyperglycaemic.

The effects of muscle glycogen depletion resulted in a significant shift towards lipid
metabolism when compared with muscle glycogen loading (P<0.05), which in turn
inhibited liptd metabolism. The contribution of exogenous glucose to the total
carbohydrate oxidation rate reached 100% when in the depleted state, but only
reached 80% when glycogen loaded. The total rate of carbohydrate oxidation was
found to be significantly elevated when loaded (P<0.05), and the plasma insulin
concentrations were significantly elevated (P<0.05). .

The effects of maintained hyperglycaemia during exercise on the plasma and red-cell
amino acid concentrations caused a significant increase in alanine; a larger increase was
evident in red-cell concentration than plasma concentration. Smaller or non-significant
changes were found with the branched-chain amino acids.

The overall findings support the view that increases in supply of exogenous
carbohydrates lead to an increase in the utilisation of carbohydrates as an energy
source at the expense of lipids. This occurs due to the operation of the glucose-fatty
acid cycle and to hormonal regulation. Maintaining hyperglycaemia at 12 mM does
appear to compromise the glucose-alanine cycle and, when carbohydrate depleted, the
glucose-fatty acid cycle.
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1. INTRODUCTION



1l. INTRODUCTION

During exercise, the muscle cells provide a continual release of
energy in the form of ATP to the contractile elements.

There are several mechanisms for this production of ATP, all of
which depend ultimately upon the uptake and oxidation of
nutrients consumed and then stored in the body. Carbohydrates,
fats and protein provide the necessary energy; in comparison to
the fat and protein stores, the carbohydrates are severely
limited. Approximately 400 g and 70 g of glycogen are stored in
skeletal muscle and liver, respectively. Assuming a resting
muscle glycogen concentration of 130 mM kg™*, an active muscle
mass of 22 kg while running at 70% maximal oxygen uptake
(VO,max), and a glycogenolytic rate of 1.4 mM kg?! min'?, it is
estimated that depletion of muscle glycogen will occur after
about 29 km of running (Sherman & Wimer,1991). Since
carbohydrates are the preferred fuel for exercising muscle at
intensities between 60 - 85% \}Ozmax despite the fact that muscle
glycogen stores are limited, fatigue during prolonged exercise
is related to muscle glycogen depletion (Ahlborg et al., 1967a;

Bergstrom & Hultman, 1966; Vollestad & Blom, 1985). In this

thesis, fatigque is defined as a failure to maintain the expected

force or power output (Edwards,1981).

The marathon race (42.2 km) has provided a convenient focus for
researchers concerned with metabolic factors in fatigue during
prolonged exercise. Whilst the evidence from recent studies link

fatigue during prolonged activities with muscle glycogen



depletion, early studies indicated hypoglycaemia as the factor
determining fatigue during marathon running (Levine et al.,
1924). A follow-up' study by the same research group showed
enhanced blood glucose levels and an improved performance by the

marathon runners when they were supplied with carbohydrate after

24 km of the marathon (Gordon et al., 1925). Later studies
vielded similar findings in dogs (Dill et al., 1932) and humans
(Christensen & Hansen, 1939). Since hypoglycaemia is the result
of an inability of the splanchnic glucose output to match tissue
glucose uptake, the limited glycogen stores are ultimately

responsible for this phenomenon. :

The belief that muscle (and liver) glycogen depletion can explain
fatigue during prolonged exercise at 60-85% VO,max is further
supported by the finding that dietary man;i.pulations which
increase pre-exercise muscle glycogen also improve performance.
In contrast, procedures that reduce pre-exercise muscle glycogen

levels impair performance (Ahlborg et al., 1967a; Bergstrom et

al.,1967).

Carbohydrate ingestion. during exercise has been repeatedly

demonstrated to enhance endurance performance, primarily by
maintaining the availapility and oxidation of glucose (Coggan &
Coyle, 1987;1988;1989). Evidence as to the preferred form of
carbohydrate that should be ingested in order to extend
performance is equivocal. Similar findings are obtained for
glucose, maltose, sucrose, and maltodextrins with regard to

performance and metabolic responses, but not for fructose



(Maughan, 1991).The problems with fructose ingestion are that it
cannot be directly oxidised by muscle, and it has a slow rate of

intestinal absorption.

Coyle et al. (1986) showed that cyclists were capable of
exercising for an extra hour . without any additional fall in
muscle glycogen content when a glucose polymer was ingested. It
appears that the prevention of hypoglycaemia and maintenance of
an adequate rate of carbohydrate oxidation from blood glucose
explain why the cyclists are able to continue exercising from 3
to 4 hours. The question remains why did these subjects stop
exercising at 4 h when their rates of carbohydrate oxidation are
high, their blood glucose concentration is normal, and their
muscle glycogen levels are not depleted? In a further study, the
same authors showed that even intravenous glucose infusion at a
rate of 1.13 g min* after fatigue had occurred did not help

subjects to sustain exercise at the chosen intensity for longer

than 43 min (Coggan & Coyle, 1987).

Various methods have been employed to ascertain the contribution
of carbohydrates as a fuel for muscles. Early studies relied

exclusively on determining the respiratory exchange ratio (RER)
of subjects whilst exercising. The RER is an indicator of the
proportion of carbohydrate and fat being oxidised by the whole
organism (this is different to the term RQ -respiratory quotient-
which indicates the proportions at cellular or tissue level); a
value of 1.00 indicates total dependance upon carbohydrates,

whereas a value of 0.70 indicates a total dependance on fatty



acids. These values must be interpreted with caution due to (i)

the uncertainty of the contribution of amino acid oxidation, (ii)
the effect on V. of respiratory compensation for metabolic
acidosis, and (iii) the fact that the contribution of endogenous
or exogenous carbohydrates cannot be distinguished. In spite of
these limitations, the estimation of carbohydrate oxidation
during steady state conditions is still obtained by employing the

RER or the formula described by Consolazio et al. (1963).

More specific methods for determining the rate of oxidation of
ingested (or infused) carbohydrates involve the use of naturally
labelled ([*C] glucose (Massicote et al., 1986; 1989) or
radiolabelled ([?‘C] carbohydrates (Hawley et al., 1992). The
major advantage of the '’C isotope approach is that subjects are

not exposed to radioactivity. The fact that *’C enrichment of

e

carbohydrates is greater than fat results in claims that a 75%
overestimation of the rate of oxidation of carbohydrates occurs
(Peronnet et al., 1990). Comparisons using  such data should,
therefore, be considered as directional rather than absolute.

Advantages of using C allow for estimates of the rate of
appearance of *‘C in blood as well as !*CO, exhaled. Some recent

authors who used [**C] glucose have suggested that this method
may underestimate the extent to which blood glucose is oxidised

during exercise because of the slow equilibrium of **CO, with the

bicarbonate pool (Coggan & Coyle, 1991).



The hyperglycaemic glucose clamp technique, which involves
elevating blood glucose to a hyperglycaemic concentration and
then ’‘clamping’ the blood concentration at that"value, has been
employed to determine the rate of glucose utilization at rest
(DeFronzo et al., 1979), under conditions of sepsis and trauma
(White et al., 1987), and on patients suffering from colorectal
cancers (Copeland et al., 1987). The technique proves useful in
determining the disposal of glucose by the tissues of the body,

but it is not possible by this method to provide information as

to the rate of oxidation of the glucose infused.

Since carbohydrate stores within the body are limited and yet of
great importance, there are mechanisms which regulate the use of
muscle glycogen and blood glucose during prolonged exercise. The
contribution of carbohydrates as an energy supply is reduced the
longer the exercise duration, whilst the contribution of fats is
reciprocally increased. This occurs in spite of a plentiful
supply of carbohydrates and not as a consequence of depleted
stores. The glucose-fatty acid cycle has been proposed to account
for these changes 1in substrate utilization even when

carbohydrates are ingested during exercise (Randle et al.,1963).

The maintenance of blood glucose concentrations during prolonged
exercise 1s nurtured by the splanchnic glucose output from
gluconeogenesis. Significant contributions to gluconeogenesis
arise from lactic acid and from the amino acid, alanine wvia the
glucose-lactate cycle (Cori, 1931) and the glucose-alanine cycle
(Felig,1975) . The regulation of these substrates is controlled

by circulating hormones, notably insulin, glucagon, the



catecholamines, cortisol, and growth hormone.

Recently, researchers have attempted to address the problems
concerned with the ability of exercising muscle to utilize
exogenous supplies of glucose at maximal rates but have
invariably used ingested forms of carbohydrate. This thesis will
examine both ingested and infused carbohydrates to determine the

maximal rates of glucose utilisation by exercisng muscle, and to

establish the hormonal changes that take place.
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2. AIMS AND OBJECTIVES

The aims of this thesis are to :
i) assess the metabolic and biochemical responses to prolonged
exercise under conditions of carbohydrate 1ingestion and

hyperglycaemia in trained subjects;

ii) develop the use of the hyperglycaemic glucose clamp
technidue in calculaﬁing the rate of glﬁcose utilization during

exercise after varying dietary regimens.

Accomplishment of these aims will enhance an understanding of the
regulation of carbohydrate availability during prolonged exercise

and in determining maximum rates of glucose utilization under

such conditions.

These aims will be accomplished by means of the following

objectives:-

1. to determine the effect of carbohydrate ingestion -
immediately prior to and/or during exercise on the hormonal,

metabolite, and metabolic responses;

2. to appraise the effect of chain length of carbohydrate
ingested prior to and/or during exercise on the hormonal,

metabolite, and metabolic responses;



3. to investigate the hormonal, metabolite, and metabolic

responses to maintained hyperglycaemia under conditions of rest,

and exercise after varying dietary regimens;

4, to calculate the maximal rate of glucose utilization by

exercising muscle using the hyperglycaemic glucose clamp

technique;

5. to re-appraise the glucose-fatty acid cycle and the glucose-

alanine cycle in the light of maintained hyperglycaemia;

6. to develop a model of the metabolic changes which take place

under normal and hyperglycaemic conditions.

Achievement of these objectives requires the conduct of a series
of experimental investigations.The results of these separate
studies are synthesised to provide a better understanding of
hormonal integration and metabolic regulation during exercisé

under normal and carbohydrate intake conditions. Since the

hyperglycaemic clamp technique will be employed during exercise
with the muscle carbohydrate stores varying in their pre-exercise

glycogen concentration, it will be possible to affirm the maximal

rates of carbohydrate utilization by exercising muscle. In doing

so, the work will produce findings of relevance to enhancing the

performance of endurance athletes.
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3.1 INTRODUCTION

This chapter provides a background of research findings.and
concepts concerning aspects of carbohydrate metabolism in
preparation for the topics considered in subsequent chapters. It
also provides the basis for discussion of results reported in
those chapters. It is necessary to be familiar with the methods
employed in research on cai‘bohydrate metabolism before reviewing
the evidence for the importance of carbohydrates as an energy
source during exercise. Attention will be drawn to the relevance
of muscle and liver glycogen stores, and to the value (or
otherwise) of carbohydrate ingestion and infusion on exercise
performance. The contribution of endogenous and exogenous
carbohydrates as energy sources can be realised on examination

of their rates of oxidation. Rates of oxidation are examined in

relation to the form of carbohydrate ingested.

The processes involved in carbohydrate metabolism are under
neural and hormonal control. The interrelationships between
insulin, glucagon, the catecholamines, and to a limited extent,
cortisol and growth hormone in integrating fuel sources during
exercise will be evaluated. Blood glucose is of significant
importance in maintaining exercise at moderate-to-high
intensities. An important feature is the transport of glucose
across the plasma membrane in skeletal muscle and how the process
may be activated during exercise. The role of insulin and muscle

contraction in enhancing glucose uptake by skeletal muscle is

appraised. Although the thesis is essentially concerned with

12



carbohydrate métabolism, the crucial involvement of lipids and,
to some extent, amino acids cannot be neglected. The interplay
between these energy sources needs to be understood. Finally, the
the hyperglcaemic clamp technique, a method devised to quantify
beta-cell sensitivity to glucose, is explained before some

research findings concerning its application at rest and during

exercise are reported.
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3.2 CARBOHYDRATE METABOLISM: METHODS

At any given time, the plasma glucose concentration is a
consequence of the sum of two opposite processes i.e. that of
glucose delivery and that of tissue glucose utilisation. Hepatic
glycogenolysis and gluconeogenesis are responsible for endogenous

glucose delivery in the post-absorptive state, whilst glucose
utilisation occurs in both insulin-sensitive and non-insulin-
sensitive tissues and is partitioned into two major components -
glucose oxidation and non-oxidative glucose disposal (i.e. the

amount of glucose metabolised without being converted into carbon

dioxide and water) (Gerich,1993).

Glycogen synthesis, de novo 1lipogenesis, synthesis of non-
essential amino acids, and anaerobic glycolysis are pathways for
non-oxidative glucose disposal, although in normal humans de novo
lipogenesis and amino acid synthesis are considered to be
quantitatively small (Hellerstein et al., 1991). Anaerobic
glycolysis results in the formation of lactate/pyruvate, where
a significant amount of pyruvate is not subsequently oxidised in
the Krebs cycle and is released as lactate or alanine into the
systemic circulation to be reconverted into glucose in the liver
(Felig, 1973; Brooks, 1986). This cycling between glucose and
three carbon compounds has been estimated to represent as much

as 30% of total glucose metabolism in the post-absorptive state

(Tappy et al., 1994).
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Experimental determination of the various components of glucose
metabolism has been the focus of many studies. Glucose delivery
has been generally determined by arteriovenous differences and
by glucose isotope dilution analysis during primed-continuous
infusion of glucose labelled with radiocactive or stable isotopes
of carbon or hydrogen (Wolfe, 1992). Glucose oxidation has been
estimated from respiratory gas exchange monitoring using indirect
calorimetry (Frayn, 1983; Jequier & Felber, 1987) or from
production of labelled CO, in breath during administration of
carbon-labelled glucose (Robert et al., 1987; Wolfe, 1992).
'Indirect calorimetry, arteriovenous glucose differences, and
isotope techniques differ markedly and provide qualitatively

different information. These differences will be outlined in this

section.

3.2.1 Arteriovenous Difference

Glucose metabolism during exercise has been studied traditionally
by catheterisation of the arterial blood supply and venous

drainage of a given tissue bed, thereby allowing measurement of
the arteriovenous (a-v) glucose difference and the rate of blood

flow. While the product of these does not indicate the ultimate
fate or source of the glucose taken up or released, it does
indicate the maximum possible contribution of glucose to the
metabolic processes in the tissue bed under investigation. The
a-v difference method provides the ability to examine glucose
metabolism in specific tissue beds during exercise. This

technique has been used to compare glucose uptake by active vs
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non-active limbs (Ahlborg et al., 1975), and to help quantify the
contribution of renal and hepatic tissue to overall glucose
release (Wahren et al., 1971). The measurement of a-v differences
has several disadvantages, the fact that it is invasive being the
major one. Furthermore, simple measures of a-v difference do not
provide an indication of the metabolic fate or source of the
glucose that is exchanged during exercise. In addition, the a-v
glucose differences across an exercising muscle are extremely
small, being in the order of 0.1 to 0.4 mM (Ahlborg & Felig,
1982; Wahren et al., 1971), and therefore difficult to measure
accurately. Variability in the determination of blood flow also

adds to the variability of the calculated a-v glucose difference.

3.2.2 Indirect Calorimetry

Estimation of substrate oxidation rate from respiratory gas
exchanges has been in use since the beginning of this century,
and is based on the premise that the three major classes of

substrate (carbohydrate, lipid, and protein), when oxidised,

consume oxygen and release carbon dioxide in a ratio specific for
each substrate. This respiratory exchange ratio (RER) is 1.00 for
carbohydrates, 0.70 for lipids, and 0.84 for proteins (Livesey
& Elia, 1988). Knowledge of the stoichiometry of substrate
reaction with oxygen to produce carbon dioxide and water allows
calculation of the substrate oxidation rate from respiratory

oxygen and carbon dioxide exchanges (Jequier & Felber, 1987).

This procedure provides estimates of net, not actual, substrate
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oxidation. Net carbohydrate oxidation represents the sum of:-
a) oxidation to carbon dioxide and water of glucose from
endogenous glycogen stores or exogenous carbohydrates,
b) glucose conversion to lipids in the process of de novo
lipogenesis, and

c) glucose conversion to non-essential amino acids.

The importance of the latter two processes is considered to be
quantitatively small. The same considerations hold true for
estimates of net lipid oxidation. Hydrolysis of triglyceride
vields three molecules of non-esterified fatty acids (NEFA) .and
one of glycerol. Glycerol cannot be reconverted to glycerol-3
phosphate in adipose tissue, but is converted to glucose in the
liver via gluconeogenesis (Jahoor et al., 1990). Thus, oxidation
of 1 mM tripalmitoyl-glycerol will correspond to the formation
of 0.5 mM of glucose, and the concomitant oxidation of 0.5 mM
glucose is included in the net oxidation of 1 mM Tripalmitoyl-
glycerol calculated £from indirect calorimetry. Theoretical
validation of these calculations of net substrate oxidation rates

has been performed (Frayn, 1983; Ferrannini, 1988).

Assuming complete conversion of glycerol released during
lipolysis into glucose, net 1lipid oxidation includes actual
oxidation of 0.5 mM glucose for each mole of triglyceride. Net
carbohydrate oxidation therefore underestimates actual glucose
oxidation due to this ongoing gluconeogenesis. Net substrate
oxidation does nonetheless accurately reflect substrate balances

in the basal state and in the post-prandial state, and the
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standard calculations should not be changed. This rough
estimation of gluconeogenesis accompanying lipid oxidation may
be useful when comparing indirect calorimetry data with estimates
from isotope techniques, although this estimate does not take
into account Cori ‘cycle activity, which may represent a

significant portion of gluconeogenesis.

When steady-atate conditions are attained during exercise, gas
exchange measurements can be used to estimate the total
carbohydrate oxidised at any time, either by using the formula

described by Consolazio et al. (1963) or by the table devised by

zuntz (1900).

3.2.3 Isotopic determinations: glucose delivery

Experimental calculations of systemic glucose delivery can be
determined from analysis of the dilution in plasma glucose of an
infused glucose tracer. These techniques have been in use for
over 30 years (Steele, 1959). The rationale is that the ratio of
labelled glucose to unlabelled glucose in arterialised plasma
during constant intravenous infusion of a stable (*’C,) or

radioisotope (*‘C, *H) of glucose allows determination of the rate

of systemic glucose delivery in steady state conditions:

Glucose delivery = ate C ~-acer infused

ratio of labelled to unlabelled glucose

During non-steady state conditions, corrections are used for
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changes in the glucose pool size and in the tracer present in the
glucose pool (Steele, 1959). The equations of Steele for steady-
state or non-steady-state have been used widely, even though the
one-compartment model which underlies these calculations has Seen
recognised as being imperfect (Wolfe, 1992). In the post-
absorptive state, glucose delivery corresponds essentially to
hepatic glycogenolysis and gluconeogenesis of amino acids,
glycerol, and lactate. In contrast to gluconeogenesis of amino
acids or glycerol, which arise from catabolism of proteins and
triglycerides, the whole-body 1lactate production originates
largely from glucose and glycogen converted to lactate by
anaerobic glycolysis in tissues including kidney, adipocytes, and
skeletal muscle. Plasma glucose can also be extracted by liver
cells, and undergoes the first steps of glycolysis prior to being
reconverted into glucose. These so-called futile cycles, in which
glucose 1is converted into glucose 6-phosphate and back to
glucose, into fructose 1,6-bisphosphate and back to glucose, or
into trioses and back to glucose, play an important role in the
control of gluconeogenesis and glycogenolysis (Pilkis & Claus,
1991) . These glucose cycles do not involve oxidation of glucose
into carbon dioxide and water, and therefore represent pathways
of non-oxidative glucose metabolism. However, ATP 1s used in
these cycles and substrates must be oxidised to regenerate the
ATP molecules. These glucose cycles will be measured as part of

glucose delivery when 1labelled glucose loses 1its label on

undergoing the cycle.
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Systemic glucose delivery using isotope dilution analysis during
infusion of various glucose tracers represent different pathways.

Carbon-labelled tracers are reincorporated into glucose through

all glucose cycles and therefore do not allow measurement of
these cycles; they provide an estimate of glycogenolysis and of
gluconeogenesis from amino acids and glycerol. Glucose labelled
with hydrogen isotopes in position 6 (6-°H) loses its label in
the PEPCK cycle (pyruvate-oxaloacetate-»phosphoenol pyruvate), and
so includes the Cori and glucose-alanine <c¢ycles in the
estimation. Glucose labelled with hydrogen in position 3 (3-°H)
loses its 1label at the reaction catalysed by the enzyme
phosphofructoisomerase (fructose 1,6-bisphosphates»glucose), and
so includes the c¢ycling between these substrates. Glucose
labelled with a hydrogen isotope in position 2 (2-°H) loses its

label at the hexokinase level, and so includes cycling between

glucose and glucose-6-phosphate. ,

Glucose 1labelled with 2-’H 1loses its tracer when it 1is
transported to liver cells and enters the glucose-glucose-6-

phosphate cycle; the newly formed glucose re-enters the

systemic circulation as unlabelled glucose. This represents the
sum of glucose arising from glycogenolysis, gluconeogenesis of
amino acids, and all glucose cycles. Infusion with 3-°H
represents all the above (i.e. glycogenolysis, gluconeogenesis
of amino acids and glycerol, and glucose cycles) with the

exception of the glucose-glucose-6-phosphate cycle, whereas
infusion with 6-°H represents the above but excludes both the

glucose-glucose-6-phosphate and fructose 1,6-bisphosphate-glucose
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cycles. At the other extreme, glucose labelled with a carbon
isotope retains its label through all glucose cycles, and so
glucose delivery obtained using C theoretically detects
gluconeogenesis of amino acids and glycerol and glycogenolysis,
but not from glucose cycles. This is not entirely true since
significant amounts of the carbon liabel are lost through

exchanges with Krebs cycle metabolites and with the CO, pool

during gluconeogenesis from pyruvate (Hetenyi, 1982).
3.2.4 Isotopic determinations: glucose oxidation

Glucose oxidation can be measured 1in steady-state conditions
during primed continuous infusion of carbon-labelled glucose by
monitoring total carbon dioxide production, labelled ¢to
unlabelled CO, ratio, and labelled to unlabelled glucose ratio in
arterialised plasma. The rationale is that the ratio of breath
CO, to plasma glucose isotopic enrichment indicates the fraction

of CO, produced by oxidation of glucose arising from the plasma

pool (Robert et al., 1987):

Glucose oxidation = *CO./CO, .VCO,.1._1

plasma*glucose/glucose R 0.134

where *CO, is labelled CO,, R is recovery of *CO, in breath, and
0.134 is the number of litres of CO, produced during oxidation of
1 mM of glucose. Thereby, this technique allows the determination

of the oxidation rate of glucose which has passed through the

systemic circulation, and so detects the oxidation of glucose
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originating from hepatic glycogenolysis and gluconeogenesis.
Indirect calorimetry does not distinguish between glycogenolysis
and gluconeogenesis. It must be concluded, however, that
hydrolysis of muscle glycogen and subsequent glucose oxidation

cannot be detected by these methods.

Labelled CO, produced from oxidation of carbon-labelled glucose
is known to be incompletely recovered in breath, ‘even over
prolonged periods of time. This is because labelled CO, is
sequestered in slowly exchangeable sub-pools of CO, in the body
(Wolfe, 1992). Due to the failure to account for the oxidation
of muscle glycogen, the incomplete recovery of labelled CO, in
breath, and the sequestration of labelled CO, in intermediary
metabolites, the isotopic determination of glucose oxidation is
likely to be underestimated. A recovery factor may be used to

correct for latter, although Moodley et al. (1992) have suggested
that as: long as the breath samples are taken after 10 min, the
lag in CO, expiration is negligible as is the underestimation

resulting from slow equilibrium of the **CO, with the bicarbonate

pool.

3.2.5 Isotopic determinations: stable or radioactive labels

Stable isotopes involve naturally enriching the carbon atom using
3C formed from C, plants such as sugar cane, corn or sorghum.
Compared with C isotope studies, the ?*C studies have the
advantage that subjects are not exposed to radioactivity and so

can be tested frequently. There are, however, several
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disadvantages, which include the fact that the relatively low
C/**C enrichment necessitates corrections for the **C that is

present in all energy-yielding substrates (Schoeller et al.,

1980). It is also worthy of note that the *C enrichment of
carbohydrates is greater than that of lipids, and consequently
any shift in the pattern of fuel utilisation will affect °CO,
production, and so complicate measures of carbohydrate oxidation
(Barstow et al., 1989). Finally, the uncertainties concerning the
degree to which carbohydrate utilisation shifts from endogenous
to ingested carbohydrate during exercise also limits the accuracy
of the correction of *’CO, measurements for *’C background values
(Peronnet et al., 1990). Investigations using naturally labelled
C glucose to determine the rate of oxidation of ingested
carbohydrate during prolonged exercise have been undertaken
(Massicotte et al., 1989,1990; Pallikarikas et al, 1986; Peronnet
et al., 1990), with a suggestion that carbohydrate enriched with

3C tends to overestimate the rate of oxidation by up to 75%
(Perronet et al., 1990). It has been suggested that comparisons

using such data should be regarded as directional rather than

absolute (Hawley et al., 1992).

An alternative method for measuring the rate of ingested
carbohydrate oxidation during exercise is to label the ingested
carbohydrate with *‘C and use scintillation counting to monitor

the appearance of *‘C in the expired CO,. The advantage of using
the **C isotope rather than the ?*C isotope 1is that there is

virtually no naturally occurring background level of *‘C that

nust be accounted for when calculating exogenous carbohydrate
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oxidation rate (Wolfe, 1992). The obvious disadvantage is that
using '*C exposes the subject to radiocactivity. The amounts of

radioactivity, however, are small; usually < 40 uCi 1! is
consumed (Hawley et al., 1992), which corresponds to a dose of

approximately 0.02 rem (permissible radiation dose is 5 rem per

annum) .

3.2.6 Comparisons between the methods

Estimates of basal glucose oxidation in normal humans obtained
from the production of labelled CO, during tracer infusion of
carbon-labelled glucose have been reported to be lower than net

carbohydrate oxidation using indirect calorimetry (McMahon et

al., 1991). No such studies have been performed during exercise,

nor have there been direct comparisons with a-v difference

studies.

The apparent underestimations may be explained by oxidation of
intramuscular glycogen stores and the sequestration of labelled

CO, produced. During infusion of glucose or during hyperglycaemic

clamps, glucose oxidations obtained with each technique become

closer to each other due to suppression of muscle glycogenolysis

and gluconeogenesis due to hyperinsulinaemia (McMahon et al.,
1991) . Glucose oxidation determined isotopically remains somewhat

lower than net carbohydrate oxidation from indirect calorimetry

(Tappy et al., 1995).
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Isotope techniques, a-v difference studies, and indirect

calorimetry differ in essence. Isétope techniques monitor fluxes
of molecules irrespective of their origin. Glucose oxidation
estimated from the production of labelled CO, of carbon-labelled
glucose represents oxidation of plasma glucose originating from
hepatic glycogen or hepatic gluconeogenesis, and underestimates
values due to sequestration of labelled CO, in intermediary
metabolite pools. Indirect calorimetry, on the other hand,

provides net substrate oxidation rates, and reflects oxidation

of glucose originating from endogenous glycogen or of exogenously
administered glucose. Oxidation of glucose from gluconeogenesis

is not reflected by net carbohydrate oxidation. Arterio-venous

glucose differences purely reflect the uptake/release of glucose

across a tissue bed without inference to the metabolic processes

involved.
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3.3 IMPORTANCE OF CARBOHYDRATES

During the past eighty years, it has been repeatedly demonstrated
that exercise at an intensity above 50% VO, max cannot‘ be
maintained when carbohydrate stores in the body become depleted
(Bergstrom et al., 1967; Christensen & Hansen, 1939; Coyle et
al., 1983). Fatigue usually occurs when glycogen levels in the
exercising muscle reach a critically low concentration (Bergstrom
et al., 1967; Vollestad et al., 1984), or when hypoglycaemia is

evident in some sensitive subjects (Coyle et al., 1983).

Since fatigue during exercise often results from carbohydrate
depletion, there have been various studies concerned with the
extent to which carbohydrate feedings may delay fatigue. This
section will deal with some of the findings, particularly in
relation to the effects on muscle and liver glycogenolysis,
hepatic gluconeogenesis, glucose metabolism, and performance. The

effects of exercise, with and without carbohydrate ingestion or
infusion, on carbohydrate oxidation and the hormonal responses

will be the subject of other sections in this review.

3.3.1 Carbohydrates and muscle glycogenolysis

The muscle glycogen content of an endurance trained athlete
consuming a diet containing 50% energy from carbohydrate is

approximately 130 mM kg? ww (Costill et al., 1981; Sherman et

al., 1981). Bergstrom et al. (1972) were the first to show that

muscle glycogen could be elevated significantly above normal
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resting levels (approximately 204 mM kg* ww) by using two
exhaustive bouts of exercise separated by 3 days on a low
carbohydrate diet followed by 3 days on a high carbohydrate diet
and rest. Earlier, studies from the same research group had
clearly shown the relationship between diet, muscle glycogen
concentrations, and time to exhaustion at 75% VO, max (Ahlborg et
al., 1967; Bergstrom et al., 1967; Hermansen et al., 1967). More
recently, it has been shown that the rate of muscle glycogen
utilisation is most rapid during the early stages of  exercise
(Vollestad et al., 1984), and that it is exponentially related
to exercise intensity (Vollestad and Blom, 1985). Furthermore,
fatigque during such exercise occurs concomitantly with depletion
of glycogen in specific fibres recruited during exercise

(Vollestad et al., 1984). In addition, the pattern of muscle

glycogen depletion is influenced by the mode of exercise; cycling
results in almost total depletion of glycogen in the vastus
lateralis, whereas running depletes the stores 1in the
gastrocnemius and soleus muscles (although it has been difficult

to show the same level of muscle glycogen depletion after fatigue
due to running). The close relationship between muscle glycogen

depletion and fatigue appears to be due to the inability of

glycogen depleted muscle cells to maintain a sufficilent rate of

ATP resynthesis.

An important determinant of the rate of muscle glycogenolysis
during exercise is training status. A major adaptation to
endurance training is a reduction in utilisation of glycogen and

production of lactate in contracting muscle (Hurley et al., 198¢;
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Jansson & Kaijser, 1987). This is related to the enhanced muscle
oxidation capacity that results from such training (Gollnick &
Saltin, 1982), and possibly to the lower levels of circulating

catecholamines which have been shown to be related to muscle

glycogen breakdown (Jannson et al., 1986).

Alterations in the pre-exercise diet can influence the rate of
nuscle glycogenolysis. A high fat intake reduces muscle
glycogenolysis during exercise (Jannson & Kaijser, 1982), this
is supported by studies displaying elevated plasma NEFA
concentrations inhibiting muscle glycogenolysis (Costill et al.,
1977: Rennie et al., 1976; Vukovich et al., 1993), probably by
citrate 1inhibition of phosphofructokinase (PFK) activity.
Recently, however, Hargreaves et al. (1991) observed 1little

effect of elevated plasma NEFA on nmuscle glycogenolysis during
knee-extension exercise. In contrast to enhanced availability of
fats, a high carbohydrate diet resulting in elevated muscle

glycogen levels has been shown to increase muscle glycogenolysis:

during exercise (Sherman et al., 1981).

If muscle carbohydrate status affects the rate of muscle
glycogenolysis, would the ingestion or infusion of carbohydrate
during exercise affect the rate of muscle glycogenolysis? This
possibility was first raised when a series of experiments
reported in the 1960’s demonstrated that glucose infusion at
rates of up to 3.5 g nin? decreased net muscle glycogen
breakdown during intermittent exercise by approximately 20%

(Bergstrom & Hultman, 1967).
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Similar results of lower muscle glycogen use as a consequence of

glucose infusion (Bagby et al., 1978) and glucose feeding

(Kuipers et al., 1986) were found in exercising rats, and led to
the hypothesis that carbohydrate ingestion during exercise

improves performance by slowing the rate of muscle glycogen

degradation (Coyle & Coggan, 1984).

Studies which have used carbohydrate ingestion to elevate bloocd
glucose during exercise in humans have yielded conflicting
results with respect to muscle glycogen breakdown. Some studies
have supported the original findings (Bjorkman et al., 1984;
Brouns et al., 1989; Erickson et al., 1987; Hargreaves et al.,
1984 ; Simard et al., 1988), whereas others have provided contrary
results (Coyle et al., 1986; Fielding et al., 1985; Flynn et al.,

1987; Hargreaves & Briggs, 1988; Mitchell et al., 1989; Noakes

et al., 1988).

The first authors to examine the effects of carbohydrate
ingestion on muscle glycogen use during exercise idirectly,
reported that feeding subjects 43 g of sucrose every hour during
4 hours of intermittent cycling decreased glycogen concentration
in the vastus lateralis by 20% less than during the placebo trial
(Hargreaves et al., 1984). However, re-analysis of the data
exclu‘ding four subjects who had significantly higher pre-exercise
muscle glycogen contents for the placebo trial resulted 1in
findings that support the view that there is no significant
difference in muscle glycogenolytic rate (Coggan & Coyle, 1991).

The apparent sparing of glycogen in the study appeared to be an
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artifact of higher pre-exercise glycogen concentration in the
placebo trial. It is of interest that the authors of the original
study undertook a similar investigation later on, and found there
was no significant difference in muscle glycogen breakdown with

carbohydrate ingestion compared with placebo (Hargreaves &

Briggs, 1988).

The results of a study by Bjorkman et al. (1984), showing greater
muscle glycogen hydrolysis under glucose ingestion compared with
placebo, can be explained by the fact that subjects exercised for
longer under the glucose treatment; the actual rate of decrease
in muscle glycogen between the trials was comparable. Similar

conclusions were reached in a study on distance skated during a

hockey match (Simard et al., 1988).

Definitive evidence of glycogen sparing necessitates

demonstrating that when pré-exercise levels of muscle glycogen
and the duration and intensity of exercise are the same, post-
exercise muscle glycogen concentration should be significantly
higher when fed carbohydrates. To date, at least six studies have
been performed in which muscle glycogen concentrations have been
measured beforé ‘and after exercise of the same intensity and
duration, performed with and without carbohydrate ingestion
(Table 3.1). In five of these studies carbohydrate ingestion had
no effect on the decrease in muscle glycogen during exercise. The
contrary findings in one study (Erickson et al., 1987) may be due

to the higher pre-exercise glycogen before the placebo trial

(152.0 + 19.5 mM kg'! ww) as opposed to the glucose trial (138.2
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+ 13.6 mM kg! ww).

Three studies have shown that the type of carbohydrate ingested
does not influence the rate of muscle glycogen utilisation
(Erickson et al., 1987; Flynn et al., 1987; Noakes et al., 1988).

Thus ingestion of glucose, fructose, or maltodextrins results in

similar breakdown of glycogen.

Table 3.1 Changes in muscle glycogen level after exercise with

and without carbohydrate ingestion.

-

m

Intermittent
(50% + 100% VO, max)
Flynn et al.(1987) “ Total work(0.9 x10° Nm) n“

Mitchell et al.(1989) 70% VO, max for 105’
+ all-out for 15’

Erickson et al.(1987) m 65-70% VO, max “n

Fielding et al.(1985)
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Although it appears that carbohydrate ingestion during exércise
does not reduce the utilisation of muscle glycogen, ingesting
carbohydrate in the hour prior to strenuous exercise (thereby
elevating blood glucose) has been shc;wﬁ to 1increase muscle
glycogen breakdown (Costill et al., 1977; Hargreaves et al.,
1985). It is believed that the hyperinsulinaemia associated with
glucose ingestion, together with the onset of muscle contraction,
results in hypoglycaemia and an 1increased reliance on muscle
glycogen. In addition, the anti-lipolytic effecf of insulin

results in lower NEFA levels during exercise which in turn
increases glycogen use. The increase in glycogen utilisation is
absent if blood glucose remains within the normal range
(Hargreaves et al., 1987), or if the plasma insulin is low after

fructose ingestion (Hargreaves et al., 1985), or if the exercise

is of moderate intensity (Koivisto et al., 1985).

Some evidence from studies on infusion of glucose during exercise
suggest that infusion may decrease the rate of muscle
glycogenolysis (Bagby et al., 1978; Bergstrom & Hultman, 1967;
Winder et al., 1988). Recently, Coyle et al. (1991) used the
hyperglycaemic clamp technique to maintain a constant 10 mM blood
glucose level in male subjects exercising at 70% VO, max, and
found that muscle glycogen utilisation was similar to control
trials. Hence, this provides further evidence that carbohydrate
'feeding’ does not influence muscle glycogen breakdown during

prolonged strenuous exercise. It may therefore be that
improvements in endurance exercise performance are associated

‘with maintenance of blood glucose levels and carbohydrate
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oxidation rather than sparing muscle glycogen breakdown (Coggan

& Coyle, 1987).

3.3.2 Carbohydrates, liver glycogenolysis and gluconeogenesis

During exercise, glucose uptake by contracting muscle can
increase 20-30 fold depending on the exercise intensity and its
duration (Katz et al., 1986; Wahren, 1977). It is generally
believed that hepatic glucose output is closely matched to muscle
glucose uptake with the resultant blood glucose concentration
unchanged (Jenkins et al., 1985: Wahren, 1977). In contrast,
recent studies have shown marked hyperglycaemia at the start of
exercise (Hargreaves & Briggs, 1988; Hargreaves & Proietto, 1990;
Kjaer et al., 1986), with the response being exaggerated in
trained men. These findings suggest that hepatic glucose output
1s not always closely matched to peripheral glucose uptake, and
may be subject to feed-forward regulation. According to this
view, the increase in hepatic glucose production at the onset of
exercise is a primary event related to activity in the motor
neurons of the cerebral cortex. Thus, at the start of exercise,
receptors in the working muscles and from the motor neurons in
the brain elicit exercise-intensity dependent signals to areas
in the central nervous system that influence glucose production
(Galbo, 1983). Such regulation has been proposed in the control
of the cardiovascular responses to exercise (Mitchell, 1990).
Further evidence of feed-forward regqulation of substrate
mobilisation has been provided in subjects in whom the voluntary

effort of exercise has been enhanced by partial neuromuscular
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blockade. In these subjects, exercise results in a larger
increase in hepatic glucose output than peripheral glucose
uptake, and an exaggerated catecholamine response (Kjaer et al.,
1987). It would appear that central neural drive increases
autonomic neuroendocrine activity, resulting in substrate
mobilisation (Kjaer et al., 1987). The increased sympathetic
neural activity and/or adrenal medullary adrenaline secretion
would stimulate liver glycogenolysis, resulting in enhanced
hepatic glucose output. The regulation of hepatic glucose output
during exercise involves a complex interaction between a number
of neurohumoral mechanisms (Wasserman & Cherrington, 1991), and

is the subject of discussion in another section (see section

3.5).

Whereas carbohydrate ingestion during exercise did not
significantly affect muscle glycogen breakdown, hepatic
carbohydrate metabolism appears to be affected by carbohydrate
supplementation during exercise. Liver glycogenolysis has been
shown to be reduced when exercising rats were infused with
glucose during mild exercise (Bagby et al., 1978). The uptake of
gluconeogenic precursors by the splanchnic bed has also been

shown to be reduced significantly when male subjects ingested

carbohydrate during low-intensity exercise (Ahlborg & Felig,
1976) . These effects are mediated by the accompanying hormonal
responses such as increased plasma insulin and depressed plasma
glucagon and catecholamines. During moderate-intensity exercise,
it appears that ingested carbohydrate can partially replace the

liver as the source of glucose in circulation. For example, it

34



has been demonstrated that glucose ingested during exercise at
50-70% VO, max supplies up to 65% of the circulating glucose pool
(Costill et al., 1973; Van Handel et al., 1980). The observations
that relatively small increases in blood glucose concentration
occur following carbohydrate ingestion during moderate-intensity

exercise suggest that hepatic glycogenolysis or gluconeogenesis

must be reduced. Similarly, glucose infusion during moderate-
intensity exercise has been demonstrated to suppress glucose
production partially in both rats (Winder et al., 1988) and
humans (Jenkins et al., 1985). When hepatic glycogen stores
become depleted during exercise, ingested carbohydrate represents
almost the sole source of blood glucose supply because. the rate
of gluconeogenesis in exercising humans seems to be maximal at
0.2-0.4 g min?! (Ahlborg et al., 1974; Ahlborg & Felig, 1982),

and is suppressed by carbohydrate ingestion (Ahlborg & Felig,

1976) .

A recent study of the effect of glucose ingestion on exercise at
69% peak pulmonary oxygen uptake led to the conclusion that

carbohydrate ingestion during exercise suppresses hepatic glucose

production to near basal levels (McConell et al., 1994), and that
over the 2 h of exercise there was a 51% reduction in total
hepatic glucose production. The authors of this investigation
used labelled infused glucose which could not distinguish between
liver glycogenolysis and gluconeogenesis; it is likely that both

processes were reduced by carbohydrate ingestion. Certainly these

Observations are consistent with earlier studies which showed

that hepatic glucose output is reduced when glucose 1s infused
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during exercise (Felig & Wahren, 1979; Jenkins et al., 1985).

5

-3.3.3 Muscle glucose uptake

Although muscle glycogen is the predominant carbohydrate energy

source during the early stages of exercise, blood glucose becomes
~ more important as exercise is continued (Wahren et al., 1971).
During leg exercise, muscle glucose uptake can increase from a
basal level of 0.1 mM min? to 3-4 mM min?® depending on the
€xercise duration and intensity (Katz et al., 1986; Wahren et
al., 1971). This increase in glucose uptake arises from an
increase in muscle cell membrane permeability to glucose (Ploug
€t al., 1984; 1987), and to activation of the glycolytic pathway.
Matching the augmented glucose uptake is an increase in hepatic
glucose output so that blood glucose levels usually remain in the

normal range (Jenkins et al., 1985). Initially this is due to

hepatic glycogenolysis, -but as exercise continues an increasing

Proportion arises from gluconeogenesis (Wahren et al., 1971).

Barly research indicated that glucose uptake in muscle could be
daugmented only by the presence of small quantities of insulin
(Berger et al., 1976; Vranic et al., 1976). More recently, this
dogma has been seriously challenged. Various studies have shown

that insulin and contractility act independently to stimulate
glucose uptake; that contractile activity: increases glucose
uptake and insulin is not required (Ploug et al., 1984; Richter

et al., 1984). Furthermore, the effects of 1insulin and

contractile activity on glucose uptake have been shown to be
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additive (Nesher et al., 1985; Wallberg-Henriksson, 1987). This
additive effect of insulin and contractility suggests that

independent mechanisms are involved in stimulating glucose

transport.

The glucose uptake capacities of skeletal muscles differ widely
according to muscle fibre types (Bonen et al., 1981; Richter et
al., 1982). The insulin sensitivity and insulin responsiveness
of slow oxidative (SO) fibres at rest , as in the soleus, is 2-
and 8-fold greater than 1in glycolytic types such as in fast
oxidative glycolytic (FOG) and fast glycolytic (FG) fibres,
respectively (James et al., 1985). When muscle activity is
increased, a greater absolute increase in glucose uptake is found
in SO fibres than in FOG and FG fibres (Bonen et al., 1984). The

reasons for these differences in glucose uptake are not clear,
although they may be accounted for by differences in insulin
binding between muscles and differences in glucose transporter
availability (Bonen et al., 1986). Whatever the mechanisms
involved, it is clear that exercise presents a very strong

stimulus for taking up glucose into active muscle.

Studies in rats have shown that muscle glycogen loading reduces
dlucose uptake by exercising muscle (Richter & Galbo, 1986), and
in humans there is a direct relationship between the number of
glycogen-empty muscle cells and glucose uptake during exercise
(Gollnick et al., 1981). Furthermore, Hargreaves (1990) observed

an inverse relationship between muscle glycogen concentration in

the vastus lateralis and leg glucose uptake during supine cycling
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during supine cycling at 50% VO, max in untrained men. Although
these results may not necessarily reflect cause and effect, the
strong assoclation suggests that muscle glycogen could play a
role 1n the regulation of muscle glucose uptake. Such a

regulatory mechanism would act to minimise the utilisation of

blood glucose.

Glucose uptake in muscle is also influenced by the availability
of blood-borne substrates. In the perfused rat hindlimb, glucose
uptake is linearly related to the perfusate glucose concentration

(Berger et al., 1975). Glucose uptake by leg muscles during low-

intensity exercise 1in humans is enhanced when arterial blood
glucose levels are 1increased by glucose ingestion (Ahlborg &
Felig, 1976). Conversely, glucose uptake by resting muscle is
reduced by 64% when plasma NEFA becomes elevated by Intralipid

and heparin infusion, and by 33% during dynamic knee extensions

(Hargreaves et al., 1993).

The mechanism underlying the decrease in glucose uptake by muscle
as a result of higher levels of plasma NEFA may be due to

citrate-mediated inhibition of PFK activity and accumulation of
glucose-6-phosphate and glucose, thereby inhibiting glucose
uptake. Furthermore, carbohydrate oxidation may be reduced
because pyruvate dehydrogenase activity may be diminished by

increased oxidation of NEFA and ketones (Randle et al., 1964).

Hargreaves et al. (1993) have suggested a direct effect of NEFA

on glucose transport.
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3.3.4 Carbohydrate ingestion and performance

There have been numerous investigations into the effects of
carbohydrate ingestion on endurance performance. These studies
have examined the effects of supplementation either on time to
exhaustion or on the time taken to achieve a set distance. Most
of the studies have focused on the former, despite it being
unrealistic of sporting events. Furthermore, studies have been
divided into those where the carbohydrate has been ingested

before the exercise, during the exercise, and both before and

during exercise.

The first report on the beneficial effects of carbohydrate

ingestion in humans was that by Gordon et al.(1925) ' who

encouraged athletes to engage in a high carbohydrate diet 24 h
before the Boston Marathon and to eat ‘candies’ from 24 km

onwards. The runners’ performances were enhanced, and their blood
glucose levels post-race were elevated. Another early study

showed that subjects who became exhausted during prolonged

exercise recovered rapidly when fed carbohydrate and were able
to continue exercising (Christensen & Hansen, 1939). No further
studies were reported on carbohydrate ingestion and performance
until the 1970’s when five studies reported favourably on the
effects of carbohydrate ingestion on performance (Brooke et al.,

1975; Costill et al., 1973; Green & Bagley, 1972; Ivy et al.,

1979; Muckle, 1973). All these studies showed the beneficial

effects of carbohydrate ingestion on prolonged exercise, and

related this fact to maintainance of blood glucose levels and
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higher rates of carbohydrate oxidation. The studies of Coyle et
al. (1983, 1986) and Coggan & Coyle (1987, 1989) added
significantly to the understanding of how carbohydrate provision
may be beneficial in prolonged activities. In the first sfﬁdy
(Coyle et al., 1983) the subjects exercised at 70 % VO, max for
23 min longer after carbohydrate feedings compared with placebo;
in the second study (Coyle et al., 1986) carbohydrate ingestion
resulted in the subjects exercising for 60 min longer than when
fed placebo; the third study (Coggan & Coyle, 1987) showed that
when carbohydrate was ingested or infused to maintain euglycaemia
at the point of fatigue, subjects exercised for 26 min and 43 min
longer respectively than when placebo was ingested. The final
study (Coggan & Coyle, 1989) was a repeat of the previous one
except that subjects ingested a single large carbohydrate meal
approximately 30 min before the point of fatigue, which resulted
in prolonging the exercise by 36 min. In all these studies

ingestion of carbohydrate promoted carbohydrate oxidation and

elevated blood glucose.concentrations.

Other investigations have demonstrated carbohydrate ingestion to
increase exercise time to fatigue (Bjorkman et al., 1984; Wright
et al., 1991), work output during exercise (Ivy et al., 1979;
Mitchell et al., 1989; Williams et al., 1990), and improved
sprint performance following prolonged exercise (Hargreaves et
al., 1984). Although carbohydrate ingestion is able to delay
fatigue, it cannot prevent it, and is of most benefit during
Prolonged exercise that is limited by carbohydrate availability.

The beneficial effects of carbohydrate ingestion are related to
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the maintenance of blood glucose levels and a high rate of
carbohydrate oxidation at a time when muscle glycogen levels are
low (Coggan & Coyle, 1987). At this time, blood glucose is the
major source of carbohydrate for contracting skeletal muscle,
which is capable of utilising glucose at a rate of 1 to 1.5 g

min' (Coggan & Coyle, 1987). Despite adequate blood glucose

availability, exercise is eventually terminated. This illustrates
the complexity of the fatigue process, and suggests that factors
other than carbohydrate availability may be involved.

Nevertheless, the «critical importance of carbohydrate for

endurance exercise cannot be ignored.

Evidence relating to the e%fectiveness of the type of
carbohydrate on performance has been the subject of many
investigations (Bjo.fkman et al., 1984; Flynn et al., 1987;
Massicotte et al., 1989; Murray et al., 1989; Noakes, 1990; Owen

et al., 1986). In studies in which the effects of ingesting

glucose have been compared directly to maltodextrins or sucrose
during exercise, either alone or in combination, 1little
difference in their ability to improve performance has been found
(Flynn et al., 1987; Massicotte et al., 1989 Murray et al.,
1989; Owen et al., 1986), although Noakes (1990) has recently

suggested that long chain glucose polymers are more readily used
by muscles during exercise than glucose or fructose solutions.
The only carbohydrate solutions which have generally not led to

improvements in performance are fructose solutions (Bjorkman et

al., 1984; Murray et al., 1989).
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If carbohydrate feeding during exercise enhances performance,
what effect does ingestion of carbohydrate before exercise have

on subsequent performance? Some early studies on glucose

ingestion in the hour immediately prior to exercise have shown
that this leads to an elevation of glucose and insulin at the
onset of exercise, and has a subsequent adverse effect on

metabolism during the early stages of moderate to high-intensity

exercise (Costill et al., 1977; Foster et al., 1979; Koivisto et
al., 1981). Under these conditions, where the percentage glucose
solution ingested was high (25% solution), blood glucose declines
rapidly during exercise due to the high concentrations of
insulin. Fat oxidation is also depressed and so the exercising

muscle relies more heavily on endogenous glycogen stores than on

exogenous provision.

Some studies have provided an indeterminate response toO

carbohydrate ingestion before exercise (Devlin et al., 1986;

Hargreaves et al., 1987; Koivisto et al., 1981) whereas in
contrast there have been a number of studies reporting beneficial
effects of ingesting carbohydrate prior to exercise (Gleeson et
al., 1986; Neufer et al., 1987; Peden et al., 1989). Variations
in the timing, the dose, the type of carbohydrate, and the
ensuing exercise intensity make it difficult to arrive at firm
conclusions. It is suggested that if carbohydrate is ingested
before exercise, any possible ’‘rebound hypoglycaemia’ may be

offset by ingesting carbohydrates during exercise.
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3.4 CARBOHYDRATE OXIDATION

Over the past decade much of the research on carbohydrate
metabolism has focused on the uptake and utilisation of glucose
by skeletal muscle at rest and during exercise. Advances have
arisen primarily because 1researchers have adopted more
sophisticated experimental techniques. In particular, the use of
glucose tracers have aided the experimental control necessary to
begin to interpret glucose metabolism by muscle. In humans the
studies of !’C-glucose have helped thoroughly revise knowledge

about the fate of glucose. This section will briefly review some

of these findings with respect to glucose oxidation rates.

3.4.1 Oxidation of ingested glucose during exercise

Costill et al. (1973) were the first to investigate the

contribution of ingested glucose to the energy demands of

exercise in humans. Glucose oxidation was studied in subjects who
ingested 32 g of !*C-labelled glucose and then ran at 65% VO, max
for 60 min. The initial appearance of **C in the carbon dioxide
occurred 5 to 7 minutes after the ingestion, although the levels
of radioactivity remained low for the rest of the bout.
Calculated rates of exogenous carbohydrate oxidation accounted
for only 5% of the total carbohydrate oxidation during 60 min of
exercise. The conclusions drawn were that while glucose feedings
during prolonged exercise may conserve hepatic glycogen, they
were of limited importance for muscle metabolism. Similar results

Oof 10% oxidation of ingested '*C-glucose were obtained when
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subjects exercised for 60 min at 50% VO, max (Van Handel et al.,
1980) . The rates of oxidation of the exogenous sources from these
studies was 1.6 g h** (0.027 g min'!) and 4.2 g h™* (0.07 g min-?)

for Costill et al. (1973) and Van Handel et al. (1980)

respectively.

These low rates of oxidation of exogenous carbohydrate are in
contrast with other investigations which have found much higher
oxidation rates (Decombaz et al., 1985; Guezennec et al., 1989;
Hawley et al., 1992; Massicotte et al., 1986, 1989, 1990;
Pallikarakis et al., 1986; Pirnay et al., 1977). All these
studies used *C-glucose and found rates of carbohydrate

oxidation of 0.5 to 0.9 g min"!; ten fold higher than previously

obtained.

Pirnay et al. (1977) found that ingestion of 100 g of glucose
resulted in almost complete oxidation (95 g) after 225 min of
exercise at 50% VO, max, and that this represented approximately
40% of the total carbohydrate oxidised. After 120 min of this
exercise 57 g had been oxidised, and this represented nearly 45%
of total carbohydrate oxidation. Interestingly, when 100 g
gdlucose were ingested 3 h before exercise (45% VO, max), only 11%
was metabolised in the 3 h rest period, but in the first 30 min
of exercise 19% of the glucose was recovered as *’CO,, and over
4 h of exercise 68% of the glucose was recovered (Jandrain et
al., 1984). The mean rate of carbohydrate oxidation from these
two studies was 0.65 g min"!. These findings were confirmed by

other groups in which the carbohydrate was ingested as one bolus
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(Guezennec et al., 1989; Krzentowski et al., 1984).

Studies using multiple feedings of 1labelled glucose have
demonstrated similar exogenous glucose oxidation rates to those
studies in which the glucose was given as one bolus i1.e. 0.5 to
0.9 g min! (Hawley et al., 1992; Massicotte et al., 1986, 1989,
1990; Moodley et al., 1992; Rehrer et al., 1992). One study in
which the subjects were given 400 g of glucose did result in a
peak glucose oxidation rate of 1.16 g min** (Pallikarakis et al.,
1986). Although repetitive feedings would be expected to
accelerate the delivery of glucose from the stomach to the
duodenum (Noakes et al., 1991), the fact that similar peak rates
of glucose oxidation were found after single and multiple
feedings suggest that exogenous carbohydrate may not be limited
by gastric emptying. Instead, it has been suggested ' that
oxidation in the early stages of exercise is limited by either
the rate of absorption from the intestine into the blood, or the

demand for glucose by muscles (Moodley et al., 1992; Rehrer et

al., 1992).

Moodley et al. (1992) gave their subjects 67.5 g, 90 g, and 135
g of glucose in 9 x 100 ml feedings while cycling at 70 % VO, max
for 90 min. They found that 35% of the glucose delivered to the

intestine was oxidised, representing approximately 17 g. Slightly

higher oxidation rates were found in the study by Rehrer et al.
(1992) in which subjects were given 58 g of glucose whilst

exercising at 70% VO, max for 80 min. They found that 55 g of

glucose was emptied from the stomach and that 31.5 g were
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oxidised, representing 57% oxidation of ingested glucose.

Are the low rates of oxidation of exogenous glucose due to time
taken for absorption or due to lack of muscle demand? If exercise
intensity is increased, then the demand for glucose by the
working muscle is elevated, and so the rate of exogenous glucose
oxidation should be increased. When exercise is performed at
intensities of 22%, 39%, 51%, and 64% VO, max, glucose oxidation
increases so that after 90 min of exercise 16%, 33%, 41%, and 44%
of the glucose were recovered respectively as carbon dioxide
(Pirnay et al., 1982). This suggests a plateau in glucose
oxidation is attained at about 50-64% VO, max, and that glucose
delivery to the blood had become limiting. Support for this
conclusion comes from a study in which the rate of glucose
oxidation from subjects under control and glycogen-depleted
conditions was examined (Ravussin et al., 1979). No significant

differences were noted in the rate of glucose oxidation, although

the percentage contribution to total carbohydrate oxidation was

62% for depleted subjects and 29% under normal dietary

conditions.

3.4.2 Oxidation of ingested carbohydrates other than glucose

Numerous studies have been performed examining the oxidation
rates of carbohydrate sources other than glucose, and include
fructose, maltose, sucrose, maltodextrins, and starch (Decombaz
et al., 1985; Hawley et al., 1992; Massicotte et al., 1986, 1989;

Moodley et al., 1992; Rehrer et al., 1992; Saris et al., 1993).
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With the exception of fructose ingested in the fed state
(Massicotte et al., 1986,1989) and insoluble starch (Guezennec
et al., 1989; Saris et al., 1993), there have been no differences
observed between the type of carbohydrates ingested. Moodley; et
al. (1992) examined the rates of glucose oxidation for 7.5%, 10%,
and 15% solutions of glucose, sucrose, and two glucose polymers
of differing chain length. Total exogenous carbohydrate oxidised
in 90 min of exercise at 70% VO, max was 16 g, 1l6g, 21 g, 24 g,
for glucose, sucrose, glucose polymer (11 chain), and glucose
polymer (22 chain) respectively. These amounts represented mean
oxidation rates of between 0.45 to 0.80 g min?, which were
confounded by the carbochydrates being ingested at three different
concentrations. Nevertheless, no significant differences were
apparent unless the carbohydrates were ingested at 15% solutions

when there was a clear advantage of the glucose polymers over the

glucose and sucrose.

Contradictory findings have been reported concerning the
exogenous carbohydrate oxidation rates for starch. Guezennec et
al. (1989), using naturally enriched *C-carbohydrates reported
a lower oxidation rate for starch than for glucose or glucose
polymers in solution. Recently, however, Hawley et al. (1991)
using a !C-glucose or starch label, reported that insoluble

starch could be oxidised at a rate of 1.8 g min™! after 90 min of

exercise. This rate was twice that found for a glucose polymer

solution of the same concentration in -the same -study. 1In

addressing this apparent contradiction, Saris et al. (1993)

examined the rates of oxidation of soluble and insoluble starch
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using *C label instead of the C label used by Hawley et al.
(1991), because they felt that the *C-glucose label may have

been preferentially taken up and subsequently oxidised at a

different rate depending on its solubility characteristics. The
soluble starch did indeed exhibit significantly higher peak and
mean oxidation rates (1.10 g min™! and 0.84 g min™!) than did the
insoluble starch (0.81 g min? and 0.50 g min"!). Furthermore,
these values were significantly lower than those repor‘ted by
Hawley et al. (1991). Their conclusions were that the physical
characteristics of a carbohydrate solution in terms of
solubility, influences the exogenous carbohydrate oxidation rate.
The soluble carbohydrate, being oxidised at a higher rate during
exercise than an isocaloric insoluble carbohydrate, should be a
preferred energy source for endurance athletes since the ingested
soluble carbohydrate represents a larger proportion of the total

carbohydrate utilised during exercise, thus saving endogenous

Stores.

3.4.3 Oxidation of infused glucose

The idea that gastric emptying may limit the ultimate rates of
ingested carbohydrate oxidation during the early stages of
eXercise have been clearly refuted by the results of
investigations which have shown that the amount of carbohydrate
leaving the stomach after repeated ingestion of solutions
containing carbohydrates is more than double the amount oxidised

(Hawley et al., 1992; Moodley et al., 1992; Rehrer et al., 1992).

Peak rates of exogenous carbohydrate oxidation rise to nearly 1
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g min™* during the later stages of exercise. The question arises
as to what could be the maximal rates of exogenous glucose
oxidation. In attempting to answer this question, it would not
be appropriate to ingest the carbohydrate due to absorption
characteristics. Clearly it is advantageous to use glucose
infusion and thereby bye-pass intestinal absorption and liver

glucose uptake. Two studies to date have examined the oxidation

of infused glucose during exercise, and both wused the
hyperglycaemic clamp technique devised by DeFronzo et al. (1979).
Coyle et al. (1991) maintained hyperglycaemia at 10 mM using the
clamp technique while subjects exercised for 120 min at 73% VO,
max and concluded that an oxidation rate of 2.6 g min'' in the
last hour was possible. Without the use of labelled tracers it
was not possible for Coyle et al.(1991) to determine the
proportion of infused glucose that was oxidised. Hawley et
al.(1994) addressed this problem in an investigation which

employed euglycaemic and hyperglycaemic clamping to measure

glucose infusion rates but also included **C-glucose labelling.
Almost identical rates of glucose infusion were found under
conditions of maintained hyperglycaemia to the study by Coyle et
al.(i.e. 2.9 g min? in the last 20 min), but interestingly the
maximum rate of glucose oxidation was 1.8 g min™. The excess
glucose infused did not spare muscle glycogen (a result similarly
obtained by Coyle et al., 1991), and was suggested to have been
incorporated into non-exercising muscle. Euglycaemia resulted in
a glucose oxidation rate of approximately 1 g min™ in the last
20 min of exercise. This restriction of glucose oxidation rate

under euglycaemic infusion suggests that glucose oxidation by
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skeletal muscle is precisely regulated by the plasma glucose

concentrations which, in turn, regulate hepatic glucose uptake

and release (Hawley et al., 1994).
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3.5 GLUCOSE TRANSPORT

Glucose uptake by exercising muscles is sustained because of the
interaction of several physiological systems. An increase in
hepatic glucose production, increased cardiac output, and
decreased vascular resistance to muscle ensure that the glucose
supply to the working muscle is adequate, while insulin (Berger
et al., 1975; Vranic et al., 19; Wasserman et al., 1992) and
contraction (James et al., 1985; Richter et al., 1985; Wallberg-
Henriksson & Holloszy, 1984) act to maintain the efficiency of
glucose extraction sufficiently high. Other factors such as
activation of the glycolytic and oxidative enzymes responsible

for glucose disposal and enhanced membrane glucose transport

increase glucose uptake. This section examines insulin binding

and the effects of muscle contractility on glucose uptake during

exercise, and how these are related to the role of glucose

transporters.

3.5.1 Insulin binding

It is well accepted that the action of insulin is initiated by

the binding of the hormone to its receptor followed by a cascade
of responses beyond the receptor. The first action beyond insulin
binding seems to be the activation of the protein tyrosine kinase
of: the B8 subunit of the receptor, followed by mobilisation of the

glucose transporter. The insulin receptor is a tetramer with two

extracellular subunits containing the hormone binding sites and
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two B-subunits which exhibit ATP binding and tyrosine kinase

activity (Czech, 1985).

The hypothesis that augmented glucose uptake in exercised muscles
1s attributable to increased insulin binding has not been borne
out. Although glucose uptake and rates of glycolysis and
glycogenesis are increased after non-exhaustive exercise in the
soleus and EDL muscles of mice, insulin binding is not altered
(Bonen et al., 1984). Similar results have been obtained with
insulin binding in humans after intense exercise (Bonen et al.,
1986) . Conversely, glucose uptake can be reduced in the presence
Of corticosterone while insulin binding remains unaltered (Tan
& Bonen, 1985). Collectively these data suggest that acute
alterations in glucose uptake in exercising skeletal muscles

cannot be accounted for by changes in insulin binding to 1its

receptor.

3.5.2 Contractile activity

Insulin is not required to support increments in glucose

Lransport during muscular activity (Nesher et al., 1985; Ploug

et 'al., 1984; Richter et al., 1985). When blood flow 1is

controlled, contractile activity still increases glucose

Cransport, suggesting a contractile-related effect on muscle
membrane (Richter et al., 1985). The work by Nesher et al. (1985)

Strongly indicates that glucose. uptake and metabolism are
increased in response to greater contractile activity in vitro.

The 'addition of insulin further stimulates glucose uptake, with
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the ‘effects of insulin and contractility being additive
(Henriksen et al.,1990; Ploug et al., 1992). This suggests that
insulin and contractions stimulate glucose uptake by different

mechanisms, or mobilise different pools of glucose transporters

(Douen et al., 1990).

A recent study by 2Zinker et al.(1993) used dogs which were
infused with somatostatin to suppress insulin release, and then
infused with glucose and insulin:-

:1) during rest and treadmill exercise at rates that
recreated limb glucose and insulin levels previously evident
during exercise,
éﬁj_ii) at rest to normalize limb glucose to rates evident with
exercise and insulin to basal levels,
~.7111) at rest to normalise limb glucose and insulin to rates

evident with exercise.

!

Measures - of limb glucose uptake and limb glucose oxidation were
aSsessed using tracers. The authors concluded that glucose and
insulin infusion at rest accounted for 28% of the limb glucose
uﬁtakef* found during exercise, and so 72% must be related to
Contractile-related events, and that only 7% of limb glucose

Oxidation could be ascribed to insulin and glucose alone (i.e.
Bz%ﬁbeing'related.to contraction). Therefore, changes in insulin

and glucose 1loads, in and of themselves, are only minor

Contributors to the exercise-induced increase in glucose uptake
dand-play virtually no part in controlling the exercise-induced

increase in glucose oxidation.
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What could the exercise-induced contractile factors be? The local
muscle factors could be subdivided into effects related to the
muscle ‘microvasculature and to intrinsic muscle changes. It 1is
possible that increased capillary recruitment may incre;ase
glucose uptake by increasing capillary surface area and exposure
to glucose transporters or insulin receptors on the membrane of
the muscle. Exercise can increase conductance through arterioles
that perfuse muscle by changes in adenosine, temperature, and pH.
Changes in the metabolic status within the muscle due to enhanced
glycolysis and oxidation will stimulate glucose uptake, as will

exercise-induced translocation of glucose transporters.

3.5.3/"Glucose transporters

The ability to transport glucose across the plasma membrane is
a feature common to nearly all cells, from the simple bacterium
to highly specialised mammalian cells. The glucose transporters
are a facilitated diffusion transport system which can only
transport down a concentration gradient. Such a passive transport

system-is most effective when the cell is exposed to a fairly

constant 1level of glucose. The primary function of the

facilitative glucose carrier is to mediate the exchange of

g_lucoée'between the blood and the cytoplasm of the cell. This may
involve a net uptake or output of glucose from the cell,
depernd:"Lng on the type of cell, its metabolic state, and the
met;abolic 'state of the organism. For example the muscle cell
1aéks:1significant levels of glucose-6-phosphatase and 1s

therefore incapable of producing free glucose, so it is only
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concerned with glucose uptake and metabolism. The liver cell, on
the other hand, is a net producer of glucose in the post-
absorptive state. The glucose transporters form a selective

pathway between three major pools of glucose, i.e. the blood, the

€xtracellular fluids, and the cytoplasm of cells.

Fivef glucose transporter isoforms have been identified so far ,
and-have been designated GLUT 1 to 5 based on the chronological
order of-cloning of their genes (Silverman, 1991). The gene that
codes for the red cell carrier is GLUT 1; GLUT 2 codes for the
glucose :transporters in hepatocytes and the g-cells of the
pancreas; GLUT 3 codes for widely distributed transporters; GLUT
4 codes for the insulin-dependent carriers in adipocytes,
skeletal muscle and heart; and GLUT 5 codes for carriers in the
inte;sr;ine-and brain. This section will deal almost exclusively
with GLUT 4, the glucose transporter associated with muscle and

adipocytes (James et al., 1989).

-I -il:-"*t a1 ]
#wui:u R

GLUT 4 transporters are the ‘insulin-sensitive’ cell transporters
because: they respond to insulin with a rapid and reversible
incréaseqin glucose transport. These transporters are expressed
at. Iilighest levels in brown fat, then heart, followed by slow
Oxidgtive fibres, fast glycolytic fibres, and finally white fat
(James..et al., 1989). GLUT 4 is responsible for insulin-
stimulated transport because it is by far the most abundant
isoform in fat and muscle, and its level of expression in various

muscle -and fat types generally corresponds to the magnitude of

insulin-stimulated glucose disposal in that cell type (James et
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al., 1989).

Glucose transport in the insulin-sensitive tissues has received
cy::nsidera_ble attention because of the importance of this process
in the maintenance of whole body glucose homeostasis. The

transport step is rate-limiting for glucose uptake into muscle

unde:_:'h.‘most, conditions (Ziel et al., 1989), and so glucose

transport would appear to be an important step in whole-body

gluqodse disposal. This hypothesis is supported by recent glucose

clampﬂ experiments in humans that 1indicate a direct correlation

betwegp;mqscle GLUT 4 levels and the rate of whole-body glucose

disposal (Eriksson et al., 1992).

Evidence was first presented 15 years ago that insulin augments

glucosef .transport in isolated rat adipocytes .via the
redistribution of transporter molecules ( Cushman & Wardzala,
1980) . -Since then, the translocation phenomenon has been

estabiished; as the major mechanism by which insulin acutely
stimulates glucose transport in muscle cells (James et al., 1983;
Kern et al., \1990). Other factors known to increase transport via

translocation include cAMP (Kelada et al., 1992) and muscle

activity.  (Douen et al., 1990; Hirshman et al., 1988).

Endurance:"training produces up to twofold increases 1n the

concentration of GLUT 4 protein in rat skeletal muscle (Neufer

et al., 1992; Rodnick et al., 1992), whereas acute exercise does

not - (Neufer et al., 1992). In humans, muscle GLUT 4 protein 1is

elevated in endurance trained men compared with weight-matched
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Sedentﬁary*‘ ;men (McCoy et al., 1994), and after 12-14 weeks of
end'ur'a"ﬁcé ‘ti:aining in sedentary, middle-aged, and older insulin-
resis‘t‘anicue ﬁ'men (Houmard et al., 1993; Hughes et al., 1993).
Improw;e;nénts in insulin action were also observed in these
studieé. The improvements in GLUT 4 protein levels in rats after
endurance training correspond with an increase in contraction and

insﬁtiliri-swi*:ﬁimulated glucose uptake (Rodnick et al., 1992).

Because ‘skéjletal muscle is responsible for up to 75% of insulin-
Stiinuléfedrt‘glucose uptake and glucose transport is the rate-
limiting étep in skeletal muscle glucose metabolism (Yki-Jarvinen
et al., 1987), the level of GLUT 4 protein in skeletal muscle may
be an ‘important determinant of whole body insulin sensitivity.
A strong correlation has been found between GLUT 4 and glucose
disposal during euglycaemic hyperinsulinaemia in athletes and

Sedentary ‘control subjects (Ebeling et al., 1993). Furthermore,

training-ﬁinduced increases in GLUT 4 are matched to insulin-
Stimulated glucose uptake in humans (Dela et al., 1993). Changes
in GLﬁT 4 have also paralled those in the activity of oxidative
énzymes in skeletal muscle after endurance training ((Neufer et

al., 1992; Rodnick et al., 1992) and detraining (McCoy et al.,

1994; Neufer et al., 1992).

Insulin-stimulated glucose uptake has been found to be related
to GLuT 4* protein levels in some studies (Dela et al., 1993;
Ebeling et al., 1993) but not in others (Andersen et al., 1993;
Hughes et al.i, 1993). In rats, insulin-stimulated glucose uptake

is directly related to skeletal muscle GLUT 4 (Kern et al., 1990;
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Megeney et al., 1993). McConell et al. (1994) found an inverse

relationship between total GLUT 4 protein and glucose uptake
during 40 min of cycling at 70% VO, max, and also found no change
in GLUT 4 as a result of the exercise. These results suggest that
skeletal ‘muscle with an apparent enhanced capacity for glucose
transport. and oxidation may exhibit lower exercise-stimulated
glucose .uptake. Although at first this may seem surprising, it
should be remembered that endurance training increases oxidative
Capacitgy d:in muscle and consequently results in lower glucose

turnover and oxidation during exercise (Coggan et al., 1992).

It may be concluded that the GLUT 4 proteins are involved 1in

regulation of glucose uptake during exercise. In turn, these

transporters are influenced by insulin concentrations, training

status, . and contractility of muscle.
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3.6 ° HORMONAL REGULATION OF CARBOHYDRATE METABOLISM

In order.to meet the increased energy demands during exercise,
the energy stores in liver, muscle, and adipose tissue must be
mobilised-and regulated. The nervous and endocrine systems are

involved in this regulation in a coordinated manner. Although fat

represehts potentially a much larger energy store than
carbohydrates, there is a tighter control of glucose homeostasis
than of fatty acid homeostasis (Vranic & Lickley, 1990). The
reason for this is that neurocendocrine factors control both
glucose : production by the liver and glucose uptake by muscle,
whereas ‘neuroendocrine control of fatty acid fluxes is limited
to fatty.acid production by the adipose tissue. The control of

these processes by the hormones insulin, glucagon, adrenaline,

noradrenaline, cortisol, and growth hormone are reviewed in this

section.
3.6.1 . Hepatic glucose production

The regulation of hepatic glucose output during exercise involves

a ‘complex.. interaction between a number of neurohormonal

mechanisms. (Wasserman & Cherrington, 1991). Factors which play
a role include insulin, glucagon, catecholamines, sympathetic
Neural activity and blood glucose levels. At the start of
exercise, signals from the central area of the brain, which
aCti'vatef the motor cortex to result in muscle contraction, also

activate: higher endocrine centres to cause the release of

hormones. This has been referred to as ‘central command’ (Kjaer
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et al., 1987) and serves as a feed-forward contol of hormonal and
metabolic change similar to that for regulation of circulation
(Mitchell, 1990). Experiments in humans have shown that during
the earl}yﬁ stages of exercise in well-trained men, hepatic glucose
Output. exceeds peripheral glucose uptake, resulting 1in a
significant hyperglycaemia (Hargreaves & Proietto, 1994). Since
hepatic.‘glucose output is not always matched to peripheral
glucose uptake, a feed-forward mechanism has been proposed.
Further evidence of feed-forward regulation has been provided in
subjects in whom the voluntary effort of exercise was enhanced
by partial: neuromuscular blockade. In these subjects, exercise
resulted 1in: a larger increase in hepatic glucose output than
peripherél .glucose uptake and an exaggerated catecholamine
response’ (Kjaer et al., 1987). Thus, it appears that increased
sympathetic activity and increased adrenal medullary adrenaline
secretiori'“ stimulate hepatic glycogenolysis which results 1in
enhanced liver glucose mobilisation. This is further supported

by an investigation showing that addition of arm exercise to leg

exercise -increases sympathoadrenal activity, resulting in a

significantly elevated hepatic glucose output and blood glucose
concentration (Kjaer et al., 1991). In the study by Hargreaves
and Proietto (1994), the abolition of hyperglycaemia by @8-
adrenergic blockade clearly implicates adrenaline activity in the
stimulation: of hepatic glucose output during exercise.

Recently the. role of the sympathetic nerves in stimulating

hepatic glucose output has been brought into question. In healthy

Subjects.the coeliac ganglion (innervating the liver) was blocked
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with local-anaesthesia to investigate the role of the sympathetic
liver nerves for the production of glucose during exercise (Kjaer
et él., r1§90) . Hepatic glucose output increased during exercise
despite blockade. Furthermore, when high doses of adrenaline
were infused to mimic physiological conditions, the rate of liver
glucose 6utput increased significantly. These findings indicate
that adrenaline can enhance hepatic glucose output during
exercise.in-humans, and that the sympathetic nervous stimulation
is not necessary. Further support to this conclusion was obtained
in' liver-transplant patients, who wer<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>