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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 during 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 in 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 2g mirf 
were achieved. A small, but significant (P<0.01), muscle glycogen sparing was 
observed after exercise when hyperglycaernic. 

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 lipid 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 hyperglycaernia 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 hyperglycaernia 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 



1. 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-1, an active muscle 

mass of 22 kg while running at 70%- maximal oxygen uptake 

(Vo2max) , and a glycogenolytic rate of 1.4 mM kg-1 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 - 85t 
ý02max 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, fatigue 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 
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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 af ter 

24 km of the marathon (Gordon et al., 1925). Later studies 

yielded 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. I 

The belief that muscle (and liver) glycogen depletion can explain 

fatigue during- prolonged exercise at 60-85k V02max is further 

supported by the finding that, dietary manipulations 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 availability and oxidation of glucose (Coggan 

Coyle, 1987; 1988; 19&9). 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 
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(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 f rom 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 4h 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-" af ter f atigue 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 
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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 I 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 [23C] glucose (Massicote et al., 1986; 1989) or 

radiolabelled [24C] carbohydrates (Hawley et al., 1992). The 

major advantage of the I-C isotope approach is that subjects are 

not exposed to radioactivity. The fact that 13C enrichment of 

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 14C allow for estimates of the rate of 

appearance of "C in blood as well as 14CO, exhaled. Some recent 

authors who used [14C] glucose have suggested that this method 

may underestimate the extent to which blood glucose is oxidised 

during exercise because of the slow equilibrium of -14CO, with the 

bicarbonate pool (Coggan & Coyle, 1991). 
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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 in substrate utilization even when 

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

The maintenance of blood glucose concentrations during prolonged 

exercise is nurtured by the splanchnic glucose output from 

gluconeogenesis. Significant contributions to gluconeogenesis 

arise from lactic acid and from the amino acid, alanine via 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 
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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 ingestion and 

hyperglycaemia in trained subjects; 

develop the use of the hyperglycaemic glucose clamp 

technique in calculating the rate of glucose 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 ef f ect of chain length of carbohydrate 

ingested prior to and/or during exercise on the hormonal, 

metabolite, and metabolic responses; 
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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 
I 

hyperglycaemic glucose clamp 

technique; 

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

alanine cycle in the light of maintained hyperglycaemia; 

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 exercise 

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. REVIEW OF LITERATURE 
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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 carbohydrate 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 
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carbohydrate metabolism, 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 lipogenesis, 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 radioactive 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 C02 in breath during administration of 

carbon-labelled glucose (Robert et al., 1987; Wolfe, 1992). 

ýIndirect 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 f rom 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 

yields 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 lipid 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 rate of tracer 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 been 

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 lactate 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 f irst steps of glycolysis prior to being 

reconverted into glucose. These so-called futile cycles, in which 

glucose is 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 is 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 labelled glucose loses its 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-IH) loses its label in 

the PEPCK cycle (pyruvate-ooxaloacetate--ophosphoenol pyruvate) , and 

so includes the Cori and glucose-alanine cycles in the 

estimation. Glucose labelled with hydrogen in, position 3 (3-IH) 

loses its label at the reaction catalysed by the enzyme 

phosphof ructoisomerase (f ructose 1,6 -bisphosphate--iglucose) , and 

so includes the cycling 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. P 

Glucose labelled with 2-1H loses its tracer when it is 

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_3H 

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 6-1H 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 -1"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 label are lost through 

exchanges with Krebs cycle metabolites and with the C02 P001 

during gluconeogenesis from pyruvate (Hetenyi, 1982). 

3.2.4 Isotopic determinations: glucose oxidation 

Glucose oxidation can be measured in 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, 
'VC02'. 

1--l 

plasma*glucose/glucose R 0.134 

where *Co. is labelled C02, 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 f rom hepatic glycogenolysis and gluconeogenesis. 

Indirect calorimetry does not distinguish between ý 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 asýlong 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 IIICO, with the bicarbonate 

pool. 

3.2.5 isotopic determinations: stable or radioactive labels 

Stable isotopes involve naturally enriching the carbon atom using 

I'C formed from C, plants such as sugar cane, corn or sorghum. 

Compared with I'C isotope studies, the 13C 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 f act that the relatively low 

13 C/12C enrichment necessitates corrections f or the "C that is 

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

1980). It is also worthy of note that the 113C 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 13 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 

"C 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 IIC and use scintillation counting to monitor 

the appearance of I'C in the expired CO,. The advantage of using 

the I'C isotope rather than the -1-IC isotope is that there is 

virtually no naturally occurring background level of 14C that 

must 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 radioactivity. The amounts of 

radioactivity, however, are small; usually < 40 pCi 1-1 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 C02 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 

C02 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 dif f er in essence. Isotope techniques monitor f luxes 

of molecules irrespective of their origin. Glucose oxidation 

estimated from the production of labelled C02 of carbon-labelled 

glucose represents oxidation of plasma glucose originating from 

hepatic glycogen or hepatic gluconeogenesis, and underestimates 

values due to sequestration of labelled C02 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 So" V02 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, andperformance. 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 50t 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-1 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 75k V02 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, 

fatigue 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 in 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 sufficient 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., 1986; 
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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 

muscle 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 inhibition of phosphofructokinase (PFK) activity. 

Recently, however, Hargreaves et al. (1991) observed little 

effect of elevated plasma NEFA on muscle 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 glycogenolysisý 

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 19601's demonstrated that glucose infusion at 

rates of up to 3.5 g min-- 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 blood 

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 directly, 

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 

excluding four subjects who had significantly higher pre-exercise 

muscle glycogen contents for the placebo trial resulted in 

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 pre-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 before 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 ef f ect on the decrease in muscle glycogen during exercise. The 

contrary findings in one study (Erickson et al., 1987) maybe due 

to the higher pre-exercise glycogen before the placebo trial 

(152.0 + 19.5 mM kg-1 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 

similarbreakdown of glycogen. 

Table 3.1 Changes in muscle glycogen level after exercise with 

and without carbohydrate ingestion. 

Authors 

Exercise A Musde 

Glycogen 

(mM kg-1 ww) 

Duration Intensity CHO Placebo 

Coyle et al. (1986) 105 min 70% V02 max 77.4 74.4 

Fielding et al. (1985) 240 min Intermittent 

(SO% + 100% V02 max) 

82.9 80.9 

Flynn et al. (1987) 90 min Total work(O. 9 x1O-' Nm) 9S. S 91.6 

Hargreaves & Briggs(1988) 120 min 70% V02 max 62.8 56.9 

Mitchell et al. (1989) 120 min 70% V02 max for 10SI 

+ all-out for 15' 

75. S 86.7 

Erickson et al. (1987) 90 min 65-70% VO, max 61.8 91.4 
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Although it appears that carbohydrate ingestion during exercise 

does not reduce the utilisation of muscle glycogen, ingesting 

carbohydrate in the hour prior to strenuous exercise (thereby 

elevating blood glucose) has been shown to increase 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 increased reliance on muscle 

glycogen. In addition, the anti-lipolytic effect 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 

suggestl 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 70V V02 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 

is 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 regulation 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 

50-701; V02 max supplies up to 6516 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 ef f ect 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 2h of exercise there was a Sit 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 is infused 
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during exercise (Felig & Wahren, 1979; Jenkins et al., 1985). 
4 

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 

exercise 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 

etal., 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). 

Early research indicated that glucose uptake in muscle could be 

augmented 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 insulin 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 dif f er 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 in 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 f ound 

in $0 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, 

glucose 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 

37 



during supine cycling at 50k V02 max in untrained men. Although 

these results may not necessarily reflect cause and effect, the 

strong association suggests that muscle glycogen could play a 

role in 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 in humans is enhanced when arterial blood 

glucose levels are increased, by glucose ingestion (Ahlborg & 

Felig, 1976). Conversely, glucose uptake by resting muscle is 

reduced by 64t when plasma NEFA becomes elevated by Intralipid 

and heparin infusion, and by 33t 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 ef f ects 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 study 
(Coyle et al., 1983) the subjects exercised at 70 k 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. 

I 
Evidence relating to the effectiveness of the type of 

carbohydrate on performance has been the subject of many 

investigations (Bjorkman 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, little 

difference in their ability to improve performance has been found 

(Flynn et al., 1987; Massicotte et al., 1-989 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 to 

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 hypoglycaemial may be 

offset by ingesting carbohydrates during exercise. 
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3.4 CARBO = RATE 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 researchers 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 2.3C- 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 6-916 V02 max 

for 60 min. The initial appearance of 11C 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 Sk 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 

Of 10k oxidation of ingested "C-glucose were obtained when 
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subjects exercised for 60 min at 50k V02 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-11 (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 13C_ 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! k V02 max, and that this represented approximately 

40k of the total carbohydrate oxidised. After 120 min of this 

exercise 57 g had been oxidised, and this represented nearly 45k 

of total carbohydrate oxidation. Interestingly, when 100 g 

glucose were ingested 3h before exercise (45%; V02 max) , only 11% 

was metabolised in the 3h rest period, but in the first 30 min 

of exercise 19t of the glucose was recovered as 13 C02, and over 

4h of exercise 68k 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 labelled glucose have 

demonstrated similar exogenous glucose oxidation rates to those 

studies in which the glucose was given as one bolus i. 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 9, go g, and 135 

g of glucose in 9x 100 ml feedings while cycling at 70 % VO, max 

for 90 min. They found that 35k 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 70t 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 57k 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 22k, 39k, 51k, and 64k V02 max, glucose oxidation 

increases so that after 90 min of exercise 16t, 33%-, 41t, 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 50-64k V02 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! k for depleted subjects and 29t 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. ý 1985; Hawley et al. j 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., ý 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 15t solutions of glucose, sucrose, and two glucose polymers 

of differing chain length. Total exogenous carbohydrate oxidised 

in 90 min of exercise at 70t V02 max was 16 g, 16g, 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 carbohydrates being ingested at three different 

concentrations. Nevertheless, no significant differences were 

apparent unless the carbohydrates were ingested at 15t 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. In 

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

examined the rates of oxidation of soluble and insoluble starch 
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using 13C label instead of the "IC label used by Hawley et al. 
(1991), because they felt that the 114C-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 used 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% V02 

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 1g 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 9 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 R-subunits which exhibit ATP binding and tyrosine kinase 

activity (Czech, 1985). 

The hypothesis that augmented glucose uptake in exercised muscles 

is 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 its 

receptor. 

3.5.2 Contractile activity 

Insulin is not required to support increments in glucose 

transport during muscular activity (Nesher et al., 1985; PlOug 

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

controlled, contractile activity still increases glucose 

transport, 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 Zinker et al. (1993) used dogs which were 
infused with somatostatin to suppress insulin release, and then 

infused with glucose and insulin: - 

during rest and treadmill exercise at rates that 

recreated limb glucose and insulin levels previously evident 

during exercise, 

at rest to normalize limb glucose to rates evident with 

exercise and insulin to basal levels, 

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 28k of the limb glucose 

Uptake-- found during exercise, and so 72%- must be related to 

contractile -related events,, and that only 7k of limb glucose 

Oxidation could be ascribed to insulin and glucose alone (i. e. 

82k. being related to contraction) . Therefore, changes in insulin 

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

co ntributors to the exercise-induced increase in glucose uptake 

andý-'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 is 

possible that increased capillary recruitment may increase 

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. 

3.5.3ý! -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 level of glucose. The primary function of the 

facilitative glucose carrier is to mediate the exchange of 

glucose -between the blood and the cytoplasm of the cell. This may 

involve a net uptake or output of glucose from the cell, 

depending on the type of cell, its metabolic state, and the 

Metabolic. state of the organism. For example the muscle cell 

lacks -- significant levels of glucose- 6 -phosphatase and is 

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 

extracellular fluids, and the cytoplasm of cells. 

Five-glucose transporter isoforms have been identified so far 

and'have been designated GLUT 1 to 5 based on the chronological 

order ofcloning of their genes (Silverman, 1991). The gene that 

codes for, the red cell carrier is GLUT 1; GLUT 2 codes for the 

glucose ýtransporters in hepatocytes and the P-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 

intestine-and brain. This section will deal almost exclusively 

With-GLUT 4, the glucose transporter associated with muscle and 

adipocytes (James et al., 1989). 

GLUT, 4 transporters are the I insulin- sensitive I cell transporters 

because, they respond to insulin with a rapid and reversible 

increase-An glucose transport. These transporters are expressed 

at, highest levels in brown fat, then heart, followed by slow 

oxidative fibres, fast glycolYtic fibres, and finally white fat 

(James. ý_et al., 1989). GLUT 4 is responsible for insulin- 

stimulated transport because it is by f ar the most abundant 

isof orm in f at 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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_1989) . 

Glucose, transport in the insulin- sensitive tissues has received 

c. onsiderable attention because of the importance of this process 

in 
_ 

the maintenance of whole body glucose homeostasis. The 

tran, sport, step is rate-limiting for glucose uptake into muscle 

under most conditions (Ziel et al., 1989), and so glucose 

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

glucose disposal. This hypothesis is supported by recent glucose 

clamp experiments in humans that indicate a direct correlation 

between'muscle GLUT 4 levels and the rate of whole-body glucose 

disposal (Eriksson et al-, 1992). 
11 

Evidence was first presented 15 years ago that insulin augments 

glucoseý .. transport in 
_ 

isolated rat adipocytes , via the 

redistribution of transporter molecules ( cushman & Wardzala, 

1980). -Since then, the translocation phenomenon has been 

established, as the major mechanism by which insulin acutely 

stimulates glucose transport in muscle cells (James et al., 1989; 

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 in the 

concentration of GLUT 4 protein in rat skeletal muscle (Neufer 

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

110t, (Neufer et al., 1992). In humans, muscle GLUT 4 protein is 

elevated, in endurance trained men compared with weight-matched 
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sedentary men (McCoy et al., 1994), and after 12-14 weeks of 

endurance training in sedentary, middle-aged, and older insulin- 

resistanc'e men (Houmard et al., 1993; Hughes et al., 1993). 

11sprovements in insulin action were also observed in these 

studies. The improvements in GLUT 4 protein levels in rats after 

endurance . training correspond with an increase in contraction and 

insulin-stimulated glucose uptake (Rodnick et al., 1992). 

Becaus Ie skeletal muscle is responsible for up to 75% of insulin- 

Stimulated' glucose uptake and glucose transport is the rate- 
limiting step 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. 
Astrong"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-induced increases in GLUT 4 are matched to insulin- 

stimulated glucose uptake in humans (Dela et al., 1993). Changes 

in GLUT 4, have also paralled those in the activity of oxidative 

Onzymes in skeletal muscle after endurance training ((Neufer et 

al., 1992; Rodnick et al., 1992) and detraining (NcCoy 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. ', 1993). In rats, insulin-stimulated glucose uptake 

is directly related to skeletal muscle GLUT 4 (Kern et al., 1990; 

57 



Megeney, et' al., 1993). McConell et al. (3.994) found an inverse 

relationship between total GLUT 4 protein and glucose uptake 

during 40 min of cycling at 70k V02 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, ý uptake. Although at first this may seem surprising, it 

should, be remembered that endurance training increases oxidative 

capacity An 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 in 

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'orderý. 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 

represents 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 neuroendocrine 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 

activate 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 

59 



et al., 1987) and serves, as a -f eed-f orward contol of hormonal and 

metabolic' change similar to that for regulation of circulation 

(Mitchell, 1990). Experiments in humans have shown that during 

the early, stages of exercise in well-trained men, hepatic glucose 

Output, exceeds peripheral glucose uptake, resulting in a 

significantý, 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 f eed- 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, ý in, a larger increase in hepatic glucose output than 

peripheral , glucose uptake and an exaggerated catecholamine 

response', (Kjaer et al., 1987). Thus, it appears that increased 

sympathetic activity and increased adrenal medullary adrenaline 

secretion-- stimulate hepatic glycogenolysis which results in 

enhanced, ýliver 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 0- 

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 (Kiaer 

et al.,., 199o) . 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 output 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 were capable of matching 

glucose upýake by exercising muscle with glucose output by the 

liver (Kjaer et al., 1992). Clearly, hepatic nerves are not 

essential., for the exercise- induced rise in mobilisation of 

glucose-from the liver in humans. 

The mismatch between hepatic glucose production and peripheral 

glucose_. -utilisation is most pronounced during intense exercise, 

and is larger in endurance trained subjects than controls (Kjaer 

et al., 1986). This difference may be due to the possibility that 

endurance trained subjects have elevated liver glycogen stores, 

or that: they have a larger increase in plasma concentrations of 

adrenaline , (Kjaer et -al., 1986). The traditional view that 

endurance training reduces the levels of plasma adrenaline during 

exercise (Winder et al., 1978) only holds true at the same 

absolute, ' work -rate. Exercise at the same relative intensity 

results in-increased secretion of adrenaline by trained athletes 

(Kiaer, et' : ýal., 1986). The higher plasma concentration of 

adrenaline-, in, trained compared with untrained subjects at high 

61 



exercise -intensities, combined with the trained subjects, higher 

rate of, hepatic glucose production during exercise suggests that 

adrenaline',.. enhances hepatic glucose output during exercise. 

Other, hormones have been implicated in the regulation of hepatic 

glucose--production during exercise. Studies in dogs have 

emphasised the imporEance of changes in the insulin/glucagon 

ratio (Issekutz & Vranic, 1980; Wasserman et al., 1989a, b) . In 

these studies, when insulin and glucagon secretion is blocked by 

SOmatostatin and then the levels controlled by infusion, impaired 

hepatic glucose output results when -either the insulin 

concentration-is decreased and glucagon kept depressed or when 

glucagon-concentrations are increased but insulin held constant 

(Wasserman et al., 1989a, b). The normal exercise response of a 

decrease in,, 
-insulin and an elevation in glucagon resulting in 

enhanced glucose output by the liver has also been shown to occur 

in exercising humans (Wolfe et al., 1986; Hirsch et al., 1991). 

The -study, of Hirsch et al. (1991) used the islet clamp technique 

(somatostatin, infusion with glucagon and insulin infusion at 

fixed. rates), show that both decrements in insulin and increments 

in glucagon play important roles in the prevention of 

hypoglycaemia -during exercise, and do so by signalling increases 

in hepatic: glucose production. 

The. -tenet. that glucagon secretion increases during exercise is 

well supported by plasma glucagon measurements in humans (Hoelzer 

et''al., '. *, 1986; Tuttle et al., 1988; Wolfe et al., 1986). 

Furthermore, ý the powerful, inhibitory role of insulin on hepatic 
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glucose production at rest (Rizza et al., 1981) would suggest 

that the decrease in plasma insulin concentration seen in 

exercise above 50*1 V02 max (Galbo, 1983) also plays a role. Thus, 

changes, in insulin and glucagon concentration during exercise 

appear to be important in stimulating hepatic glucose production 

during exercise. 

In summary, according to recent findings hepatic glucose output 

during exercise is elevated due to an increase in plasma 

adrenaline and glucagon, and to a diminution of plasma insulin. 

The human'liver is richly innervated with sympathetic nerves, and 

although sympathetic stimulation may play a secondary role, the 

action-ofýcatecholamines is also considered to be important. 

3.6.2. Muscle glycogenolysis 

The increase in muscle glycogenolysis that occurs during exercise 

results from the interplay between local and hormonal regulatory 

mechanisms,. - These include calcium and cyclic-AMP (c-AMP) mediated 

transformation of phosphorylase from a relatively inactive b form 

to the active a form, allosteric activation of phosphorylase by 

exercise-induced alterations in muscle metabolites, and changes 

in- substrate. levels (Chasiotis et al., 1982). The increase in 

sarcoplasmic calcium that occurs during excitation-contraction 

Coupling, activates phosphorylase by binding to the calmodulin 

subunit of. phosphorylase kinase and to troponin (Picton et al., 

1981). In addition to calcium, phosphorylase transformation is 

Under hormonal control, and adrenaline- induced increases in c-AMP 
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are responsible for activation of phosphorylase (Richter et al., 

1982). R-emoval of the adrenal medulla from rats results in a 

reduction,, in muscle glycogenolysis during exercise at the same 

exercise -intensity, although the effect is reversed when 

adrenaline levels are restored to normal (Richter, 1984). 

Furthermore, adrenaline infusion has been shown to enhance muscle 

glycogen, breakdown after electrical stimulation (Spriet et al., 

1988)-and, during exercise in humans (Jansson et al., 1986). 

Experiments in which beta-adrenergic receptors were blocked by 

Propanolol during exercise have resulted in reduced muscle 

glycogenolysis (Galbo et al., 1976; Chasiotis, 1983). 

Insulin is., a powerful stimulus for muscle glycogen synthesis 

(Richter, et al., 1984). Consequently, it would be expected that 

a decrease-in plasma insulin concentration during exercise would 

facilitate muscle glycogenolysis. Elevated levels of plasma 

Insulin have been shown to decrease breakdown of muscle glycogen 

during, muscle contractions (Berger et al., 1976), although the 

converse has not been reported. 

Clearly,:, an. exercise -induced elevation of adrenaline and 

inhibition of insulin will lead to the increase in C-Amp within 

exercising skeletal muscle, thereby promoting activation of 

phosphorylase and -enhancing glycogenolysis. stimulation of 

Phosphorylase activity has also been demonstrated by metabolic 

changes during exercise which allosterically affect it. 
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3.7, , LIPID METABOLISM 

Non-esterif ied fatty acids (NEFA) have been recognised as one of 

the main energy sources during rest as well as during exercise 

(Bulow, 1988) . In males, the adipose tissue comprises 

approximately 10-20k of, total body mass (20-30%, in females) , and 

is the major energy store of the body. About 50% is located 

subcutaneously, while the rest is located around intra-abdominal 

organs, the ýheart, between and within skeletal muscle, and along 

blood vessels in the extremeties. In the adult male, about 400 

MJ are, stored in the adipose tissue compared with 4-5 MJ Of 

stored carbohydrate in the liver and muscle. During exercise at 

an intensity, greater than 70k V02 max, carbohydrate is a major 

energy source initially. In contrast, during prolonged exercise 

Of moderate intensity (50-60V V02 max) there is a progressive 

change from carbohydrate metabolism to lipid metabolism. 

Initially,., carbohydrate contributes about 80%- of the oxidative 

Metabolism-while later in exercise lipid contributes up to 90% 

(Bulow,,,,. 1981) . Clearly there is an association between 

carbohydrate and lipid sources of energy; the integration being 

hormonally, mediated. This section examines both the role and 

regulation of fatty acids as energy sources during exercise. 

3.7.1-, NEFA metabolism and exercise 

Non-esterified fatty acid (NEFA) are derived from three main 

sources. .' The first is adipose tissue, from which they are 

Mobilised. as albumin-bound NEFA. The second source is the 
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intramuscular triglycerides, and the third source is the 

circulating triglycerides bound to lipoproteins. In exercising 
humans it has been estimated that about 60%- of the NEFA 

Metabolised " during prolonged exercise is derived from 

extramuscular depots (Havel et al., 1967). The intramuscular 

triglyceride stores have been found to contribute significantly 

to metabolism during prolonged running. A decrease of 30-50k in 

the triglyceride content of muscle has been found after such 

exercise, (Essen et al., 1977; Froberg & Mossfeldt, 1971). It has 

also been-proposed that circulating triglycerides may contribute 

to muscle'ý, lipid metabolism during exercise (Terjung et al., 

1982). Inýspite of the evidence that energy contributing to lipid 

oxidation can be derived from intramuscular triglyceride stores 

and from 'circulating triglycerides, there are more research 

findings relating to the contribution of NEFA. 

Duringýexercise NEFA-mobilisation from-triglyceride stores has 

characteristics in common with glucose production in so far as 

Mobilisation may exceed tissue needs and thereby result in plasma 

accumulation'. (Galbo, 1983) . The fact that NEFA metabolism is less 

well- understood than glucose metabolism is due to the fact that 

glucose `-is "produced almost entirely in one organ, the liver, 

whereas NEFAs are produced during lipolysis in many tissues. 

Furthermore, 
- pure fat tissue is difficult to study in vivo, as 

selective catheterisation has proved to be difficult. Recently, 

a microdialysis techique has been used to study adipose tissue 

lipolysis in situ (Arner et al., 1990), as has a method for 

sampling the-1venous blood draining the subcutaneous adipose 
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tissue of the anterior abdominal wall in humans (Coppack et al., 
1989; Frayn et al., 1989) 

Complete hydrolysis of one triglyceride molecule gives rise to 

three NEFA molecules and one glycerol molecule, and so the rate 

Of, lipolysis can be, evaluated from measures of plasma NEFA and 

glycerol. -_These concentrations increase with time during 

exercise, and a direct linear relationship between the plasma 

concentration and turnover of extracellular glycerol and NEFA has 

been, found over a range of concentrations at rest and during 

exercise (Shaw et al., 1975) . It has also been shown that plasma 
REFA concentrations correlate with NEFA uptake in the exercising 
leg (Hagenfeldt, 1979). In agreement with a cause and effect 

relationship - between plasma NEFA level and lipid oxidation in 

Muscle the experimental decrease or increase in plasma NEFA 

levels may,, be accompanied by parallel changes in fat oxidation, 

With the, opposite affect-on carbohydrate oxidation (Bergstrom et 

al.,, 1969vCostill et al., 1977). 

Plasma -'concentrations of NEFA and glycerol cannot be used 

unequivocally to determine the rates of turnover of NEFA and 

glycerol since at a given plasma NEFA concentration the NEFA 

turnover --increases with metabolic rate (Shaw et al., 1975). 

Hence, meaningful comparisons of NEFA levels between differing 

exercise intensities are difficult. Furthermore, the plasma 

Concent rations of NEFA turnover do not accurately reflect 

liPolysis. During prolonged running, a ratio of NEFA to glycerol 

turnover of 2-2.5 has been found in dogs (Shaw et al., 1975). 
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This is 'lower than the theoretical value of 3 for complete 

lipolysis'l and indicates that some of the NEFAs released f rom 

triglycer'ides are re-esterified - an intracellular cycling of 

NEFA. The'latter has been confirmed in humans exercising at 40% 

VO. inax'(Wolfe et al., 1990) and 50-70% VO,, max (Hodgetts et al., 

1991), "'alt'hough the actual rate of re-esteri fi cation decreased 

inthe later stages of exercise in both studies. 

The rate oflipolysis in adipose tissue can be estimated f rom the 

glycerol produced, since glycerol formed by lipolYsis cannot be 

re-utilised in this tissue due to low concentrations of a- 

glycerokinase (Bulow, 1988). Re-esterif ication occurs using NEFA 

and glycerol- 3 -phosphate from glucose, and is stimulated by 

Insulin. 'Adipose tissue lipolysis increases during exercise of 

moderate intensity. In dogs, the rate of appearance of glycerol 

increases fourfold during 3h of exercise (Shaw et al., 1975). 

Similarly, a fourfold increase in a-v difference of plasma 

glycerol has been determined over the inguinal, subcutaneous 

depot in exercising dogs (Bulow, 1982). This rate of liPOlYsisr 

2-4 pM g-1 h-', corresponds to 40-50% of the maximal rate obtained 

during in vitro studies (Despres et al., 1984). The rate of 

liPolysis increases the greatest extent after the onset of 

ftxercise, whereas the increase later on during the exercise bout 

is modest in comparison ((Bulow, 1982). This indicates that 

liPolysis in adipose tissue is almost constantly stimulated 

during exercise. 
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Considerable interest has focused on the interaction between 

carbohydrate and lipid metabolism since the proposal of the 

glucose-fatty acid cycle (Randle et al., 1963,1964). As first 

demonstrated by these authors, oxidation of fatty acids inhibits 

glucose uptake, glycolysis, glycogenolysis, and pyruvate 

oxidation in cardiac muscle. These effects appear to be mediated 

by the accumulation of citrate, which inhibits PFK activity, 

Which in turn results in glucose- 6 -phosphate accumulation, which 

inhibits hexokinase activity, which results in reduced glucose 

uptake (see Fig 3.1). Furthermore, there is an inhibition of 

Pyruvate dehydrogenase activity as a result of elevated acetyl 

COA concentrations due to enhanced P-oxidation of fatty acids. 

Randle et al. (1963,1964) proposed that this phenomenon also 

occurred in skeletal muscle, and played an important role in the 

regulation of whole-body substrate metabolism. 
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Doubt persists as to whether this cycle operates in human 

skeletal muscle at rest and during exercise. Elevation of plasma 

NEFA at rest has been shown to inhibit glucose utilisation 

(Ferrannini et al., 1983), although the physiological 

significance of plasma NEFA in the control of glucose oxidation 

has been questioned (Wolfe et al., 1988). During exercise, 

elevations of plasma NEFA have been shown to decrease muscle 

glycogen use during treadmill 'running (Costill et al., 1977), 

whereas inhibition of NEFA mobilisation by nicotinic acid 

increases muscle glycogen use (Bergstrom et al., 1969). In 

contrast, carbohydrate oxidation during prolonged moderate- 

intensity exercise remains unaffected by elevation of plasma NEFA 

(Hargreaves et al., 1991; Ravussin et al., 1986). The study by 

Hargreaves et al. (1991), although demonstrating that 

carbohydrate oxidation is unaffected by intralipid and heparin 

infusion, did show a significant 33t reduction in leg glucose 

Uptake. 

The effect of diet on fuel selection during exercise can be 

attributed to the size of the glycogen stores. When the glycogen 

stores are full the oxidation of NEFA in muscle is inhibited 

compared to situations when the muscles are depleted (Gollnick 

et al., 1981). The increase in plasma NEFA concentration during 

exercise is attenuated after a high- carbohydrate diet than after 

a high-fat diet (Galbo et al., 1979), and glucose infusion during 

exercise produces a similar attenuating response on both plasma 

NEFA and glycerol (Bulow, 1981). Similarly, ingestion of glucose 

during prolonged exercise diminishes lipolysis (Ahlborg et al., 
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, 1976). These results clearly demonstrate that the glucose-fatty 

, acid cycle functions in skeletal as well as cardiac muscle. 

3.7.2 Regulation of lipid mobilisation 

Enhanced sympathoadrenal activity and a depressed concentration 

of circulating insulin are the main stimuli for lipolysis in 

humans during exercise (Galbo, 1983). Acute P-adrenergic blockade 

during exercise results in a reduced secretion of both glycerol 

and NEFA, although increased concentrations are found during a- 

blockade (McLeod et al., 1984). When exercising dogs are infused 

, 
With propanolol a strong inhibition of glycerol mobilisation 

takes place (Issekutz, 1978; Wolfe et al., 1981). Endurance is 

,. 
impaired by P-adrenergic blockade in man (Galbo et al., 1976). 

In dogs, the impaired exercise capacity can be restored by 

infusion of -intralipid and heparin to elevate NEFA levels to 

those normally associated with exercise without blockade ( Nazar 

et al., 1975). Contrary to these findings in man and dog, the 

Sympathoadrenal system does not seem to play an essential role 

in the lipolytic response to exercise in the rat (Federspil et 

al -, 1975) . 

Increases in cortisol and growth hormone are both longer-term 

activators of lipolysis (Frayn, 1989). Growth hormone exerts its 

action on fat mobilisation after 60 min of exercise (Moller et 

al., 1990), and so its reinforcement of lipolysis is of 

significance during sustained exercise. 
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Depression of insulin levels during exercise is a further 

hormonal mechanism of importance for the increased lipolytic rate 

during exercise. The concentrations of circulating NEFA and 

glycerol during exercise are higher in the fasted and fat-fed 

subjects than in normal control subjects, while insulin 

concentration is lower (Galbo et al., 1979). Insulin stimulates 

lipogenesis, and a common effect of insulin is an enhanced 

sensitivity of adipocytes to the lipogenic effect of insulin 

(Savard et al., 1987). This is likely to be in conjunction with 

elevated rates of glucose uptake by adipocytes (Craig. et al., 

1981). Since enhanced lipogenesis will lead to re-esterification 

Of NEFAs, an increase in insulin level during exercise will 

clearly inhibit lipolysis. Such an event is only likely to occur 

when carbohydrates are ingested during exercise. 

During incremental exercise, lipolysis and changes in insulin and 

catecholamine concentrations are directly related to exercise 

intensity (Galbo, 1992). Increases in adrenaline concentration 

inhibit the release of insulin from the pancreas, and a 

combination of elevated adrenaline and reduced insulin stimulates 

lipolysis. These relationships are the focus of the glucose-fatty 

acid cycle. 

The amount of NEFA mobilised from adipose tissue depends on the 

rate of lipolysis and on the competition between the NEFA- 

carrying capacity of the perfusing blood, and the process of re- 

esterification in the adipocytes. Whereas the rates of lipolysis 

and re-esterif ication are hormonally mediated, the NEFA-carrying 
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capacity is determined by the albumin concentration of the blood, 

by the blood flow, and by the number of NEFA-binding sites on the 

albumin already occupied. Each albumin molecule can only bind a 
finite number of NEFA molecules, and does so with decreasing 

affinity (Ashbrook et al., 1975). An increase in the NEFA-albumin 

ratio will lead to re-esterification (Madsen et al., 1986) and 

so decrease the release ýof NEFA. A futile cycle involving 

lipolysis and re-esterification, controlled to some extent by the 

NEFA-albumin ratio appears to govern the release of NEFA. Adipose 

tissue blood flow increases during exercise (Bulow, 1983), and 

this increase in blood f low has been demonstrated to enhance NEFA 

mobilisation during exercise (Bulow & Tondevold, 1982) - The 

increase in blood f low has been proposed to be secondary to 

metabolic events connected to lipolysis (Bulow, 1983), and has 

been found to be mediated by adenosine (Martin & Bockman, 1986). 

High NEFA-albumin ratios in arterial blood have been shown to 

increase the vascular resistance in adipose tissue (Bulow et al., 

1985). The effect is apparent at a ratio of approximately 3: 1, 

and is increased significantly with this ratio. It has been 

suggested that this mechanism will inhibit the removal of NEFA 

from adipose tissue (Madsen et al., 1986). Recently, Hodgetts et 

al. (3.991) showed that NEFA release occurred despite a NEFA- 

albumin ratio >6: 1 in some subjects. 

Nevertheless, the results from various studies suggests that the 

during exercise, lipolysis increases rapidly to a constant level 

due, to the stimulation by sympathoadrenal factors and a 
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decreasing insulin concentration. Secondary to this, adipose 

tissue blood flow increases to promote the removal of NEFA from 

the adipocytes. The rate of lipolysis is stimulated in excess of 

the. need of exercising tissue since about 65% of the liberated 

NEFAs are re-esterified (Bulow, 1982). The amount of NEFA 

mobilised from adipose tissue is also in excess of the 

Utilisation, leading to an increase in the NEFA-albumin ratio. 

As the NEFA-albumin ratio increases, there is an opposition to 

excessive NEFA mobilisation due to increased re-esterification 

and to an increase in vasconstriction. Figure 3.2 

diagrammatically illustrates this concept. 
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Fig 3.2 Regulating mechanisms of lipid mobilisation and use 

in 'adipose tissue and skeletal muscle during exercise (after 

Bulow, 1988). 
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3.8,,,, AMINO ACID METABOLISM 

Although protein synthesis is suppressed during exercise (Rennie 

et, al., 1980), a release of amino acids from skeletal muscle 

normally occurs (Ahlborg & Felig, 1976; Felig & Wahren, 1971) . 
At rest, the net release of alanine and glutamine exceeds that 

of all. the other amino acids, accounting for over 50t of the 

total amino acids released (Felig & Wahren, 1974). During 

exercise alanine is the major amino acid released from muscle 

(Felig & Wahren, 1971; 1974). The increase in alanine release is 

dependent both on exercise intensity and exercise duration (Viru, 

1987). As a consequence of this, Felig and Wahren (1971) proposed 

a glucose-alanine cycle to account for the large efflux of 

alanine from muscle, and its use as a gluconeogenic substrate by 

the liver. In this scheme pyruvate is provided from glycolysis, 

while glutamate is the immediate amine donor in a reaction 

catalysed by alanine transaminase, an enzyme which is abundant 

in skeletal muscle (Mole et al., 1973). The amine group arises 

from multiple transamination reactions, especially those 

involving the branched-chain amino acids, which channel the 

nitrogen to glutamate (Fig 3-3). 

Thebranched-chain amino acids appear to play a pivotal role in 

alanine formation in skeletal muscle (Haymond & Miles, 1982; 

Odessey et al., 1974). In prolonged exercise, branched-chain 

amino acids are released from the liver and taken up by muscle 

(Felig, 1977; Wahren et al., 1975). Skeletal muscle contains the 

largest fraction of branched-chain amino acid transaminase in the 
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body (Mole et al., 1973), and during exercise the transamination 

of leucine is markedly augmented (Hood & Terjung, 1987), giving 

rise to a two-fold increase in the rate of transfer of leucine 

nitrogen to alanine (Wolfe et al., 1984). An elevation of plasma 

alanine is instrumental in the maintenance of a high 

gluconeogenic rate (Mallette et al., 1969). This is considered 

important since gluconeogenesis maintains blood glucose levels 

and prolongs submaximal exercise (John-Alder et al., 1986). 
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One of the important functions that amino acids may play during 

Prolonged exercise are as substrates for glucose synthesis. 
Prevention of hypoglycaemia during exercise is especially 
important because glucose is not only used by the contracting 

Muscle but is also the major fuel for the central nervous system. 
During the first 60 min of endurance exercise liver glycogen is 

the primary source of blood glucose, but as the exercise duration 

increases then gluconeogenesis plays a more significant role. 

Ahlborg et al. (1974) measured the splanchnic uptake of glucose 
during exercise in humans and found that gluconeogenic rate was 

elevated ten-fold. During the third hour at 6016 V02 max 

gluconeogenic substrates accounted for 60t of the total 

sPlanchnic glucose output. It must be remembered that alanine is 

only one of the substrates, the others being lactate and 

glycerol. 

The hormonal control of gluconeogenesis involves glucagon, 

cortisol, and adrenaline (Kraus -Friedman, 1984), all of which 
become elevated during prolonged exercise (Galbo, 1983), and is 

Consistent with increased gluconeogenesis. The action of glucagon 

and adrenaline is mediated through increased cell concentrations 

Of CAMP. The resultant is that the activity of the key regulatory 

enzymes pyruvate kinase, PEP carboxykinase, and 1,6- 

bisphosphatase is promoted (Dohm et al., 1985). The role of 

cortisol in enhancing gluconeogenesis is concerned with 

stimulation of hepatic alanine aminotransferase activity (Viru, 

1987) Inhibition of these hormones by glucose ingestion (Galbo, 

1983) or glucose infusion (Coyle et al., 1991) results in 
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impaired ý'gluconeogenesis. 

The branched-chain amino acids and alanine are capable of being 

Oxidised directly by exercising muscle through their respective 

ketoacid dehydrogenases (Hood &: Terjung, 1990). The activities 

Of'the "branched- chain ketoacid dehydrogenases have been most 

StUdied, ý, and have been found to increase significantly during 

exercise - (Wagenmakers et al., 1984). It 'is likely that the 

maximum energy supplied via direct oxidation is no more than 3% 

(Hoodl& Terjung, 1990), and that the overall energy supply during 

the ýlater stages of prolonged exercise from amino acids is 

Unlikely to exceed 10! k (approximately 7%- coming from the glucose- 

alanine"cycle) . 
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3.9 THE HYPERGLYCAEMIC CLAMP TECHNIQUE 

Two glucose clamp techniques have been devised in order to 

quantify beta-cell sensitivity to glucose and tissue sensitivity 

to insulin 
- 

(DeFronzo et al., 1979) . The hyperglycaemic clamp 

assesses the former, whereas the euglycaemic clamp is used to 

assess the latter. In the hyperglycaemic glucose clamp technique, 

. 
the plasma glucose concentration is elevated significantly above 

basal levels by a priming infusion of glucose and then maintained 

at that concentration by adjusting the rate of glucose infused. 

Because, the plasma glucose concentration is kept constant, the 

rate of glucose infused is an index of glucose metabolism. The 

euglycaemic insulin clamp technique however, involves raising the 

insulin concentration and maintaining it at approximately 100 AU 

Inl" by aý prime continuous infusion of insulin. The plasma 

glucose, concentration is then held constant at basal levels by 

variable glucose infusion. The glucose infusion rate in this 

instance, 
'relates 

to the uptake of glucose by all the tissues in 

the body, ' and is an index of tissue sensitivity to exogenous 

insulin. A requirement for both techniques is access to equipment 

for analysing glucose concentrations rapidly. 

The aim-of the hyperglycaemic clamp is to raise the plasma 

glucose concentration acutely to af ixed hyperglycaemic plateau, 

and- then, to maintain it at that level for the duration of the 

test (normally 2 h) . This is accomplished by an intravenous 

glucose infusion consisting of two phases; a 15 min priming phase 

to raise the plasma glucose concentration to the plateau, and a 
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Daintenance phase wherein the glucose infusion is computed at 5 

Min intervals based on the plasma glucose concentration. The 

prize dose necessary to raise the plasma glucose concentration 
to hyperglycaemic levels is approximately 240 mg kg-I body mass 

or 36 mg'kg-" body mass for each 1 mM increase in plasma glucose 

Concentration. 

? be hyperglycaemic clamp technique has been employed to determine 

glucose itetabol ism in sepsis (White et al., 1987), in patients 

With'colorectal cancer (Copeland et al., 1987,1988), in patients 

With-multiple organ failure (Green, 1990), and in exercising 

subjects (Coyle et al., 1991; Hawley et al., ' 1994). Determination 

Of the glucose utilisation rates from these studies can be seen 

in Tableý-'3-2- Clearly there is an increase in glucose 

dis posal/utilisation as a consequence of increased activity, and 

an attenuated response due to cancer, sepsis and trauma. 

3.9.1 - Hyperglycaemic clamp and rest 

The, four studies reported above which have involved maintained 

hYPerglcaemia at rest, kept the blood glucose clamped at 12 mM 

(Copeland et, al., 1987,1988; Green, 1990; White et al., 1987). 

The control: subjects in each of the studies showed a slow but 

continuous increase in glucose disposal during the 'clamp'. What 

Is quite clear on examination of the data is that age impairs 

glucose disposal. The study by Green (1990), produced glucose 

disposal. rates greater than the other studies, and this was 

fOllowed, by the study of White et al. (1987), and then that of 
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Copeland et al. (1987,1988). The control subjects in the latter 

. Study were 69 and 72 years of age, whereas those for White et al. 
(1987) were 

. 
36 years, and those for Green (1990) were 30.5 years 

Old., The, results also show that there is impaired glucose 
disposal as, a result of illness, sepsis and trauma. 

NOt surprisingly, the insulin concentrations became elevated 
II.. 

during the. 'clamps', with an initial peak occurring after the 

Prime infusion followed by a steady rise. Although the control 

subjects, produced a greater response, the pattern was similar in 

all subjects- Responses of the counter- regulatory hormones showed 

either, nol, change or a slight decrease. Thus, the release of the 

Catechol-amines, glucagon, growth hormone, and cortisol were 

Suppressed-, . The effects of the attenuated count erregul atory 

hormonal,,, 
ý response and the significant increase in insulin 

resulted in, plasma levels of NEFA and glycerol being drastically 

of a reduced. 
. -This is clearly in agreement with, the concept 

glucose-fatty acid cycle operating. 

3.. 9.2 'Hyperglycaemic clamp and exercise 

Only two studies to date have employed the hyperglycaemic clamp 

technique'- during exercise in humans (Coyle et al., 1991; Hawley 

et, al'., ''- glucose These studies raised the blood 

concentration to 10 mM before 'clamping' for 2 hours. 

Coyle et-'al. -(1991) examined the effects of hyperglycaemia on 

muscle, glycogen use and carbohydrate metabolism using 8 well 
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-trained i cyclists. During 2h of exercise at 70% VO, max the 

glucose,. disposal rate increased from 1.6 g min-' to 2.6 g min-. 

This was accompanied by an elevation in the total rate of 

carbohydrate oxidation significantly above control values and 

accounted.. - for all the glucose infused. Plasma insulin 

concentration was elevated significantly only after 40 min, and 

it appears that this could have been responsible for the marked 
increase 

-An carbohydrate metabolism in the last 60 min of 

exercise.,, In spite of this, no significant differences were 

aPparent in muscle glycogen use during the hyperglycaemic trial 

and the control. The authors calculated that an additional 160 

9 of the glucose infused could not be accounted for by oxidation, 

and suggested that this may have been disposed of by hepatic 

glycogen synthesis, synthesis of glycogen in inactive muscle, and 

storage in adipose tissue. Certainly, fat oxidation was 

Significantly diminished since a difference of approximately 0.4 

9 min-' between control and experimental conditions was evident 

after 2 h. Likewise, NEFA levels were also significantly lower. 

The contribution of energy from fats was approximately 30% at the 

end of the exercise period. 

Hawley et al. (1994) found glucose disposal rates almost 
identical to those of Coyle et al. (1991), and confirmed the 

exceptional ability of well-trained subjects to dispose of large 

arAounts of inf used glucose. Associated with the elevation of 

]Plasma glucose was a significant hyperinsulinaemia. In this 

8tudY, Hawley et al. (1994) showed that hepatic glucose production 

was totally supressed, and that fat oxidation only accounted for 
I 
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between' , 12 and 18% of the total oxidation rate. Also as in the 

study by Coyle et al. (1991), no muscle glycogen sparing was 

observed. 

These, studies using the hyperglycaemic clamp technique clearly 

support the concept of a glucose-f atty acid cycle existing during 

exercise, clearly confirm the research finding that carbohydrate 

'feeding"--- does not spare muscle glycogen, and suggest that a 

XaXimum, rate of glucose uptake and oxidation by muscle is 

approximately 2.5 g min--. 
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Table 3.2 Glucose disposal /utilisation rates (g min-') calculated 

from various studies. 

Author Subjects Level of Glucose 

Activity Disposal 

(g min-') 

White et. al. 
11 1 ý, . 

Surgical (n=12) Rest 0. . 30 

11 

(19871) Control (n=11) Rest 0.52 

Copeland'et Cancer (n=20) Rest 0.26 

al. (1987) Control (n=15) Rest 0.30 

Copeland et, Cancer (n=18) Rest 0.22 

al. (1987) Control (n=13) Rest 0.38 

. 
Green (1990) Patient (n=14) Rest 0.38 

Control (n=10) Rest 0.79 

Coyle et' alý. Athlete (n=8) 20 min 1.6 

(Jq9J). `: -, --1, z 70k VO, max 120 min 2.6 
rRawley 

e al. Athlete (n=12) 5 min 0.4 

(1ý94) 9 (1994) 7 O! k V02 max 120 min 2.0 
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sTimmARy 

Carbohydrates are clearly an important source of energy f or 

Prolonged exercise, particularly at moderate - to-high intensities - 
The depletion of muscle glycogen stores has been associated with 

fatigue, -- and is specific to the muscle fibre type being 

recruited. Increasing the glycogen stores by dietary intake prior 

to exercise leads to an enhanced performance, although generally 

no -sparing of glycogen is observed when carbohydrates are 

ingested-during the exercise. Improvements in performance due to 

ingestion of carbohydrates during exercise are probably due to 

an increased availability of blood glucose for muscle uptake and 

oxidation. 

High -carbohydrate diets and carbohydrate ingestion during 

exercise lead to increased rates of carbohydrate oxidation and 

attenuated fat oxidation, whereas the response without 

carbohydrate ingestion entails a progressive increase in fat 

Oxidation.. This is as a consequence of the glucose-fatty acid 

Cycle operating. Maximal rates of glucose uptake by muscle during 

Prolonged exercise using the hyperglycaemic clamp technique 

reveal that 2.5 g min-' is possible, and that this occurs in 

spite - of - muscle glycogen depletion. In the later phases of 

exercise, - infused glucose accounts for the total carbohydrate 

Oxidation. Ingested carbohydrate is incapable of supplying the 

total carbohydrate needs of the exercising athlete, accounting 

for. a, maximal reported oxidationýrate of 1.0 g min-'. The form of 

carbohydrate ingested does not influence the rate of carbohydrate 
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oxidised nor significantly affect performance, unless high levels 

Of fructose are used whereby resultant gastrointestinal 
discomfort may contribute to impaired performance. The solubility 

. 1. 
Of complex carbohydrates ingested can however influence the rate 

of exogenous carbohydrate oxidation, with insoluble starches 

producing,, a lower rate. 

Theýcontrol of carbohydrate metabolism is hormonally mediated, 

, although there is a crucial input from the nervous system vis a 

-Vis glucose production by the liver during the early stages of 

exercise and involves a feed-forward mechanism. Muscle 

contractility is also involved in activating glucose transporters 

for: muscle glucose uptake during exercise in spite of a decline 

in circulating insulin. The normal exercise response of a 

decrease in plasma insulin- and increases in plasma 

catecholamines, glucagon, growth hormone, and cortisol, is 

attenuated on ingestion of a carbohydrate. The hormonal response 

to glucose -infusion during exercise has not been reported except 

for insulin. 

Although ý'. -carbohydrates are generally considered to be of 

signifi&ant-, importance for exercise performance, the role of 

lipids and amino acids should not -be underestimated. Lipid 

Oxidatio n, may account-for as-much as 80% of the total oxidative 

processes -during the later stages of moderate exercise. The major 

source of ý lipids are the NEFAs from adipose tissue, although 

'intramuscular and plasma 'triglycerides are important. The 

glucose-fatty acid cycle ensures that there is reciprocal use of 

87 



lipids: and carbohydrates as energy sources. Carbohydrate 

ingestion during exercise f avours carbohydrate oxidation and 

Utilisation, whereas fat infusion inhibits muscle glucose uptake. 

Amino acids, particularly alanine and the branched-chain amino 

acids, ', -play a small yet significant role in energy metabolism 

during prolonged exercise. The increase in plasma glucagon after 

30-40 min of exercise stimulates hepatic gluconeogenesis. The 

release - of cortisol supports the process by ensuring that 

gluconeogenic substrates are available. The glucose-alanine 

response occurs maximally after 60 min of exercise to enable 

hepatic glucose output to be maintained. The role of branched- 

chain amino acids in stimulating alanine synthesis and release 

by active muscle accounts for the observations of net release of 

alanine from muscle. A combination of involvement in hepatic 

glucose production and direct oxidation by exercising muscles 

results in the suggestion that amino acids may contribute as much 

as 10% of the total energy provision during the later phases of 

exercise. 

The hyperglycaemic glucose clamp technique was originally devised 

to quantify beta-cell sensitivity to glucose, and was therefore 

used to examine rates of glucose disposal in cancer patients, 

those patients with multiple organ failure, and cases of sepsis 

and trauma. Impaired rates of glucose disposal found in these 

Subjects clearly relate to the construction of appropriate 

feeding strategies in hospitals. More recently, the clamp 

technique has been employed on subjects whilst exercising. 
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Maximal rates of glucose disposal under conditions of exercise 

at 70% VO. max are significantly greater than those found at rest 

in control subjects and those with cancer, trauma, sepsis, and 

Multiple organ failure. Despite high rates of glucose disposal, 

Muscle glycogen is significantly depleted during exercise. After 

120 Min of exercise with maintained hyperglcaemia, exogenous 

glucose may account for the total carbohydrate oxidised. 

This thesis will now seek to undertake the objectives laid down 

in Chapter 2, drawing on information presented in this section. 
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4.. HORA40NAL AND METABOLIC RESPONSES TO GLUCOSE 

AND MALTODEXTRIN INGESTION PRIOR TO EXERCISE 

WITH OR WITHOUT GUAR GUM 

(Aspects of this work were published in the 

International Journal of Sports Medicine, 1994, 

Vol 15, No 8, pp 466-471, a copy of which can be 

found in Appendix B). 
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4. HORMONAL AND METABOLIC RESPONSES TO GLUCOSE AND NALTODEXTRIN 

INGESTION PRIOR TO EXERCISE WITH OR WITHOUT GUAR GUM 

4.1 ý INTRODUCTION 

Carbohydrate ingestion during exercise results in prolonging the 

activity whereas studies of ingestion before exercise have 

Produced equivocal results. The ingestion of carbohydrate in the 

hour before exercise may cause a decline in blood glucose 

concentration, an increase in muscle glycogen utilization, and 

a greater carbohydrate oxidation in the f irst 20 min of exercise 
(COstill et al., 1977; Hargreaves et al., 1985). 

Some studies have not reported an increase in muscle glycogen use 

following such pre-exercise feedings (Gleeson et al.,, 1986; 

Hargreaves et al., 1987; Koivisto et al., 1985). This may be due 

to the fact that hypoglycaemia was not as pronounced in the 

latter studies. Equivocal findings have also resulted when 

assessing endurance performance following carbohydrate ingestion 

in the'hour before exercise. Some studies have showed negative 

effects'(Costill et al., 1977) or no significant effect (Foster 

et al. --#! '1979; McMurray et al., 1983; Hargreaves et al., 1987), 

Whilst, others have shown an improvement in performance (Gleeson 

et al. *,, -1986; Peden et al., 1989). 

Carbohy drate ingestion immediately before exercise would not be 

expected to cause rebound hypoglycaemia due to the inhibitory 

effects of elevated catecholamines on insulin during the 

exercise. Results would be expected to be similar to studies 
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is ingested during the exercise. In these studies, the exogenous 

carbohydrate appears to supplement liver glycogen stores and 

thereby maintain plasma glucose levels (Coyle et al., 1986), 

although conflicting results have been obtained regarding sparing 

Of muscle glycogen (Hargreaves & Briggs, 1988). Furthermore, 

exogenous carbohydrate has been shown to provide substrate for 

exercising muscle, contributing up to 68%- of the glucose oxidized 

during prolonged exercise (Hawley et al., 1992). These provide 

the basis for the following hypotheses: - 

'Hypothesis 1: Time to fatigue increases under conditions 

of carbohydrate ingestion. 

I 

, Hypothesis 2: An enhanced carbohydrate oxidation rate and 

reduced fat oxidation rate are evident 

under conditions of carbohydrate ingestion. 

The enhanced carbohydrate oxidation and diminished fat oxidation 

With ingestion of carbohydrate results f rom an increase in 

circulating blood glucose and insulin affecting the glucose-fatty 

acid cycle (Ahlborg & Felig, 1976). Consequently: - 

Hypothesis 3: Plasma glucose levels remain elevated 

whilst there is an attenuation of the NEFA 

concentrations after carbohydrate 

ingestion. 
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Hypothesis 4: Plasma insulin concentrations are elevated 

whereas plasma glucagon and plasma 

catecholamine levels are lowered in 

response to carbohydrate ingestion. 

During the last decade much attention has been focused on the 

Optimum,.. type of carbohydrate to ingest in order to prolong 

. physical performance. Various studies have been reported on the 

. 
efficacy of glucose, fructose, maltose, sucrose, and 

maltodextrins (Murray, 1987). Solutions of maltodextrins 

cOmprised, of polymerised glucose units of varying chain lengths 
I. 

exert, less osmotic pressure than equimolar solutions of glucose 

or other simple sugars. This characteristic is considered to be 

advantageous in the light of research indicating the role played 

by osmolality in determining gatric emptying rates, and may well 

lead to an enhanced uptake of maltodextrin compared with glucose. 

It follows therefore that: - 

Hypothesis 5: Maltodextrin ingestion produces an enhanced 

carbohydrate oxidation, higher plasma 

glucose and reduced plasma NEFA 

concentrations when compared with glucose 

ingestion, and that this results in 

elevated plasma insulin and lower 

plasma glucagon and catecholamine levels. 

The 'addition of guar' gum, an endosperm. extract of the Indian 

Cluster bean, to carbohydrate meals and drinks attenuates post 
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Preliminary testing. Maximal oxygen uptake (Vo,, max) was 

determined on a Monark 911 cycle ergometer using a continous, 
incremental test to volitional exhaustion. Pedal frequency was 

maintained at 60 rev min-' throughout the test, with 30 watt 
increments every 2 min until the subject could no longer maintain 

the cadence. oxygen consumption (VO, ) was monitored continuously 

With subjects breathing through a low resistance valve (Jakeman 

& Davies, 1979) to an automated gas analysis system (P. K. Morgan,, 

Rainham, UK). The latter incorporated a Fleisch No 3 

Pneumotachograph for measuring ventilation, a paramagnetic oxygen 

analyser, and an infra-red carbon dioxide analyser. Calibration 

Of the analysers was achieved by using certified gases of known 

concentration (British Oxygen Corporation, UK) prior to each 

test. Values for VO, were obtained at 1 min intervals up to the 

Point of volitional exhaustion. Results from the VOmax test were 

Used to establish the exercise intensity that corresponded to 

each subject's 65% and 75% value in the subsequent trials. 

EXperijuental design. Subjects visited the laboratory on f ive 

Occasions, with each visit separated by no more than 3 weeks. 

Immediately prior to each cycle ride at 65% V0, max for 90 min, 

the subjects consumed 400 al of either water (Pl), or 1g kg-1 

body mass of glucose (Gl) or maltodextrin (Md), or 1g kg-1 body 

mass of glucose (GI+Gu) or maltodextrin (Md+Gu) with 8% guar gum. 

All drinks were orange flavoured, and the order of trials was 

COunterba lanced. The carbohydrate ingestion resulted in an energy 

intake of 1253.3 ± 149 5 kJ, with the concentration of the drinks 

being 18.65 ± 2.2%. The choice of concentration for the guar gum 
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was reached on examination of the findings of Jenkins et al. 
(1977) and on the viscosity encountered. 

After an overnight fast of approximately 12 hours, each subject 

arrived at the laboratory, voided urine and changed into 

appropriate clothing. A 16 guage cannula was then inserted into 

an antecubital vein under local anaesthesia before the subject 

rested for 30 min. Following this period of time, two 10 ml 

samples of blood were withdrawn in lithium-heparin tubes (one 

containing Trasylol/Aprotinin for later analysis of glucagon). 

Subjects then ingested the trial drink over a 2-3 min period 

before cycling at an exercise intensity corresponding to 65%- 

VO, max. After 15,30,45,60,75, and 90 min of exercise, 

measures of V02 and respiratory exchange ratio (RER) were made 

Over a5 min period. Further duplicate 10 ml blood samples were 

taken at 15,30,60, and 90 min of exercise. Following 90 min of 

exercise, the subjects were allowed to rest for 10 min before a 

timed cycle to exhaustion was undertaken at an exercise intensity 

corresponding to 75%- V02max. Af inal set of blood samples was 

taken at the point of exhaustion (a time point when the subject 

Could no longer keep pedalling). 

Analyses. Venous blood samples were collected in lithium-heparin 

tubes and used immediately for the determination of haemoglobin 

by the cyanmethhaemoglobin method, and for packed cell volume 

using a micro - haematocrit centrifuge (Hawksley Ltd., UK) . Changes 

in plasma volume were-estimated according to the method of Dill 

and Costill (1974). The remaining blood was centrifuged at a 
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speed of 3,000 rev min-', aliquoted, and then stored at -20"C 

before being analysed for glucose, lactate, non-esterified fatty 

acids (NEFA), insulin, and glucagon. Plasma samples for the 

determination of catecholamines were stored at -700C. 

Plasma glucose concentrations were analysed using the GOD-PERID 

enzymatic spectrophotometric method (Bergmeyer & Bernt, 1974) 

With kits supplied from Boehringer-Mannheim, UK and on a Cobas- 

Bio Centrifugal analyser (Roche Products Ltd, Welwyn Garden City, 

Herts, UK). The coefficient of variation (CV) at concentrations 

Of 4-6 mM was 3.5%, and the within-batch precision of repeated 

POOled samples was less than 4%. 

Plasma NEFA was assayed using an enzymatic spectrophotometric 

, raethod (NEFA kit from WAKO Chemicals, Germany supplied by Alpha 

Laboratories, London) in conjunction with the Cobas-Bio 

Centrifugal analyser. The CV at a concentration of 1.5 mm was 

4.9% (Precinorm, Boehringer-Mannheim, UK). 

Perchloric acid extracts of plasma lactate were also analysed on 

the centrifugal analyser using the enzymatic method of Gutman and 

Wahlefeld (1974). The cv of plasma samples between 2-4 mm was 

2.0%. 

Plasma insulin was determined using radio- immunoas say (RIA) with 

an Insulin RIA kit (IM. 78) from Amersham International, Amersham, 

TJK. Within-assay CV quoted by the manufacturers of the kit was 

12% at 5uIU ml-1 and less than 5% at insulin concentrations of 
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betWeen 15 and 100 uIU ml-1. 

Plasma glucagon was measured using a commercially available "! 'I- 

glucagon RIA kit (IDS Ltd, Bournemouth, UK). Between-batch 

Precision quoted by the manufacturer was less than 15% at 

concentrations between 140-900 pg Ml-1. 

Plasma catecholamines were first concentrated and partially 

purified using a two-tiered technique for plasma preparation 
(Frayn & Maycock, 1983). This involved an initial clean-up using 

Bond Elut cation exchange columns (AnalytiChem International, 

Harbor City, CA), followed by adsorption of the buffered eluate 

on "in-house" prepared alumina columns. Catecholamine 

concentrations were then measured by reverse-phase high pressure 
liquid chromatography (HPLC) and electro-chemical detection (LDC 

Analytical, Stone, Staffs, UK). Catecholamine concentrations were 

obtained by calculating the areas under the curve from the 

chromatograms produced. The percentage recovery of standards was 

74% (±12.0%) for noradrenaline, and 71% (±9.7%) for adrenaline. 

Between-batch precision was less than 10%. 

Calculations. Carbohydrate oxidation rates were calculated from 

the non-protein RER values and VO,, using Zuntz's (1goo) table 

(Appendix A). 

Statistics. Results from the plasma and respiratory analyses were 

subjected to analysis of variance (ANOVA) with repeated measures. 

Where significant differences were found, a post-hoc HSD test was 
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employed. Results for the times to exhaustion were examined using 

paired t-tests. Significance was accepted at the 0.05 level of 

probability. 

4.3 RESULTS 

The times to exhaustion at 75k V02max (Table 4.1) showed 

significant differences between the carbohydrate trials and the 

Placebo trial (P< 0.05). Paired t-tests highlighted these 

improvements, and it can be seen that they reflect a 128%, 166k, 

176k, and 196k increase in performance for Gl, Gl+Gu, Md, and 

Md+Gu respectively. No significant differences were apparent 

between the carbohydrate trials except for Gl and Md+Gu- 

Table 4.1 Times to exhaustion and It, -values. 

Trial Time to 

Exhaustion (s) 

Pi GI GI+Gu Md Md+Gu 

Pi 163 + 53 

GI 372 + 155 3.9* - 

GI+Gu 423 + 156 4.1* 2.0 - 

Md, 450 + 186 4.5* 1.4 0.7 

7__ 
Md +(G; nu 

01 
483 + 167 

1 
4.7** 

1 
2.9* 

1 
1.3 

1 
0.5 

1 
-jI 
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Significant differences were found for RER and for V02 between 

the placebo and carbohvdrate trials accordina tn Annua 

(F4,16=20.6; P<0.01 and F,,,, =5.2; P<O. 05) with the latter 

Providing higher values than the placebo. These f indings resulted 
in significantly reduced rates of carbohydrate oxidation for the 

Placebo, trial compared to the carbohydrate trials (F4,16=26.2; 

, 
P<0.01). Tables 4.2-4.4 present the mean data f or RER, V02, and 

ar dition c bohydrate oxi-; a rate respectively. 

Table 4.2 Mean (±SD) respiratory exchange ratios during the five 

trials,. 

Time 

(min) 

Pi GI GI+Gu Md Md+Gu 

15 0.86+0.015 0.86+0.016 0.86+0.018 0.87+0.047 0.86+0.017 

30 0.84+0.005 0.88+0.026 0.88+0.020 0.89+0.012 020 0-R±0-020 

45 0.81+0.013 0.90+0.019 0.88+0.016 0.90+0.015 0.88+0.015 

60 0.80+0.008 0.89+0.013 0.89+0.019 0.8ý+0.020 0.85. ±0.021 

75 0.79+0.011 0.8R+0.037 0.88+0.024 0.8R+0.022 0.85+0.021 

90 0.79+0.008 0.87+0.028 0.86+0.023 0.87+0.013 0.83+0.027 
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Table, 4.3 Mean (±SD) oxygen consumption (ml min-') for the five 

trials. 

Ti 
rim 

e 

ýMin (min)_ 

Pi GI GI+Gu Md- Md+Gu 

15 15 2198+435 2368+572 2310+469 2393+523 2205+443 

30 2374+660 2614+852 2476+1673 2581+690 2530±595 

45 2413+726 2569+763 2551+721 2593+740 2599ý±659 

60 ... 2430+697 2628+853 259&+708 2642+798 2688+658 

75- - 
.ýi 

2588+667 2576+800 2684± 816 2670+741 2647+692 

90 2612+650 2634±610 2710+746 2678+695 2686±714 

The total amount of carbohydrate oxidized was estimated by 

averaging the carbohydrate oxidation rates for each trial and 

multiplying by the time to exhaustion. The placebo trial produced 

-total amount of carbohydrate oxidized of 93 g, whereas the 

carbohydrate trials gave estimated values of 163 g, 158 g, 168 

9, . and 143 cr for Gl. Gl+Gu. Md, and Md+Gu, respectively. 

Subtraction of the placebo value f rom the carbohydrate values 

give, -an, indication of the amount of glucose oxidized by the 

Muscle f rom that which is ingested, assuming that the endogenous 

Stores'are utilized to the same extent. This would point to the 

POssibility that 85-100% of the ingested carbohydrate is oxidised 
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-in the ekercise period. 

Table 4.4', ý Mean (. ±SD) carbohydrate oxidation rates (g min-') for 

the five trials. 

Týime 

(nmiin) n 

pi GI GI+Gu Md Md+Gu 

15 1.36+0.36 1.50+0.52 1.43+0.44 1.4ý+0.44 1.50+0.33 

30 1.24+0.34 1.85+0.59 1.7ý+0.57 1.93+0.63 1.82+0.51 
r4 

5 0.96+0.26 2.04+0.68 1.80+0.63 2.03+0.69 1.91. ±0.55 

60 0.91. ±0.30 1.92+0.64 1.95+0.66 1.93+0.67 1.89+0.60 

75 0.89+0.30 1.81+0.44 1.8ý±0.61 I. W+0.59 1.8Q+0.49 

90 0.85ý±0.27 1.71+0.48 1.74+0.55 1.79±0.46 1.69±0.42 

Mean plasma glucose concentrations were similar for all 

conditions 'at rest. Levels f ell slowly during exercise under Pl, 

although 7ingestion of carbohydrate maintained the plasma glucose 

levels above resting values throughout the exercise period (Fig 

4.1) Signif icant dif f erences between the treatments were evident 
(F4,16=6.2; P<0.01), with the post-hoc tests highlighting the 

differences between the placebo and the carbohydrate trials 

(P<0.05). ''No significant differences were found between the 

carbohydrate trials. 

102 



The placebo trial resulted in a gradual and significant increase 

in NEFA concentration during exercise (F_,, 20=12.08; P<0.01), 

whereas-ingestion of carbohydrate attenuated this response (Fig 

4.2)., There were significant differences in NEFA concentrations 

between the trials (F,,,, =6.2; P<0.01) with the post-hoc tests 

emphasising the differences between P1 and the carbohydrate 

trials (P<0.05) . The differences between the carbohydrate trials 

were not significant (P>0.05). 

Lactate concentrations increased significantly from rest (Fig 

4-3), and were notably higher after the ride to exhaustion at 75V 

V02max compared to the ride at 6-5ý6 V02max (F5,20=39.8; P<0.01) - 
There were significant differences between Pl and the 

carbohydrate trials (F4,: L6=9 - 1; p<o - ol) with Pl producing 

significantly lower values (P<0.01). 
I, 

The plasma insulin concentrations decreased during exercise in 

the placebo trial (Fig 4.4), although all carbohydrate trials 

resulted in significant increases in plasma insulin concentration 

within the first 30 min (P<0.01) before decreasing. The effects 

Of the' carbohydrate trials were significantly different 

(F, j,, 6-=4.3; P<0.05), but only between Md and PI (P<0.05). No 

significant differences were apparent between the carbohydrate 

trials. 

The results for plasma glucagon showed a significant rise during 

exercise (F,, 
2, =10'0; p<0.01) , but no signif icant dif f erences were 

found between the trials W4,16ý0-5 P>O. 05) . Figure 4.5 
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illustrates the mean glucagon concentrations during the trials. 

Significant differences in plasma adrenaline concentration were 

found between the drinks ingested (F4,16=3.6; P<0.05) The post-hoc 

tests' establ. i shed that the adrenaline concentrations for P1 were 

Significantly higher than for Md (P<0.05). No significant 

dif f erences were f ound between the carbohydrate trials (Fig 4.6) . 
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Mean plasma noradrenaline concentrations (Fig 4.7) increased 

Significantly during the course of the exercise irrespective of 

the trialý, (F5,20=16.4; P<0.01). The ANOVA yielded no significant 

main-effect between the trials (F,,,. 6=1.2; P>0.05). 

4.4 DISCUSSION 

Carbohydrate ingestion has been associated with enhanced exercise 

Performance, and exogenous carbohydrate may serve as a 

Supplementary fuel at a time when muscle glycogen stores are 

compromised (Coyle -et al, 1986) . Reductions in blood glucose have 

been shown to result in lowered muscle glucose uptake, a 

decreased, rate of carbohydrate oxidation, and an impaired 

Performance (Coyle et al., 1986; Coggan & Coyle, 1987; Neufer et 

al.,, 1987). 

Due to the-reduced availability of NEFA following carbohydrate 

ingestion, it would be expected that a greater proportion of 

energy-, is, -- derived from carbohydrate stores. The significantly 

elevated: plasma glucose levels and reduced plasma NEFA levels 

after carbohydrate ingestion points to the possibility of more 

energy being derived from carbohydrates under such conditions. 

E'stimation of carbohydrate oxidation from V02 and RER confirmed 

this. Indeed it would appear from our calculations that most, if 

not all, -of the carbohydrate ingested immediately prior to the 

exercise-may have been oxidised i. e. approximately 75 g in 90 

'tin. This,, is close to the rates of 50-70 g in 120 min found by 
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Massiccote et al. (1989). 

The'. results of this study are clearly in accord with the 

observations of others that carbohydrate ingestion promotes 

Plasma glucose concentrations, enhanced carbohydrate oxidation, 

and ýelevated RER values. As a consequence, there was a 

significant increase in time to exhaustion. Although muscle 

glycogen-,., concentrations were not determined, the enhanced 

Performance was likely to result either from a muscle glycogen 

Sparing, and/or an enhanced availability of exogenous glucose to 

the active muscles. The enhanced performance at 75t V02max after 

90, min ofýsteady-state exercise as observed in the carbohydrate 

trials may have resulted from an enhanced availability, uptake, 

and utilization of plasma glucose. 

Concentrations of adrenaline and noradrenaline were found to 

increase 
. -significantly with the duration of exercise, the 

noradrenaline concentration being consistently higher than the 

adrenaline. The values in this study reflect the stress of 

exercise,. 
- 
duration and intensity on the subjects. Carbohydrate 

ingestion was found to attenuate the rise in adrenaline 

(particularly Md), although no significant effect was obtained 

for noradrenaline. Changes in the availability Of glucose alter 

the'activity of sympathetic centres in the hypothalamus (Galbo, 

1983). Glucose infusion during exercise causes a marked decrease 

in, - plasmaý,, adrenaline levels (Galbo et al., 1979). Since 

adrenaline stimulates adipose tissue lipolysis and inhibits 

insulin secretion, its decrease in plasma would result in lowered 

109 



fatty acid metabolism. The present results highlight the 

inhibitory ef f ect of carbohydrate ingestion on plasma NEFA. This 

is further amplified by the elevation of plasma insulin during 

the carbohydrate trials. Insulin is a potent inhibitor of 

liPolysis., in adipose tissue, and together with its stimulating 

effect, - on -ý glucose uptake by exercising muscle, leads to the 

increased, use of carbohydrates and reduced reliance of fats in 

these trials. 

The form of carbohydrate and the addition of guar gum did not 

significantly affect either carbohydrate availablilty or 

performance. This is not entirely surprising in so far as the 

same total amount of carbohydrate and fluid was ingested in all 

carbohydrate trials. Although the osmolalities of the drinks 

Would have varied, the caloric content and fluid volume are the 

Most important considerations for gastric emptying of beverages 

Whilst exercising (Murray, 1987). The delay in the elevation of 

Plasma, glucose and the expected impaired insulin response with 

guar gum did not materialise. It is possible that this finding 

was due to a combination of exercise and the concentration of 

guar gum used. 

4.5 CONCLUSIONS 

This study showed that ingestion of Gl, Gl+Gu, Md, and Md+Gu 

resulted in similar hormonal, metabolic, and performance 

response s to exercise. when compared to a placebo trial, 

however, there were significantly elevated concentrations of 
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Plasma glucose and lactate, but significantly reduced levels of 
NEFA (thus supporting hypothesis 3) . Elevated plasma glucose 

resulted in stimulation of insulin with concomitant inhibition 

Of glucagon and the catecholamines (thus supporting hypothesis 

4). The consequences of these changes on metabolism were an 

enhanced oxidation of carbohydrate and an improved performance 
(thus supporting hypotheses I and 2) . No advantages were apparent 

when maltodextrin was ingested compared with glucose ingestion, 

nor were there any additional advantages when guar gum was added 

to the carbohydrates (thus refuting hypotheses 5 and 6). 
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HORMONAL AND METABOLIC RESPONSES TO GLUCOSE AND MALTODEXTRIN 

INGESTION DURING EXERCISE 

S-1 INTRODUCTION 

Carbohydrate ingestion during exercise has been shown to enhance 

Performance of prolonged exercise (Coggan & Coyle, 1987; Coyle 

et al., 1983; Neufer et al., 1987). This improvement in 

Performance may not necessarily be due to a sparing of muscle 

glycogen U- se during exercise, but it is more likely that the 

exogenous 'carbohydrate maintains elevated blood glucose levels 

at a'time when the exercising muscles rely upon blood glucose for 

energy-(Coyle, 1991). 

Whereas the previous experiment was concerned with the ef f ect of 

carbohydrate ingestion immediately prior to exercise, the present 

experiment is concerned with the effects of carbohydrate 
ingestion administered prior to and during exercise - Since it has 

been established that carbohydrate ingestion results in elevated 

Plasma glucose concentrations, enhanced carbohydrate oxidation, 

elevated insulin levels , and enhanced performance irespective 

Of the form of carbohydrate, this study used a model in which the 

subjects were pre-stressed by undertaking a V02max test before 

steady state exercise to exhaustion began. Carbohydrate or 

Placebo 'was ingested after the V02max test and during the 

Subsequent exercise. Such an experiment should further emphasise 

the tendency towards using carbohydrate as an energy source, and 

the resultant changes in the hormonal mileu. Thus: - 
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Hypothesis 7: Carbohydrate ingestion results in 
7. 

enhanced carbohydrate oxidation, reduced 

fat oxidation, elevated plasma glucose, 

lactate and insulin concentrations, and 

reduced plasma NEFA, glucagon, and 

catecholamine concentrations compared with 

placebo. 

Furthermore, since carbohydrates are being provided before and 

during-exercise, a greater carbohydrate oxidation rate than in 

the previous experiment is anticipated, and that any potential 
beneficial effect of maltodextrin compared with glucose is likely 

to be realised. Hence: - 

, -Hypothesis 
8: The difference in the mean rate of 

carbohydrate oxidation between the 

carbohydrate ingestion trials and the placebo 

trial is greater than the 0.83 g min-' 

obtained in the previous experiment. 

ý Hypothesis 9: maltodextrin ingestion results in an 

enhanced carbohydrate oxidation, higher 

plasma glucose and reduced plasma NEFA 

cencentrations when compared to glucose 

ingestion, and that this results in 

elevated plasma insulin and lower plasma 

glucagon and catecholamine levels. 
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Hypothesis 10: Maltodextrin ingestion results in a 

significantly longer time to exhaustion 

than is the case with glucose ingestion. 

4-2 ICRTHODS 

Subjects, Six -male subjects who regularly participated in road 

Cycling gave informed consent to take part in this study. The 

'bean (±SD) . age, body mass, and VO., max were 27.3 (±4.3) years, 

74.5 (±8.3) kg, and 4243 (±613) ml min-' respectively. 

Experimental, design. Subjects visited the laboratory on three 

Separate occasions, with a gap of no more than 3 weeks between 

each visit to eliminate any possible training effect - During each 

Visit , which took place at 09: 00 h after an overnight fasto 

subjects had an indwelling cannula placed into the back of their 

Aon-dominant hand 20 min before one 10 ml and one 5 ml resting 

blood sampleý'were taken. A VOmax test was then undertaken on an 

electronically braked cycle ergometer, in the same manner as 

described in the previous chapter. Following the VOmax 

asSessment, there was a 20 min recovery period during which the 

CYCle -ergometer was pedalled at a 60 watt power output for 10 

Itin. Half-way through the recovery period a 200 M1 portion of 

either -water. as placebo (Pl), lot glucose (Gl), or 10% 

%altodextrin (Md) was ingested; all drinks were flavoured with 

diabetic orange cordial so as to make them indistinguishable in 

taste. At the end of the recovery period further blood samples 
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were obtained before exercise began at a exercise intensity 

corresponding to 65% of the VOAax which had just previously been 

Ikeasured. Subjects exercised to fatigue (the point at which the 

desired exercise intensity could not be maintained); the time to 

fatigue-was recorded to the nearest minute. Blood samples were 

taken at 15,30,60 min, and at the point of fatigue, as were 

Ikeasures of VO, and RER for the determination of carbohydrate 

Oxidation, rate. At 20,40, and 60 min intervals further 200 ml 

Portions of the test drink were administered. Testing was 

Perforned'in a balanced order. 

Analjýes. -1 Blood samples were immediately centrifuged at 3oOO rev 

The p lasma was then removed and frozen for later analysis 

for glucose', NEFA, lactate, insulin, glucagon, adrenaline, and 

noradrenaline using the same procedures as described previouslY. 

Statistic"s'. --"Time to exhaustion was treated by using paired It'- 

tests. The-"p-l'asma. data and those of carbohydrate oxidation rates 

Vere analysed by ANOVA followed by Newman-Keuls post-hoc test if 

the F-val" ''was significant at the 5% level of probability. 

5-3 RzsULTý 

Table 5.1 illustrates the times to exhaustion for each of the 

trials together with the calculated it'-values. No significant 

differences were apparent between the trials. 
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Significant differences between the trials were noted for the 

oxidation I of carbohydrates (F2,10=196.2; P<0.001), with the post- 
hoc test highlighting the significant differences between the two 

Table 5'. 1' 'Times to exhaustion (min) and ItI -values f or the three 

trials 

rTrlial 
Time to 

Exhaustion (min) 

Pi Gl Md 

P1 P1 104.7+12.1 - 

Gl 108.8+14.4 1.40 - 

Md 118.0+21.1 2.34 2.02 

carbohydrate treatments and the placebo (p<o. 01) . No significant 

differences were found between Md and Gl (P>0.05). 

An in I crease in the rate of carbohydrate oxidation was observed 

during the exercise period (F3. j,, =12.85; P<0-01), which was 

exclusively due to the carbohydrate trials (p<o. o5) .A reciprocal 

respoiis'e"wa-s observed under conditions of placebo ingestion (Fig 
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Mean plasma glucose concentrations were similar at rest for all 

conditions. Figure 5.2 reveals that the placebo trial resulted 

inplasma, 
glucose concentrations which were consistently lower 

than the carbohydrate treatments throughout exercise. At the 

Point 
- 
of fatigue hypoglycaemia was not evident in any trial, 

although the placebo trial exhibited significantly lower 

concentrations than the others (P<O. 01) . Signif icant dif f erences 
between 

the trials were confirmed using ANOVA 

W2.10ac23-87; P<O. 01) , with the placebo trial producing 

aignifican I 
tly lower concentrations than the carbohydrate trials 

0<0.0.5) 
. NO significant differences were apparent between the 

Q and Md trials. Analysis of variance also revealed a 

eignificant change with time (F,. 30-8.35; P<0-01)# with the G1 and 

Md treatments producing elevations in glucose concentrations 
throughout 

exercise (P<0.05). 
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ý'ig S. 2 Mean (. tSEM) plasma glucose concentrations (mM) for the 

three, trials (0- Pl, 0- Gl, A- Md) - 

711(! Placebo trial produced a typical IIEFA response during 

04ercise in that plasma concentrations became elevated as the 

e-zercise 'progressed; the final mean concentration was nearly 
Zi7efold hicther thnn -mrr-ont-r-ation. Attenuated 
re8POnses: 

were obtained under carbohydrate ingestion resulting 
in a significant time effect (F..,, =144.13; PcO-01)- Differences 
'ýetween 

the trials can clearly be seen (Fig 5.3), and this was 
reirIforced by ANovA (F2,,, -31.15; P<0.01). post-hoc analyses 
revealed that these differences were between the carbohydrate 
trials 

andýthe placebo (Pco. 01), but not between Gl and Md. 

L"Ctate 
concentrations were significantly elevated after the 

119 



'V02TnaX test (P<0.01) to values averaging 11.4 mM; this represents 

1411 800%- increase from rest, and is in keeping with the criteria 

for subjects having reached maximum oxygen uptake. During the 

ensuing exercise period lactate concentrations decreased, but not 

to resti ng levels. Carbohydrate ingestion resulted in the plasma 

levels being consistently higher than for the placebo (Fig 5.4) . 
A significant time effect (F,,.,, -107. S7; P<0.01) and significant 

ef f ect of carbohydrate intake W2.10-6.21; P<O. 05) on plasma lactate 

was highlighted by ANOVA. 

Plasma insulin concentrations showed a similar reponse to the 

Previous experiment during exercise under placebo, in that the 
levels decreased during exercise. The cL and Md treatments 

resulted, in a trend towards a decrease during exercise (Fig 5-5) 

although they produced significantly higher concentrations 
(F2.10=7-36; P<O-05) than the placebo. 

Plasma' 
glucagon rose significantly during exercise 

(F 
s. 2s'17.14'; P<O. 01) and differed between the trials 

(P 
2,20=9 -014; P<O. Oj); glucagon concentrations were significantly 

4igher 
for 

- 
Placebo compared with G1 and with Md (P<0.05). Figure 

S-6 illustrates 
the mean plasma glucagon concentrations 

durin 9 the; trials. 
I 

significant effect of time with regard to plasma adrenaline 
cOncentrations 

was revealed (Fs. 3j-123.55; P<0-01) . with the levels 
irIcreasing 

during the exercise period(Fig 5.7). An attenuation 
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of responses was evident when comparing placebo with Gl and Md 
(P2,10=4.80; P<0.05), although the only difference was between the 

Placebo, and Gl (P<0.05). There were no significant differences 

between Gl. and Md. 

Mean plasma noradrenaline concentrations (Fig S. 8) increased by 

126t at. fatigue compared with the pre-exercise levels. This 

change was significant according to ANOVA (F5,2S=71.76; P<0.01). 
Differences_ between the trials was, likewise, significant 
(F2, io=5-05; P<0.05); ingestion of Gl and Md evoked an attenuated 

- 11 
response . (P<O. o5). 

5.4 DISCUSSION 

Carbohydrate ingestion during exercise has been shown to promote 

Performance . and to delay fatigue ( Coggan & Coyle, 1984). 

Although the differences between Pl and the carbohydrate trials 

were not, -statistically significant in this study, the 3.9t and 

12.7%- improvements in time to exhaustion are evident, and also 

in keeping with other studies which have revealed that time to 

exhaustion ýcan be improved by 10% (Neufer et al., 1981). Also 

apparent is -the 8.5k increase in time to exhaustion for the Md 

treatment compared with the G1 treatment. This response is not 

as great as the 20t, but non-significant, finding between the two 

treatments in the previous experiment, but nonetheless reflects 

a trend in f avour of Md as an ergogenic aid - 
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As in the previous experiment, the ingestion of carbohydrate 

resulted in an enhanced plasma glucose response and an attenuated 

plasma NEFA response. Consequently there was a significant 

oxidation' of carbohydrate when compared to the P1 trial. The 

greater availability of glucose from blood during the later 

stages of exercise has been proposed as a reason for improving 
I 

endurance' performance (Coyle, 1991). Estimated carbohydrate 

oxidation' rates after 60 min of exercise were 0.9 g min-, 1.84 

g min-', and 1.83 g min-' for placebo, Gl, and Md respectively. 

Although'-'it is not possible to determine how much of this 

oxidation is due to exogenous sources, clearly there appears to 

be a significant rate of carbohydrate being used when fatigue 

develops. 'ýThe elevated plasma glucose concentrations at the time 

of fatigue would suggest that either the glucose cannot be taken 

up at a. sufficiently high rate for use by skeletal muscle, or 

that other fatigue factors are involved. Since muscle glycogen 

stores were not examined during this study, it is not possible 

to ''quantify the relations between exogenous and endogenous 

carbohydrate useage. 

The total carbohydrate oxidation rates estimated f rom this study 

were almost identical with those obtained from the previous 

inv. estigýtion; mean rate of 1.08 g min" (total of 97 g over 90 

min) for,! Pl, 1.81 g min-' (total of 163 g over go min) for Gl, 

and 1.65 g min-- (total of 149 g over 90 min) for Md. Similar 

grams of carbohydrate were consumed in both the previous 

investigation and this one (i. e. 80 g), although the 

concentration and timing of the drinks varied. The differences 

124 



5 

1 
Z' 

10 
E 

CL. 

0' 
i 

rest pro-ex is, 30' 60' go, 

Sample point 

Fig S. T' -Mean (zLSEM) plasma adrenaline concentrations (nmol 

for the three trials 0. Pl, 0- Gl, A- Md) 

25 

E 20 

fa 10 
0 &- 

z 

E 

0 

F 

I 

rest pro-ex 15' 30' 60' go, 

Sample point 
ýig 5.8 ', -, Mean (. ±SEM) plasma noradrenaline concentrations (nmol 

1") f or the three trials (0- PI, 0= Gl, A- Md) . 

125 



between the: mean total carbohydrate oxidation rates for the 

carbohydrate trials and the Pl were 0.58 g min-' and 0.73 g min-' 
for Md and G1 respectively. This was lower than the values 
reported between Pl and Md (0.84 g min-') , and Pl and Gl (0 - 78 g 
tin-')-in the previous study. It appears that total carbohydrate 

cXidation,, ý rate is independent of the form and timing of 

carbohydrate ingested. This is supported by results from Moodley 

et al .U9 92) . -Their values of 14 8 to 164 g of total carbohydrate 

C%idised. in 90 min of cycling at 70%- V02 max were almost 
Identical with the findings from this study. Furthermore, it is 

; robable -that 20-40k of the exogenous carbohydrate will 

contribute to the total oxidation rate of carbohydrates, as has 

been demonstrated by tracer studies (Massicotte et al., 1989; 

Moodley, et-. al., 1992;, Saris et al., 1993). 

7be hormonal responses determined in this experiment have 

zodulated the substrate availability and resultant oxidation of 

tetabolic fuels for the exercising muscles to function. 

Decreasing concentrations of insulin and increasing 

COncentrations of glucagon and the catecholamines have invariably 

resulted in-enhanced availability of NEFA as an energy source, 

thereby conserving muscle glycogen. Confirmation of the increased 

reliance 'on-, fats as exercise progressed can be seen with the 

decrease in total carbohydrate oxidation rate. on the other hand, 

illgestion, of carbohydrate increased plasma insulin and reduced 

the availability of NEFA, leading to an increased reliance on 

Carbohydrates. 
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The st. imulation of insulin secretion by carbohydrates was 
balanced by inhibition of glucagon, an insulin antagonist,. as 

Ivell as an attenuated catecholamine response. The exact mechanism 

Of the interrelationship between glucose and catecholamine is not 

understood.., As the exercise proceeded, the increase in 

catecholamine secretion ensured that insulin concentrations did 

ZLOt rise: appreciably, although they were higher than for the P1 

trial. The fact that the insulin concentration did not rise above 

6-7 UU ml-ý, even when carbohydrate drinks were given at regular 

Intervals'l; 
I 
throughout the trials demonstrates the inhibitory 

effect of elevated, adrenaline concentrations prior to the steady- 

state exercise. Adrenaline concentrations have been shown to 

return to near pre-exercise levels within 20 min (Galbo, 1983), 

bIJt clearly the plasma values were still elevated 20 min after 

the V02max test. 

5-S CONCLUSIONS 

The results f rom this study were consistent with the previous 

investigation in that carbohydrate ingestion promoted 

carbohydrate oxidation, elevated plasma glucose and insulin 

concentrations, but diminished lipid oxidation and the plasma 

I; ZFA, glucagon, and catecholamine responses (thus supporting 

hYPothesis 7) . Consistent findings were also evident between this 

and the previous study on examination of the differences between 

the pi acebo, trial and carbohydrate ingestion trial for the mean 

rates of carbohydrate oxidation (thus refuting hypothesis 8). 
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Xaltodextrin ingestion during exercise f ailed to enhance 

Carbohydrate oxidation rates, plasma glucose and insulin 

concentrations significantly, or diminish significantly the 

Plasma NEFA, glucagon, and catecholamine concentrations compared 

to the glucose ingestion trial (thus refuting hypothesis 9). The 

result of similar hormonal, metabolite, and metabolic responses 

between the two carbohydrate trials resulted in no significant 

effect on time to exhaustion (thus refuting hypothesis 10). 

Clearly carbohydrate ingestion favours utilisation of 

Carbohydrate as a metabolic fuel, although the form and timing 

Of carbohydrate ingested is not of significance. 
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HYPERGLYCAENHA AT REST 
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" HORMONAL AND METABOLIC RESPONSES TO MAINTAINED 

HYPERGLYCAEMIA AT REST 

1-1 INTRODUCTION 

"tis generally accepted that the glucose-fatty acid cycle 

'Perates in the heart and in skeletal muscle under resting 

'Onditions (Randle et al., 1963,1964). Oxidation of fatty acids 
4 Zhibits glucose uptake, glycolysis, glycogenolysis, and pyruvate 

-zidation, whilst ingestion of carbohydrates or infusion of 

'lucose attenuates this response. Non-esterified fatty acids 

(-", EPA) have been recognised as one of the main energy sources 

during rest, as well as during exercise. Bulow (1981) reported 

that 46%'of the energy at rest is derived from fats. The rate of 
t,. 'bilisation of NEFA shows an inverse relationship to the amount 

carbohydrate being used in the body. Studies have shown that 

itcreasing I quantities leave adipose tissue and enter the blood 

during fasting, whereas there is a drop in their release and a 

,. all in-blood levels following a meal or glucose infusion (Dole, 

19SO 
- These responses would not be reflected to the same degree 

if. high levels of blood glucose can be maintained. Thus: - 

Hv-nothesis 11 Maintained hyper_qlycaemia results in 

enhanced carbohydrate oxidation, 

diminished fat oxidation, and decreases in 

plasma NEFA and glycerol . 

Variations in circulating hormones control the release of fatty 
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response remains unchanged in normal subjects (White et al., 

1987) 
. Since it has been demonstrated that insulin secretion is 

stimulated by increased levels of blood glucose and that th 
. 
ere 

is a concomitant inhibition of glucagon secretion, it is 

hYpothesised that: - 

,, -Hypothesis 12 Maintained hyperglycaemia results in 

stimulation of insulin secretion with a 

concomitant inhibition of glucagon 

production. 

Catecholamine and cortisol concentrations 

are unaffected. 

Studies_, which have used control subjects under conditions of 

maintained: hyperglycaemia have shown that glucose ut'lisation 

rate is steadily increased during the infusion (DeFronzo et al., 

1979; Copeland et al., 1987; White et al., 1987). Hence: - 

Hypothesis 13 Maintained hyperglycaemia results in a 

steady increase in glucose utilisation- 

The use of the ý hyperglycaemic glucose clamp technique and 

Subsequent measures Of V02, RER, hormones, and metabolites should 

en'able'useful information to be gleaned concerning the regulation 

Of metabolism at rest. Furthermore, this study provides a useful 

base 'from which to extend the technique to conditions of 

exercise. ý' 
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6-2ACKTHODS 

Subjects. Five healthy subjects, 4 male and 1f emale, volunteered 

to take, part in this study, and gave their informed consent in 

accordance with the ethics committees of the Regional Health 

Authority and of Liverpool Polytechnic (now Liverpool John Moores 

University). The mean (±SD) age, height, and body mass of the 

subjects were 32.2 ± 9.3 years, 1.80 ± 0.08 m, 78.8 ± 11.5 kg, 

respectively. 

EXPerimental design. on the day of the trial, subjects arrived 

in the laboratory at 08: 00 hours after a 12-hour overnight fast. 

Urine.. wasývoided before two 16 guage iv cannulae (H. G. Wallace, 

Colchester,, Ux) were inserted under local anaesthesia. one was 

Placed-into a, forearm vein of the left arm for infusion of 20% 

dextrose; the other hand was placed in a hot-box heated to 60*C 

which served to larterialiset the-blood (Abumrad et al., 1981) 

befo re, the, cannula was inserted retrogradely in a dorsal hand 

Vein.. Slow-infusion of 0.9% saline (Galen Research Laboratories 

Ltd, Antrim, N. Ireland) was used to maintain patency. An IMED 928 

VOlumetric infusion pump (IMED Ltd, Abingdon, UK) was used to 

infuse-the glucose. 

P01 lowing, insertion of the lines, the subjects rested for 20 min. 

The -trial, , commenced with a 30 min baseline period during which 

Inean. blood glucose concentrations were determined, and blood 

6*Mplesý_ ýwere taken for later analysis of metabolites and 

hOrmones., 
ýFollowing this time, a priming infusion of the 20% 

133 



dextrose was administered over 20 min , according to the 

algorithm of DeFronzo et al. (1979), in order to raise blood 

glucose accutely to 12 mM. The trial continued for a further 2 

hours'and 40 min whilst the blood glucose was 'clamped" at 12 mm. 

This was achieved by analysis of blood glucose every 5 min, and 

the rate of infusion of dextrose altered within 90 seconds using 

a computer program written for a Sharp MZBOB computer. 

L 

OxYgen-uptake (VO. ) and VCO, were measured over the 30 min 

baseline". period and throughout the glucose infusion period 

continuously. A mobile metabolic cart and ventilated hood system 

were used based on that described by Fellows and Macdonald 

(1985)., Subjects rested supine on a bed with a ripple mattress 

(Talley Ripplebed Model D70, Talley Medical Equipment Ltd, 

Borehamwood; UK). F 

Blood samples were taken during the baseline period and every 20 

min during the clamp for subsequent analyses for insulin, 

cortisol, NEFA, and glycerol. Samples taken at the start and at 

1,2,3 hours were analysed for adrenaline and noradrenaline, and 

Samples taken at baseline and 3 hours for glucagon. Blood samples 

for insulin, cortisol, catecholamines, NEFA and glycerol were 

taken'ý into 10 ml lithium-heparin tubes, whereas blood f or 

cJlUcagon analysis was taken into the same tubes but with 1 ml 

Trasylol (Bayer Ltd, Newbury, UK) added. Samples were centrifuged 

immediately at 3,000 rev min-", the plasma removed and stored on 

ice until the end of the trial. Thereafter, samples for 

catecholamines were stored at -700C, and all other samples at 
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-200c. , ý,, 

Urine'ýwas collected at the end of the clamp for analysis of 

glucose, and for determination of volume. Consequently it was 

Possible to estimate the urinary glucose losses. 

Calculations. The glucose utilisation rate was calculated as the 

amount required to maintain a constant blood concentration of 12 

MM,, afte'r correction for urinary losses (DeFronzo et al., 1979). 

These rates of whole body glucose utilisation were calculated for 

Successive 20 min periods throughout the clamp, ignoring the 

#prime' ý infusion. No estimate was made of hepatic glucose 

Production (see Appendix C). 

The carbohydrate oxidation rates were calculated via indirect 

calorimetry. This incorporated V02 and RER measurements and used 

the table of Zuntz (Appendix A). 

Analyses. Whole blood glucose was analysed using a glucose oxidase 

technique incorporating an oxygen electrode YSI Model 23A glucose 

analyser - (Yellow Springs Instruments Inc, Yellow Springs, Ohio) . 
Within- batch precision of repeated pooled assays during 

hYPerglycaemic clamping was less than 3.4%; between-batch 

Precision was less than 2.8k. 

Perchloric acid extracts of plasma were assayed for glycerol 

Using -; aý ýfluorimetric technique on the Cobas-Bio centrifugal 

analyser according to the method of Harrison et al (1988). 
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Reagents were supplied by Boehringer-Mannheim, UK Ltd. Between- 

rotor precision of repeated pooled plasma assay was less than 

3.5t for a mean glycerol concentration of 0.363 MM. 

Plasma analyses; for insulin was measured using a Coat-A-Count 

solid phase 1251 -insulin RIA kit (Diagnostic Products Ltd, 

Abingdon,, UK) . Between-batch precision quoted by the manufacturer 

Of the kit was less than lot at insulin concentrations between 

10 and 95 -uu ml-11 

Statistics. Paired It, -tests were undertaken to examine 

differences between the time points for the variables measured. 

Pearson. 1, s product moment correlations were performed between 

NEFA, glycerol, insulin, carbohydrate and fat oxidation rates in 

order_, -, to.. determine any, possible relations. Significance was 

accepted when P<0.05. 

6.3 RESULTS 

Glucose utilisation rate increased steadily throughout the clamp 

(Fig 6 1) , starting with a'value of 32.3 uM kg-' BWt min after 

20-40 min' to a value of 81.1 uM kg-1 BWtmin after 180 min; this 

represented a 151t increase. T-tests revealed that significant 

differences from the first 20 min period commenced between 60-80 

Min`ý'(p<o. 05), and were further elevated during the final 20 min 

(P< 0'. 0 1) .: ý 

136 



The increase in glucose utilisation rate was matched by a similar 

steady increase in the rate of carbohydrate oxidation (Fig 6.2), 

together with a reciprocal fall in lipid oxidation (Fig 6.3). The 

change - in carbohydrate and lipid oxidation represented a 231% 
increase and a 72% decrease from resting levels respectively; the 

changefro'm the post-prime values were a 197% increase and a 72% 

decrease respectively. These differences were highlighted by It'- 

tests (P<0.01) Indeed, the significant differences were 

established after 20 min (P<0.01). There were significant 
increases in carbohydrate oxidation between 60 and 120 mih 
WcO-01) but not after that time; identical results were found 

for the decrease in lipid oxidation. Differences emerged on 

examination of the data for rate of total carbohydrate oxidation 

and the rate of glucose infused (rate of glucose utilisation), 

where it can be clearly established that the rate of infusion was 

greater than the rate of oxidation (Fig 6.4). 

Figure 6. ý shows that hyperglycaemia was maintained at 12 mm. The 

deviation'from the mean was small, indicating the success of the 

I clamp I. 

Plasma concentrations of NEFA and glycerol were depressed by 

hYperglycaemia (Figs 6.6 and 6.7). The concentrations decreased 

bY 96% and 75% for NEFA and glycerol respectively from rest to 

the end of the clamp; these percentage changes are almost 
identical to the percentage decrease in fat oxidation. 
2xamination of Table 6.1-emphasises the significant correlations 
between the changes in plasma fat metabolites and fat oxidation, 
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as well as the inverse relationships with plasma insulin and 

carbohydrate oxidation. 

Plasma insulin levels increased significantly during the clamp 

(Fig 6-8). The concentration after the prime infusion was 

Significantly higher than the resting value (P<0.05), with this 

increase being steadily maintained to 60 and 120 min (P<O - 01) - 
No signi I ficant differences were found after 120 min. 
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Fig 6.1 Mean (±SEM) rate of glucose utilisation (g min-') 

during 180 min of bed-rest when hyperglycaemic clamped. 
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Fig-6.2'ý, ' Mean (±SEM) rate of total carbohydrate oxidation (g 

Min-') during 180 min of bed-rest when hyperglycaemic clamped. 
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Fig 6.3 - lipid oxidation (g min-') Mean(±SEM) rate of total 

during' 180 min of bed-rest when hyperglycaemic clamped. 
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Fig 6_5 Mean (tSEM) plasma glucose concentrations (mM) at 

rest, after prime infusion of glucose, and during the 180 min 

Of bed-rest when hyperglycaemic clamped. 

140 

40 60 80 100 120 140 160 180 
Time (min) 



0.6 

, -0.5 

0.4 

U. 
uj 0.3 z 

M E 
" 0.2 
ou 
CL 

0.1 

Rest Post 20 

Fig 6.6 Mean (±SEM) plasma NEFA concentrations (mM) at rest, 

after prime infusion of glucose, and during the 180 min of bed- 
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Mean (±SEM) plasma glycerol concentrations (AM) at 

rest, after prime infusion of glucose, and during the 180 min of 

bed-rest when hyperglycaemic clamped. 

141 

40 60 80 100 120 140 160 180 
Sample Point 



A paired-, ' tI- test revealed a significant drop in plasma glucagon 

concentration from rest (98.2 + 39.4 pM) to the end (58.0 + 32.7 

PM) of, the clamp (P<0.05). This represented a 41t decrease. 

Results for the hormones cortisol (Fig 6-9), adrenaline (Fig 

6.10) 
,, and noradrenaline (Fig6.11) showed no significant changes 

during,,, -the clamp, although there was an upward trend in 

noradrenaline concentration. 

Table 6.1 Correlation matrix of plasma concentrations of NEFA, 

glycerol and insulin, and rates of carbohydrate (CHO) 

and lipid oxidation 

NEFA Glycerol Insulin Tyr'% CHO 

Oxidation 

NEFA 

Gly cerol 0.97 * 

Insulin -0.86 * -0.87 * - 

CHO oxidation -0.88 * -0.86 * 0.97 

Lipid I oxidation 0.90 0.92 -0.95 -o. 96 

jr- '. V. Vl 
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6.4 DISCUSSION 

The hyperglycaemic clamp procedure provides an index of glucose 

metabolism since the plasma glucose concentration is held 

constant and the rate of glucose infusion is a measure of the 

total. amount. of glucose metabolised. The technique is a means of 

quantifying the amount of glucose metabolised, by the body and of 

assessing'beta -cell activity to glucose (DeFronzo et al., 1979). 
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Eýig 65 .8- Mean (±SEM) plasma insulin concentrations (, uU ml") at 

rest, ' after prime infusion of glucose, and during the 180 min of 

bed-rest when hyperglycaemic clamped. 
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Fig 6.9 ', Mean (±SEM) plasma cortisol concentrations (nM) at 

rest,,, after prime infusion of glucose, and during the 180 min of 
bed-rest when hyperglycaemic clamped. 
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Fig 6.11,,,, Mean (±SEM) plasma noradrenaline concentrations (rIM) 

at rest ý and during 3.80 min of bed-rest when hyperglycaemic 

Clamped., 
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The rate -of glucose utilisation was similar to that found by 

Others, -both in terms of the values obtained and in the pattern 

Of, -change,. (Copelarld et al-., 1987; DeFronzo et al., 1979; White 

et al.,,, 1987). The calculation of glucose utilisation rate does 

rIOt take into account hepatic glucose output . However, hepatic 

gluconeogenesis is known to be suppressed during glucose infusion 

at a: rate greater than 5.6 uM kg-1 min (Wolfe at al., 1979). 

Consequently, the glucose utilisation rates of 32.3-81.1 uM kgl- 

rain encountered in this study together with the diminished 

glucagon levels would indicate repression of glucose output f rom 

the liver. The glucose utilisation rate therefore reflects total 
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glucose 
-metabolism 

in the body. 

A, value of 32.3 uM kg-'. min meant that an estimated 0.462 g min -1 

of glucose was being metabolised; this is based on the 

subjects, mean body mass of 79.4 kg and the gram molecular weight 

Of, glucose of 180. At a glucose utilisation rate of 81.1 uM kg-I 

min the mean estimated glucose being metabolised was 1.16 g min- 

Since,, the estimated carbohydrate oxidation rates were 0.190 g 

Min-', and 0.3ý4 g min-' at these time points, the surplus glucose 

was probably being stored as muscle and liver glycogen, and being 

converted to triglycerides in adipose tissue (Fig 6.4). 

The increase in RER suggest a shif t in f uel utilisation f rom f at 

to glucose; this was reinforced on examination of the oxidation 

rates. Further support may be gleaned by the observed decrease 

in plasma NEFA and glycerol. It is suggested that plasma glycerol 

levels., may reflect the rate of lipolysis more accurately than 

Plasma NEFA, as once the glycerol is released the adipocytes are 

unable to reuse it (Bulow & Madsen, 1986). The higher correlation 

between Plasma glycerol concentration with fat oxidation (r=O. 92) 

than for. plasma NEFA with fat oxidation (r=0.90) would appear to 

Support, the above, as would the similarity in percentage change 

in, plasma glycerol concentration (-75k) and percentage change in 

fat'oxidation (-75k) compared with percentage change in NEFA 

9 S! k) .- 

Insulin is a potent inhibitor of lipolysis, and is secreted in 

response to elevations of blood glucose. It is not surprising 
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therefore to notice the significant increase in plasma insulin 

concentrations as a consequence of hyperglycaemia. DeFronzo et 

al. (1979) have stated that the normal insulin response is 

biphasic, with an immediate rapid rise in the first 6 min 

followed by a progressive increase. The results of this study 

show a similar pattern (Fig 6.8). The consequences of the 

elevation in insulin are realised with the decreases in glycerol 

and NEFA, and hence -the significant negative correlation 

obtained. Insulin enhances the entry of glucose into adipocytes 

and then promotes the conversion of glucose into fatty acids 

(Goldrick et al., 1974). Insulin also inhibits lipolysis by 

binding to insulin receptors; only 2-5* of the receptor sites 

have to be occupied in order to have a maximal inhibitory effect 

(Gammeltoft, 1984). 

The hormonal concentrations of the catecholamines and cortisol 

reinforce the consideration of impaired fat mobilisation and 

Oxidation, for these hormones are responsible for promoting 
liPolysis and thereby stimulating fat utilisation. No significant 

changes were apparent in their plasma concentrations, although 

the slight (27k) increase in noradrenaline levels is consistent 

With an increase in sympathetic activity under conditions of 

hYPerglyc'aemia (Young et al., 1980). 
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6.5 CONCLUSIONS 

The results f rom this experiment demonstrated that maintained 

hyperglycaemia during rest enhanced carbohydrate oxidation, 

reduced fat oxidation, decreased plasma NEFA, glycerol, and 

glucagon, increased insulin concentration and glucose 

Utilisation, and produced no significant changes in 

catecholamines and cortisol (thus supporting hypotheses 12 and 

12). Furthermore, the rate of glucose utilisation steadily 

increased during the trial (thus supporting hypothesis 13). 
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7. HORMONAL AND METABOLIC RESPONSES TO MAINTAINED HYPERGLYCA. EMIA 

DURING EXERCISE 

7.1 INTRODUCTION 

Hormonal' and metabolic changes during exercise- have been 

described' in Chapters 4 and 5. Prolonged, intense exercise 

resulted in increased plasma levels of catecholamines and 

glucagon, and a concomitant reduction in insulin concentration. 
These changes favoured the release of fatty acids from 

triglyceride stores and their subsequent use as an energy source. 
The effect of carbohydrate ingestion prior to or during exercise, 

On the other hand, resulted in an attenuation of the responses 

Of catecholamines and glucagon, and an elevation of plasma 
insulin concentration. The consequences of these changes were 

seen- in maintainance of hyperglycaemia (certainly of 

euglycaemia), a diminished fatty acid and glycerol plasma 

concentration, and greater oxidation of carbohydrate. 

Few studies have been performed whilst glucose infusion was 

administered to exercising subjects (Coyle et al., 1991; Hawley 

et al., 1994) . These studies showed that glucose infusion 

producing hyperglycaemia resulted in an elevation of plasma 

insulin, a high rate of carbohydrate oxidation, and a concomitant 

decrease in plasma NEFA and fat oxidation. The authors did not 

examine other metabolites or counter- regulatory hormones, and 

infused the glucose only whilst exercising. Furthermore, the 

Plasma glucose concentrations were maintained at 10 mM throughout 
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these'-trials. This experiment was performed to examine the 

hormonal and metabolic responses to maintained hyperglycaemia at 

12 mM, using the glucose clamp technique, whilst subjects 

exercised for 120 min at 70% VOmax. The 'prime' infusion was, 

however, started 30 min before exercise began so that 

Carbohydrate metabolism was stimulated prior to exercise. 'Thus 

insulin, concentration was significantly elevated at the start of 

exercise., 

; 'Hypothesis 14 The maintenance of hyperglycaemia 

- during exercise causes a continual rise in 

'insulin levels, a suppression of 

catecholamines, glucagon, cortisol, growth 

hormone, and lipids. 

Hypothesis 15 Glucose utilisation rate increases 

steadily throughout exercise when 

hyperglycaemia is maintainedf and this Is 

matched by an equivalent increase in 

carbohydrate oxidation rate. 

Because -the energy demands for exercise are greater than that at 

rest, an infusion of glucose is likely to result in an enhanced 

UPtake and greater use of the glucose during eýercise. Therefore 

it'is hypothesised that: - 
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--Hypothesis 16 Glucose utilisation rates and carbohydrate 

oxidation rates are higher throughout 

exercise than those exhibited under resting 

conditions. 

Studies examining the effect of carbohydrate feeding on muscle 

glycogen use have reported glycogen sparing (Bjorkman-et al., 

1984; Brouns et al., 1989; Hargreaves et al., 1984), or no 

glycogen sparing (Ahlborg & Bjorkman., 1987; Coyle et al., 1986; 

Hargreaves-, et al., 1987). Because hyperglycaemia will be 

zaintained throughout this experiment, and the uptake of glucose 

may reach saturation kinetics, the result is likely to be a 

reduced need for muscle glycogen. Hence: - 

Hypothesis 17 Hyperglycaemia results in significant 

muscle glycogen sparing. 

The amino. acid responses during exercise have been investigated 

less frequently than other metabolites. In fact there has been 

110 study to date which has examined the changes in red blood cell 

and, plasna'amino acids during exercise; plasma amino acids only 

bei ng examined. These studies ( Felig & Wahren, 1971) have shown 

that plasma alanine and glutamine concentrations become elevated 

during- exercise, with little significant change in the other 

Alftino acids. A study in which the red cell amino acid changes are 

41so measured may determine whether the erythrocyte is relatively 
inert, with regard to amino acid transport, or is a carrier of 

aMino 'acids, or a store of amino acids. Furthermore under 
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conditions of hyperglycaemia, it may be possible to examine how 

the glucose -alanine cycle is affected. Therefore it is 

hYpothesised that: - 

Hypothesis 18 Exercise results in an elevation of red 

cell'and plasma alanine concentrations, 

and unchanged levels of the branched chain 

amino acids. 

Hypothesis 19 Hyperglycaemia results in an attenuated 

response of plasma alanine and branched chain 

amino acids. 

7.2, MKTHODS 

Subjects. 'Eight healthy, well trained, male subjects gave their 

informed consent in accordance with the procedures approved by 

the Ethics Committees of the Royal Liverpool University Hospitale 

and of Liverpo6l John Moores University. Mean age, body mass, and 

V02max were, 36.6 ± 11.6 years, 68.9 ± 6.7 kg, and 3994 ± 540 ml 

Ain-1. 

ZyPerimenta. z, design. Maximal oxygen uptake (VO,, max) was 

detreminedý using a continuous incremental loading test to 

'401itional'. exhaustion on an electrically-braked cycle ergometer. 

IýrOcedures and the on-line gas analysis system were identical to 

those-described in Chapter S. 
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On the'dýy of the trial, subjects arrived in the laboratory at 

08: 00 hours after an overnight fast, and without having engaged 
in Physical activity during the previous 24 hours. Subjects 

voided"'urine before an indwelling 16 gauge IV cannula was 

Inserted Under local anaesthesia into a forearm vein of the left 

arm. At the same time, the right hand was placed in a hot box 

heated to 60"C, which served to -arterializel the blood (Abumrad 

et al., 1981). After 20 min, a further cannula was inserted 

retrogradely into a dorsal vein of the right hand for later blood 

sampling. -Slow infusion of 0.9% saline was used to maintain 

Patency. ' A volumetric pump was used to infuse glucose into the 

left arm. 'Following insertion of the lines, subjects rested for 

20 7- lain before a resting blood sample was taken. A primary 

infusion of 20% dextrose was then started according to the method 

Of DeFronzo et al. (1979) in order to raise the plasma glucose 

concentration to 12 mM. The prime infusion period of 30 minutes 

Was followed by the withdrawal of a further blood sample before 

a'2 hour bout of exercise at 70% VO, max began. During the prime 

infusion, and the exercise bout, plasma glucose concentration was 

ftaintained close to 12 mM by varying the rate of infusion every 

5 lain according to the arterialised plasma glucose concentration 

Using, an, -, Analox GM7 analyser (Analox Instruments, London, UK). 

Changes in infusion rate were calculated using a Sharp MZ 80B 

COMputer., Two 10 ml blood samples were taken at rest, after the 

Prime infusion (0 min), and at 20,40,60,80,100, and 120 min of 

exercise for the determination of plasma insulin, glucagon, 

adrenaline, noradrenaline, cortisol, growth hormone (GH), NEFA, 

lactate, 
_ 

glycerol, B-hydroxybutyrate, and amino acids. The red 
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blood cells used for amino acid determination were washed twice 

with isotonic saline and centrifuged each time at 3000 rev min-' 
before being finally separated and stored at -400C for analysis 

of amino acids. Measurements of V02 and RER were also undertaken 

over a5 min period at 15,30,45,60 90, and 120 min of exercise, 

as well as at rest and the last 5 min of the prime infusion. 

Plates 1-4 illustrate the equipment used. 

Immediately after exercise, subjects were requested to lie down 

whilst-the infusion rate was slowly decreased so as to prevent 

'rebound' hypoglycaemia. Furthermore, two muscle biopsy samples 

were taken from the anterior quadriceps (Plates 5& 6) using the 

conchotome method (Edwards et al., 1980) after administration of 

a loca 
. 
l'anaesthetic and following an incision of the skin and 

muscle' 
I 
-fascia. Each muscle sample was placed in a sterile 

Eppen 
I 
dorf tube before being plunged into liquid nitrogen. The 

samples were then stored at -700C until analysis for glycogen 

content. 

Three weeks after the first trial, subjects repeated the process 

using a 0.9k saline infusion instead of the dextrose. The rate 

of infusion of the saline was identical to that determined in the 

hYperglycaemic trial. 

'Resting' muscle biopsy samples were taken three weeks after the 

second trial. Subjects were asked to conform to their previous 

normal eating and exercise patterns for 48 hours prior to the 

sample' being taken. 
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Plate 1 The 'hot-box, for heating superficial hand veins and 

thus arterialising blood. 
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Plate 2 The Analox analyser for fast determination of plasma 

glucose concentration. 
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Plate 3 Arterialised blood sample being withdrawn from a heated 

hand placed in the hot-box. 
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The experimental I set-up' - 
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Plate S Subject recumbent and prepared for a muscle biopsy post- 

exercise. Note the conchotome. 
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Plate 6 Muscle samples removed from the subject's leg taken by 

the conchotome. 
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Analyses. Analytical procedures for the catecholamines, insulin, 

glucagon, NEFA, and glycerol were as described in Chapters 4-6. 

Plasma cortisol was measured using an in-house' RIA with 

reagents supplied by Bioanalysis Ltd (Cardiff, UK) . An 125 1_ 

labelled antigen was used as tracer and separation of the bound 

and free fractions was achieved using a second antibody raised 

against the anti-cortisol antiserum. Between-batch precision was 

15%- at cortisol concentrations of 175-920 nmol 1-1. The assay 

shows a bias of less than 10% on the National External Quality 

Assessment scheme (NEQAS). 

Plasma GH was measured using an 'in-house, RIA with reagents 

supplied by the Supra Regional Assay Laboratory (Royal Infirmary, 

Edinburgh, UK), and an 1251 -label supplied by NETRIA (St. 

Bartholomew's Hospital, London, UK) . Between-batch precision was 

less than 10% at GH concentrations of between 1 mu 1` and 80 mu 

1-'. Bias on the NEQAS was less than 10%. 

Plasma amino acid profiles were quantified as the OPA derivatives 

after separation on reversed phase HPLC incorporated into the 

automated ASTED procedure (Anachem, Luton, UK). The red cell 

amino acid concentrations were measured on red blood cell 

haemolysate solutions. Samples of whole blood were centrifuged 

at 3,000 rev min-' for 15 min, the plasma used as above, and the 

Packed cells washed twice with isotonic saline. The washed packed 

cells (PVC approximately 90-95%) were stored at -400C to assist 

in haemolysis. Fifty microlitres of thawed packed cells were 

subsequently diluted with 100 ul of deionised water, and amino 
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acid analysis carried out as the OPA derivatives on ASTED. The 

amino acid concentrations were expressed as uM 1-1 for plasma, 

and um 1-1 of packed red blood cells for the erythrocyte content. 

Freeze-dried muscle biopsy samples were prepared and analysed for 

glycogen concentration according to the method of Edwards et al. 

(1975) 
. The authors reported the variation between analyses of 

a Pooled muscle powder varied 6.1%ý for acid-insoluble glycogen. 

Statistics. Analysis of variance with repeated measures was used 

'0 significant differences determine whether there were any 

oetween the trials and the various time points for the plasma 

Metabolites and plasma hormones. Significant F-values were 

fOllowed up using a Tukey post-hoc test. The carbohydrate 

Oxidation rates were subjected to the determination of the areas 

'Under the curve (Matthews et al. 1 1990) before a It, -test was 

applied to determine any significant differences. The glucose 

', Itilisation rates were analysed by employing a one-way ANOVA in 

Order to determine if significant differences accrued with time. 

Related It' -tests were performed on the resting levels of plasma 

arid erythrocyte amino acid concentrations, and on the muscle 

31Ycogen concentrations. Significance was accepted at P<0.05. 
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7.3 IRESULTS 

Glucose';. - inf us ion maintained plasma glucose concentrations at 

approximately 12 mM whilst saline infusion resulted in a 

relatively constant value of 5 mM being achieved (Fig 7.1). 

Duringý the exercise period plasma glucose levels under glucose 

infusion ranged from 11.5 ± 1. OmM to 12.6 ± 0.6mM, thus 

reflecting the suitability of the 'clamp' procedure during 

exercise - Hypoglycaemia was not exhibited by any of the subjects 

underý saline infusion where plasma glucose concentrations at 100 

min and'120 min were 5.1 + 0.4 mM and 4.7 + 0.7 mM respectively. 

Analysisý of variance reinforced the significant differences 

between the trials (F,,., =1178.6; P<0.01). Differences were 

16 0 Glucose 
13 Saline 

14 

12 

10 

6 

4 
0 

o 

-30 0 20 40 60 80 100 120 

TIME (min) 

Fig 7.1 Mean (±SEM) plasma glucose concentrations (mM) at rest 

(-30. min), after prime infusion of glucose (0 min), and during 

120, min-of exercise. 
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apparent'with respect to time (F7,49=9-5 
* 

1; P>O. 01) , although this 

was mainly due to the changes in concentration from rest to post- 

prime glucose infusion (P<0.01). 

Elevat I ed plasma insulin concentrations resulting from glucose 

infusion were apparent (Fig 7.2). Mean values rose from 7.0 :L2.5 

UTJ ml-I'at rest to 25.9 + 6.3 uU ml-1 after prime infusion. During 

subsequent exercise the insulin concentrations became elevated 

Iý4ý. - ý1'1 up to 60 min (33.7 + 15.9 uIU ml-1) before falling to 20.9 + 6.1 

UIU ml' at 120 min. Although ANOVA revealed there was a 

significant difference with respect to time (F7,49=5.24; P<0.05), 

the differences were only apparent between the resting levels and 

those under hyperglycaemia (P<0.05). Exercise under conditions 

of saline infusion showed a typical exercise response, with 

Plasma", insulin levels falling from 7.2 + 2.4 uU ml-1 at the start 

to 3.3,0.5 uU ml-3- after 120 min. These changes were 

significant (F7,49=17.15; P<0.01) , with a continuous decrease 

during 
, _exercise 

up to 80 min (P<O. 05) Furthermore, ANOVA 

revealed significantly higher plasma insulin concentrations under 

glucos e, infusion (F,. 7=34.8; P<0.01). 

Plasma glucagon concentrations were significantly depressed under 

glucose infusion (F,, 7=7.61; p<O. os). Values remained unchanged 

during exercise; mean concentrations ranged from 368 ± 116 pg ml" 

at rest to a level of 401 + 176 pg ml-I at 100 min, to a final 

concentration of 347 + 128 pg ml-1 (Fig 7.3) Under saline 

infusion however, the concentrations increased significantly 

during exercise from a pre-exercise concentration of 371 ;t 101 
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P9 ml"_ to, a final concentration of 571 ± 179 pg ml" (F7,49=6. S; 

P<O - Oý5) Signif icant changes f rom pre-exercise levels were 

apparent only after 60 min (P<0.05). 

Plasma', adrenaline concentrations increased significantly during 

exercise under both treatments (F,, 3, =129.64; P<0.01) , although 

the resp I onse under glucose infusion was attenuated (Fig 7.4). 

Differences were found between the trials, with the saline 

infusion resulting in significantly higher concentrations than 

the glucose infusion (Fl. 7=25.03; P<0.01). 
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F'9 7.2, Mean (ztSEM) plasma insulin concentrations (AU ml-1) at 

rest 30 min) , af ter prime inf usion (o min) , and during 12 0 min 

of. exercise. 
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Fig 7.3., Mean (. tSEM) plasma glucagon concentrations (pg ml-') 

at rest. (-30 min), after prime infusion (0 min), and during 120 

min of exercise. 

Plasma noradrenaline concentrations exhibited similar patterns 

to those, of adrenaline (Fig 7.5), in that there was a significant 
increase with duration of exercise (F5,35=28.4; p<o. ol) and a 

significant attenuation of concentrations with the glucose 
infusion compared, to saline infusion (FI, 

7=11 - 
1; P<O 

- 
01) 

NO significant differences were found for plasma cortisol 

concentrations between the trials (F,, 7=4.47; P>0.05), but a 

significant increase was found with the duration of exercise 

(F7,49=3.28; P<0.05). The latter was due to significant increases 

in concentration under the saline treatment after 100 and 120 min 
(P<0.05),. Figure 7.6 illustrates these differences. 
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Significant differences were apparent between the trials for 

Plasma Gý' (Fig 7.7), with the glucose infusion trial producing 

significantly lower concentrations (Fl, 7=8.2; P<O. 05) . Plasma GH 
levels increased significantly during exercise, particularly 

under saline inf usion W7,49-, ý6.47; P<0.01) . Highest mean 

concentrations were obtained after 60 min in the glucose infusion 

trial (14.5 + 11.2 mu 1-1) , and after 80 min in the saline 
infusion trial (24.6 :t 12.9 mu 1-1) 

Plasma lactate concentrations became elevated during exercise in 

both trials (Fig 7.8). These values remained significantly 

elevated throughout the exercise period (F7,49=10.7; P<0.01)p 

although glucose infusion produced a significantly higher 

response than saline infusion (FI, 7=6.3; P<0.05) - 

The plasma NEFA, glycerol, and B-hydroxybutyrate (B-OH) responses 

to saline and glucose infusion were similar. Significant 

differences were found between the trials'for NEFA (F 3"7=26.7; 
P<0.01), glycerol (F,, 7=51.1; P<0.01), and for B-OH (FI, 1=29.9; 

P<O 
- 01) ; the glucose infusion resulted in impaired concentrations 

compared with saline infusion. During exercise under saline 

infusion, concentrations of these metabolites increased 

significantly (Figs 7.9,7.10,7.11); analysis of variance 

revealed the following for NEFA (F7,49= 11.7; P<0.01), glycerol 

(F7,49= 78.5; P<O - 01) , and for B-OH (F7,49= 20.8; P<0.01). The 

Concentrations under glucose infusion remained depressed for NEFA 

and for B-OH, although plasma glycerol concentrations increased 

signifi'c'antly throughout exercise. 
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Fig 7.4 Mean (±SEM) plasma adrenaline concentrations (r. M) at 

rest (-30'min) , after prime infusion (0 min), and during 120 min 

Of exercise. 
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Fig 7. -5, Mean (, ±SEM) plasma noradrenaline concentrations (nM) 

at rest (-30 min), after prime infusion (0 min) , and during 120 

'tin Of'exercise. 
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Fig 7.6 Mean (±SEM) plasma cortisol concentrations (nM) at 

rest (-ý30 min), after prime infusion (0 min), and during 120 min 

of exercise. 
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Fig 7.7 Mean (±SEM) plasma growth hormone concentrations (mA 

at rest (-30 min), after prime infusion (0 min), and during 

120 min of exercise. 
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Fig 7-8- Mean (±SEM) plasma lactate concentrations (mM) at rest 

(-30 min), after prime infusion (0 min), and during 120 min of 

exercise. 
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Fig 7.9 Mean (. ±SEM) plasma NEFA concentrations (mM) at rest 

(-30 min), after prime infusion (0 min), and during 120 min of 

exercise. 
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Fig 7.10 Mean (±SEM) plasma glycerol concentrations (, uM) at 

rest (-30 min), after prime infusion (0 min), and during 120 min 

Of exercise. 

250 

200- 

ISO - 

lool 

Im 
? so 
40 
du 

IL ol 

Glucose 

-30 0 20 40 60 80 100 120 

Time (min) 

Fig 7.11 Mean (±SEM) plasma B-OH concentrations (pM) at rest 

(-30 min), after prime infusion (0 min), and during 120 min of 

exercise. 
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The data, collected on all the 20 amino acids determined at rest 

and'during exercise under'both infusion conditions can be seen 

in - Appendix D. Only the results for alanine, glutamine, and the 

branched-chain amino acids will be dealt with in greater detail 

here.! The reason being concerned with the roles played by these 

amino acids in the glucose-alanine cycle. 

The plasma and erythrocyte amino acid concentrations observed 

during'the basal period can be seen in Table 7.1. The resting 

amino acid concentrations in the erythrocytes were significantly 

higher than in plasma with regard to alanine, isoleucine, 

leucine, and valine, and significantly lower for glutamine. 

Table 7.1 Mean (. ±SEM) plasma and red-cell amino acid 

concentrations at rest. 

Amino Acid 
7 

Plasma 

QILM) 

Erythrocyte 

(AM) 

t-value P-value 

Alanine : 389.8+32.7 
- 

1304.6±180.7 5.98 0.001 

Jut lutamine 

[ 

G +46.9 466.1 119.1+17.8 8.02 0.001 

ISoleucine 56.9+5.9 155.9±24.9 4.32 0.01 

Leucine 

' 
122.4+10.0 401.8+21.6 

- 

14.18 0.001 

Laline 
220.3+27.1 . 9+94.8 540 3.33 0.05 
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The 30, min 'prime, infusion resulted in a significant decrease 

in plasma concentration for isoleucine (P<0.05) after glucose 
infusion (Table 7.2). Significant decreases in plasma 

concentration were also evident for alanine and isoleucine 

(P<0.05) after saline infusion, although a significant increase 

was found for red cell alanine after glucose infusion (P<0.05). 

The-percentage changes in concentration of the amino acids after 

the prime infusion can be seen in Table 7.3. 
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Table 7.2 Mean (±SEM) plasma and red cell amino acid 

concentrations (AM) under glucose and saline infusion at rest and 

after 30 min prime infusion. 

Amino, Infusion Plasma Red Cell 

Acid 
Rest Post-prime Rest Post-prime 

Glucose 418+48 379+48 1422+308 1665+304 

Alamne 
Saline 361+46 327+46 1187+220 1130+220 

F 

' 
Glucose 48ý+57 495+74 127-+21 215. ±84 

qlutýmin e. 
Saline 449+82 424±76 141ý±26 142_+29 

F 
Glucose 57+7 48+6 16R+49 257±_1 13 

Isoleucine 
Saline 57+10 50±_9 143. ±21 13&+38 

Glucose 114+14 97+15 402+42 476+36 

Leucine 
Saline 131+15 118+15 402+21 454±62 

Glucose 197+13 180-+17 614+175 935+424 

Valine 
Saline 243+54 224+47 468+88 411+83 

J 
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Table 7.3 Percentage changes in amino acid concentration after 

the 30, min prime infusion. 

Amino Acid Amino'A c Plasma Red Cell F 
Glucose Saline Glucose Saline 

Alanine' 

, 

Alanlne -9%- +17%- -4! k 

GG 11 uu tta mm 11 ne +2%- - 6% +1221; 0 
e 

F Isoleucine u c -16%- +52%- -3% 
ci Le ucin e 15% +18%, +13%* 

E Valine r 
-6%; +52%, -12! k 

During exercise the plasma amino acid concentrations showed a 

tendency to rise under both conditions (Figs 7.12-7.21). 

Significant increases were seen during glucose infusion for 

plasma concentrations of alanine (P<0.05). Saline infusion, on 

the other hand, resulted in significant increases in plasma 

levels of alanine and glutamine (P<0.05), whereas significant 

increases in red cell levels were found for alanine, isoleucine 

and leucine (P<0.05). 
.. I' 

Signi fi cant differences were apparent between the glucose and 

saline infusion trials during exercise (P<0.05) for plasma 

concentrations of leucine at 60 and 90 min. Similarly, 

significant differences were found between the trials for red 

cell concentrations of alanine at 30,60 and 90 min (P<0.01) and 
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120 min (P<O. o5), isoleucine at 30 min (P<0.05), and valine at 

all'time*points during exercise (P<0.05). 

The rates of plasma amino acid changes during exercise were 

significantly lower for glutamine (P<0.05) during glucose 
infusion compared with saline infusion. Rates of red cell amino 

acid changes showed significant increases in rates of uptake for 

alanine, (P<0.001) during glucose infusion (Table 7.4). 

Calculations of the carbohydrate oxidation rates from the RER and 

V02 data-, resulted in the findings displayed in figure 7.22. 

Determination of the mean area under the curves for each subject, 

followed by a paired t-test revealed significantly higher 

(t-8.47;, df=7; P<0.01) carbohydrate oxidation-rates for glucose 

infusion (320.8 + 56.3 g in 120 min) compared with saline 

infusion (229.7 + 46.1 g in 120 min). A one-way analysis of 

variance for each trial showed there was no significant 

difference in carbohydrate oxidation with time under glucose 

infusion (F4,20-- 0.6; P>0.05), but a significant decrease under 

saline infusion W4,2, "2 17.7; P<0.01). The carbohydrate oxidation 

rate, at 120 min of exercise is eight times greater than at 120 

Min. of_ rest from the previous study i. e. 2.6 g min-' as compared 

With 0.1 3g min-'. 
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Table 7.4 Rates of uptake/release (AM min-') of amino acids 
during exercise under glucose and saline infusion. (t= glucose 
trial > saline trial; 4= glucose trial < saline trial) . 

Amino Acid Plasma Red Cell 

Glucose Saline Glucose Saline 

Alanine 2.1 1.33 t 20.45 5.03 t 
rGlutam 

ine 0.22 1.77 4 0.37 0.39 4 

. Isoleucine 0.02 0.02 0.61 0.97 * 4 

Leuctne' i 0.08 0.06 t 3.93 2.45 * t 

Valine 0.16 0.12 t 3.10 0.49 t 

(* P<0.05, ** P<0.01, ***P<0.001) 

The data on lipid oxidation rates were an inverse of that for 

carbohydrate oxidation (Fig 7.23). Significant differences were 

apparent between the trials (F,, 7=61.98; P<O - 01) , with the saline 

trial-producing higher rates of oxidation than under glucose 

infusion. As the exercise period progressed there was a 

significant shift towards lipid oxidation under saline infusion 

(F4,28w 9.22; P<0.01). 
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Fig 7.12 Mean (±SEM) plasma alanine concentrations (pM) at 

rest, after prime infusion (post), and during 120 min of 

exercise. 
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Pig 7.13 Mean (±SEM) red cell alanine concentrations (pM) at 

rest, i, after prime infusion (post) , and during 120 min of 
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Fig 7.14- Mean (±SEM) plasma isoleucine concentrations (AM) at 

rest, after prime infusion (post) , and during 120 min of 

eXercise'. 
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Fig 7.15 Mean (+SEM) red cell isoleucine concentrations (AM) 

at 'rest, -, ' after prime infusion (post) , and during 120 min of 

exercise. 
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Fig 7.16 Mean (±SEM) plasma leucine concentrations (AM) at 

rest, - after prime infusion (post), and during 120 min of 

eXercise. 
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Fig 
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Mean (+SEM) red cell leucine concentrations (AM) at 

rest,.,,; after prime infusion (post) and during 120 min of 

exercise. 
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Fig 7.18 Mean (±SEM) plasma valine concentrations (AM) at rest, 

after prime infusion (post), and during 120 min of exercise. 
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Fig 7.19 Mean (±SEM) red cell valine concentrations (IAM) at 

rest,, '-after prime infusion (post), and during 120 min of 

exercise. 
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Fig, 7.20 Mean (. ±SEM) plasma glutamine concentrations (pM) at 

rest, , after prime infusion (post), and during 120 min of 
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Fig 7.21 Mean (±SEM) red cell glutamine concentrations (AM) at 

rest, after prime infusion (post), and during 120 min of 

eXercise. 
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The rate of glucose- utilisation, as measured by the glucose clamp 

procedure, increased significantly during exercise (F5 ` 9.75; , 3S*o 

P<0.01) Figure 7.24 illustrates that this increase occurred up 

to 80-100 min before a plateau was reached. The value of 1.8 g 

min-' ý, _(146 jim kg-I min-') is a 61;; increase from the start of the 

exercise period, and a 125k increase compared to the bed-rest 

values at 120 min in the previous experiment. 

Figure 7.25 examines the relationship between the rate of 

carbohydrate utilisation and the rate of carbohydrate oxidation. 

When expressed as a percentage of the mean total carbohydrate 

oxidation rate, the mean glucose utilisation rate was 40.8%-, 

53., 7%-, ̀ 57.72;;, 68.9t, and 68.3% for 15,30,60,90, and 120 min, 

respectively. 

Mus cle glycogen concentration became significantly depleted in 

both'trials as a result of the exercise (Fig 7.26). Related 
. 

't'- 

tests highlighted this f act ( t=11.8; P<O - 01 f or glucose; t-10.4; 

P<0.01 for saline) .A significant difference for the post- 

exer - cise_muscle glycogen concentration was evident between the 

trials, -, with the glucose infusion resulting in a higher 

concentration (t=3.59; P<0.01) . The differences from resting 

levels to post-exercise were 170.3 pg mol-I dwt after the 

hyperglycaemic clamp-, and 206 Ag mol-I dwt after saline infusion. 

This represents an Bt difference in muscle glycogen use. 
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Fig 7.22 Mean (. ±SEM) total carbohydrate oxidation rates during 

120 min of exercise under saline and glucose infusion. 
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Fig 7.23 Mean (±SEM) total lipid oxidation rates during 120 min 
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Fig, 7.24 Mean (±SEM) glucose utilisation rate (g min-') during 

120 min"'of exercise under glucose infusion. 
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7.4 DISCUSSION 

Hyperglycaemia was maintained throughout the exercise period with 

lit tle variation, thus clearly emphasising the suitability of the 

clamp. procedure to situations other than rest. This finding is 

in keeping with those of Coyle et al. (1991) and Hawley et al. 

(1994) who were able to clamp their subjects at io mM for 120 min 

Of cycling at approximately 70t V02max. Since little variation 

wasýfound, the measure of whole body glucose utilisation from 

this method appears to be reliable. 

The resultant hype rinsul inaemi a as a consequence of glucose 

infusion was expected. 'The fact that a trend towards a decrease 

after: 60 min was evident is similar to that observed by Coyle et 

al.,, (1991). It is quite possible that the elevations in 

adrenaline which occur during exercise are responsible for this 

phenomenon. After 60 min, the plasma adrenaline concentration was 

0.55 nmol 1-1, a rise of 50%- above basal concentrations. it could 

be speculated that a threshold for adrenaline concentration 

affecting insulin secretion exists, since the insulin response 

to glucose infusion at rest resulted in continuous elevation of 

Plasmaý*insulin levels. The response under saline infusion was 

Similar-to that normally observed during exercise i. e. a gradual 

decline in insulin concentration. This decrease is due to the 

sympa, thoadrenal inhibition of the beta-cells of the pancreas via 

an increase in adrenaline levels (Christensen & Galbo, 1983). 
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Maintained hyperglycaemia had a profound attenuating effect on 
the plasma glucagon concentrations. This is an expected response 

to hyperglycaemia and illustrates the antagonistic roles of 
insulin'and glucagon. Galbo et'al. (1979) have shown that a high- 

fat diet-favours the production of glucagon during exercise, 

Whereas subsequent glucose infusion results in impaired glucagon 

release. This is probably due to a direct effect of glucose an 

the pancreatic alpha-cells rather than adrenaline mediated. The 

effect of a diminished glucagon concentration can be realised in 

a lowered liver glucose output from glycogenolysis and 

gluconeogenesis, and hence the infusion rate of glucose may 

represent the total exogenous uptake by the body during exercise. 

The adrenaline response during saline infusion is typical of the 

response,, to prolonged,, intense exercise, in Which impulses from 

the motor centres in the brain and from working muscle elicit a 

Work-rate dependent increase in sympathoadrenal activity. This 

response depresses insulin secretion by alpha-receptor mediated 

Nechanisms (Galbo et al., 1977). The diminished response under 

glucose infusion is due to the available glucose altering the 

activity of the sympathetic centres in the hypothalamus (Galbo, 

1983). 
,. 

ýpcreased availability of glucose in the ventromedial and 

Ventrolateral cells of the hypothalamus would reduce sympathetic 

activity. 

The effect of a high carbohydrate diet, and of glucose infusion 

has produced an uncertain response with respect to noradrenaline 

Concentrations during exercise (Galbo et, al, 1979), although the 
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levels increase in proportion to exercise intensity and duration. 

The results in this study support previous findings regarding an 

increase during exercise, and further corroborate those studies 

which have shown that elevated plasma glucose concentrations 

attenuate the normal response to exercise. The greater 

proportional effect of glucose infusion on adrenaline than 

noradrenaline is due to the fact that secretion of the former is 

dependent- on both the general level of sympathetic nervous 

activityýand on plasma glucose concentration whilst the latter 

is secreted in the main' in proportion to an increase in 

sympathetic activity. 

At the, -onset of exercise, impulses from motor centres in the 

brain 
- and from working muscle elicit an increase in 

sympathoadrenal activity and in the release of some pituitary 

hormones-. Increases in circulating levels of GH and ACTH, the 

latterýleading to an increase in cortisol, number amongst these. 

Clearly , the results from the saline infusion in this study 

support 'the view that prolonged exercise promotes elevation in 

levels of plasma GH and cortisol. Intensity and duration of 

exercise are the important factors governing secretion of these 

hormones: (Sutton et al., 1969). The fact that hyperglycaemia 

results in a suppression of GH has been demonstrated previously 

(Hansen, 1971), and is probably a result of reduced activation 

Of alpha-receptors by the cells of the hypothalamic ventromedial 

nucleus which are gluco-receptors (Martin, 1980). The fact that 

the, concentration of GH did not become elevated until 40 min of 

exercise reflects the fact that- # is a steroid hormone, and 
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therefore has a longer latent period before significant increases 
in plasma concentration become evident. 

The data for cortisol under saline infusion show an extended 
latent period i. e. 80 min, compared with GH. Many other studies 
have shown that cortisol is elevated after exercise, particularly 
if'the--exercise is not prolonged (Davies & Few, 1973; Gawal et 

al.,, 1979). This is because cortisol is stimulated by ACTH from 

the pituitary and is a steroid hormone; both factors lead to the 

extended latent period. The 3.6k decrease in plasma cortisol 

concentration as a result of the prime-infusion of glucose, and 

the-subsequent reduction during exercise gives credence to the 

view that glucose sensitive receptors are able to modulate the 

Cortisol response. Galbo et al. (1979) have shown that a high-fat 

diet enhances the secretion of cortisol whilst a high 

carbohydrate diet attenuates this response. It has also been 

shown that the plasma cortisol concentration may increase despite 

an increase in blood glucose levels (Sutton, 1978). The key to 

interpretation from studies examining cortisol levels are the 

length. of time of the exercise period and/or any infusion of 

glucose. - This study highlighted that no significant change in 

Plasma, cortisol was apparent during 120 min of exercise preceeded 

by a 30 min prime infusion of glucose. 

Elevated concentrations of insulin together with diminished 

levels of catecholamines, cortisol and GH favoured a depression 

in plasma NEFA and B-OH throughout the exercise period. Insulin 

is an inhibitor of lipolysis and promoter of lipogenesis. The 
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increase-in glycerol seen during exercise demonstrated that 

liPolysis was occurring but the fact that NEFA concentrations 

remained depressed suggest that re-esterification was also 

evident. - The prime glucose infusion significantly reduced 

concentrations of both glycerol and NEFA, denoting impaired 

IiPolysis. Once exercise began however, the NEFA levels fell over 

a-period of 60 min before rising slowly, whereas the glycerol 

concentrations rose slowly throughout. This would intimate that 

liPOlysis was occurring in the adipose tissue once exercise was 

underway, and that the re-esterification of the NEFA was also 

Occurring but at a greater rate than its production. At no stage 

during,, exercise was the NEFA concentration elevated above pre- 

exercise, resting levels. A combination of increased plasma 

glucose, providing the glycerol for re-esterification, and an 

elevated insulin concentration, stimulating lipogenesis, was 

clearly responsible. 

Saline infusion resulted in no significant change in NEFA, 

glycerol. or B-OH levels in plasma as a consequence of the prime 

infusion. Exercise, however, produced a significant increase in 

concentration of these metabolites due to enhanced hormonally 

Stimulated lipolysis. The suppression of insulin by increasing 

concentrations of adrenaline, the rise in adrenaline 

concentration itself, and increases in-GH and cortisol lead to 

a stimulation of cAMP levels in the adipocytes with a resultant 

enhanced lipolysis. 
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A notable effect of hyperglycaemia was that carbohydrate 

oxidation was maintained at over 2.5 g min-' for the duration of 

the exercise. This is in contrast to a progressive reduction in 

carbohydrate oxidation to 1.5 g min-' during saline infusion. The 

results compare f avourably with those of Coyle et al - (1991) , but 

the carb. ohydrate oxidation under glucose infusion values are 

somewhat lower than the 3.6 g min-' observed by Hawley et al. 

(1994). ýBecause carbohydrate oxidation was maintained with 

hyperglycaemia yet it declined during saline infusion, the 

difference between trials in carbohydrate oxidation became 

progressively greater. After 120 min of exercise, the rate of 

carbohydrate oxidation was approximately 40% higher under glucose 

infusion., 

In parallel with the widening difference in the rate of 

carbohydrate oxidation between trials, the rate of glucose 

inf used (glucose utilisation) increased steadily f rom I-Ig min-' 

at the, start of 'exercise to ý 1.8 g min-' after 80-100 min, and 

remained at that level; the increase in rate of glucose 

Utilisation being 40t. Since maintained hyperglycaemia impaired 

Plasma 'glucagon concentrations and elevated insulin, it is 

POssible, to speculate that hepatic glucose output will be totally 

(or almost totally) suppressed. The rate of glucose infusion 

thereby. reflects whole-body glucose utilisation. 

The differences between total carbohydrate oxidation and glucose 

utilisation seen in Fig 7.25 suggests that in spite of 

hYperglycaemia, exercising muscles use their own endogenous 
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glycogen stores. This is supported by the results of the muscle 

glycogen concentration being significantly reduced after both 

trials. The difference from pre-exercise to post-exercise muscle 

glycogen concentration of 170.3 pg mol-I dwt under hyperglycaemia 

'accounted 
for the approximate total of 19o g of glucose oxidation 

disparity observed in Fig 7.25. 

A maj or, finding of this experiment was that elevation of plasma 

glucose to 12 mM during 120 min of exercise resulted in 

significant depletion of muscle glycogen, and that there was a 

small,, but significant 8k, difference in the post-exercise 

glycogen content between the treatments. Previous studies on 

carbohydrate ingestion or glucose infusion during exercise have 

demonstrated muscle glycogen sparing (Bergstrom and Hultman, 

1967;. Bjorkman et al., 1984; Hargreaves et al., 1984) or no 

sparing (Coyle et al., 1986,1991; Hargreaves et al., 1987). 

Bergstrom and Hultman (1967) intravenously infused glucose into 

men at a rate of approximately 3g min-' during 1h of one-legged 

exercise, and as a result of an average blood glucose 

Concentration of 21 mM, found that muscle glycogen concentration 

was reduced by 15 mM kg*l ww compared with the controls. More 

recently; ` Coyle et al-. (1991) elevated blood glucose to 10 MM in 

humans 'and maintained that level during 2h of exercise. No 

Muscle glycogen sparing was observed. It is quite possible that 

either the higher levels of glucose being maintained, or the fact 

that hyperglycaemia was promoted before exercise in my study, 

Could have accounted for the differences observed from Coyle's 

group. Aýthreshold level above 10 mM blood glucose and/or a 
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greater'stimulation of plasma insulin may be required in order 

to conserve muscle glycogen stores. 

The plasma- and red-cells showed marked dif f erences in the f asting 

Concentrations of amino acids taken before the exercise 

commenced. These observations were remarkably consistent, as 

values', obtained on the two separate occasions were not 

Significantly different. The large standard errors apparent for 

some of ý the amino acids reflect the inter-subject variability 

rather, than any imprecision of the assay. The relatively higher 

Concentrations observed in the red-cell has been shown previously 

for i dogs (Elwyn et al., 1972), for sheep (Heitman & Bergman, 

1980), '-, and for humans (Hagenfeldt & Arvidsson, 1980). 

During exercise, and particularly with maintained hyperglycaemia, 

significant increases in the red-cell content were noted for 

eleven of the amino acids studied. This was notably evident for 

alanine, during glucose infusion, where the actual amount 

increased. by fourfold and the rate of uptake was markedly 

enhanced. An insulin-mediated effect has previously been shown 

for glutamic acid uptake into the red-cell (Aoki et al., 1972), 

but hitherto has not been demonstrated for other amino acids. The 

observed- erythrocyte increases are not understood, but may 

reflect-losses from muscle, lower gut, and movement through the 

Plasma compartment (Felig & Wahren, 1973). 

Plasma. concentrations of alanine increased during exercise 

irrespective of the infusate. This supports previous findings 
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where -ý plasma alanine concentrations were observed to change 
during ,, exercise (Ahlborg et al., 1974). Since the plasma 

concentrations are the balance between release and uptake, and 

a-v- differences were not assessed in this study, it is not 

Possible to speculate whether the changes in amino acid 

concentrations were as a result of a greater release or reduced 

uptake. The circulating plasma levels of alanine, however, have 

been found to increase during exercise (Viru, 1987) and are 

associated with the production and release of glucose by hepatic 

cells (Ahlborg & Felig, 1974). This has been established as being 

particularly important during prolonged exercise. An interesting 

observation is that the levels of plasma alanine increased to a 

greater extent under hyperglycaemia. Could maintained 

hyperglycaemia have reduced the uptake of alanine by the liver 

due to an inhibition of gluconeogenesis? This seems quite 

Possible due to the significant reduction in plasma glucagon. 

Red-cell amino acid changes during exercise showed net uptakes, 

Particularly for alanine and leucine. This was irrespective of 

infusate. The large significant uptake of alanine by the red-cell 

under hyperglycaemia could be due to insulin mediation, since the 

process appeared to result after the prime infusion period. The 

net release of alanine by active muscles for the purpose of 

transport to the liver and resultant glucose production is the 

basis of the glucose-alanine cycle. Since maintained 

hyperglycaemia diminishes the need for gluconeogenesis, but 

elevated red-cell concentrations of alanine are observed, it is 

Possible to speculate that the red-cell may act as a store for 
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the alanine released by muscle until such time that 

gluconeogenesis is stimulated. During saline infusion, the uptake 

of alanine by red-cells was not significant, possibly implying 

that'ý the 'glucose - alanine is operating normally. Why the muscle 

should, 'be releasing alanine under conditions of hyperglycaemia 

may relate to the action of contractility and nervous stimulation 

rather -than hormonal control, since glucagon and cortisol 

concentrations were depressed. 
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7.5 CONCLUSIONS 

The results from this study confirm hypotheses 14-18, in that 

maintained hyperglycaemia promotes factors concerning enhanced 

carbohydrate oxidation and utilisation, spares muscle glycogen 

to a limited extent, and that exercise stimulates the release of 

Plasma and red-cell alanine. Hypothesis 19 was rejected on the 

basis that hyperglycaemia resulted in a significant increase in 

red-cell alanine. The conclusion from the latter point being that 

the red-cell, far from being relatively inert, appears to 

sequester alanine at an appreciable rate. 
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8. HORA40NAL AND METABOLIC RESPONSES TO MAINTAINED 

IIYPERGLYCAENUA DURING EXERCISE VVHEN CARBOHYDRATE 

LOADED AND DEPLETED 
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8-HORMONAL AND METABOLIC RESPONSES TO 14AINTAINED HYPERGLYCA. EMIA 
DURING EXERCISE WHEN CARBOHYDRATE LOADED AND DEPLETED 

8-1 INTRODUCTION 

The carbohydrate loading diet was popularised in the late 1960's 

after it had been found that muscle glycogen content could be 

increased by a high- carbohydrate diet (70t carbohydrate) for 

approximately 3 days before exercise, and that muscle glycogen 

stores elevated by this technique could enhance subsequent 

endurance exercise (Ahlborg et al., 1967a). The precise 

mechanisms underlying this ergogenic effect have not been 

established. It may be due to the higher muscle glycogen stores 

causing, a'delay in the depletion of muscle glycogen ( Coyle et 

al., 1986), although some studies have shown that muscle glycogen 

utilisation is increased after carbohydrate loading ( Richter 
_'ý' ''. i 

Calbo, 1986). 

Alternatively, it has been proposed that carbohydrate loading may 

slow the rate of liver glycogen depletion due to the increased 

availability of muscle glycogen (Bosch et al., 1993), although 

a study on rats has shown that rates of hepatic glycogenolysis 

were accelerated by a high liver glycogen content after 

carbohydrate loading (Vissing et al., 1989). This experiment uses 

the, hype rglycaemi c clamp technique during exercise when subjects 

are carbohydrate loaded and depleted to establish if the 

Percentage of glucose utilised to total carbohydrate oxidation 

is affected: - 
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HYPothesis 20 maintained hyperglycaemia during exercise 

when carbohydrate loaded results in a lower 

glucose utilisation rate and percentage of 

glucose utilised to total carbohydrate 

oxidised than when carbohydrate depleted. 

It has been shown that carbohydrate loading elevates plasma 
insu'lin'- ''concentrations during exercise whereas carbohydrate 
depletion 'results in a diminished response (Galbo, 1983). The 

resultant of this is likely to be a higher rate of carbohydrate 

Oxidation, reduced fat oxidation, attenuated responses of 
i' Catecholamines, NEFA, B-OH, and glycerol when carbohydrate 

loaded. ' Consequently 

Hypothesis 21 Maintained hyperglycaemia results in elevated 

levels of insulin but diminished levels of 

catecholamines, NEFA, B-OH, and glycerol when 

carbohydrate loaded than depleted. 

8.2 METHODS 

Subjects. Five healthy, well-trained, male subjects gave their 

informed written consent in accordance with the procedures 

aPproved by the Ethics Committees of the Royal Liverpool 

University Hospital, and of Liverpool John moores University. 

Mean age, body mass, and VO, max were 26.8 ± 9.6 years, 69.6 

7.7 kg; -4407 ± 335 ml min-'. 
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Experimental design. Procedures for the determination of V02 max, 
for the hyperglycaemic glucose clamp technique, and for hormonal 

and metabolite assays have been described in Chapter 7. 

Subjects-arrived at the laboratory on a Monday morning at 08: 00 

hours after an overnight fast and under conditions of being 

either, 
-, carbohydrate loaded or carbohydrate depleted. The 

carbohydrate loaded status was achieved by the subjects 

exercising to exhaustion four days prior to the test and then 

resting over the subsequent three days whilst eating a large 

amount of their dietary intake in the f orm of carbohydrates (i -e- 

>500 g day-') . All food was weighed by the subjects for analysis 

Of the'mass of carbohydrate consumed. A computer program using 

the McCance and Widdowson Food Composition Tables was employed 

('Microdiet', Salford University) . The carbohydrate depleted 

status was achieved by the subjects exercising to exhaustion on 

days 3, and 2 prior to the test and following a low carbohydrate 

diet for those days (i. e. <200 g day-'), and also on the day 

before the test (when no exercise was done) . Weighed food intakes 

were again performed and analysed as stated above. The order of 

testing was counterbalanced for the subjects, and whereas the 

exercise time in the previous experiment was 120 min, it was 

decided to use 90 min of exercise at 70%, V02 max in this 

experiment because the subjects were carbohydrate depleted in one 

Of the' trials and might desist before 120 min. 

In order, to check whether appropriate levels of muscle glycogen 

had, bee'n achieved, two of the subjects, on occasions after the 
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experimental trials, repeated the exercise and dietary 

interventions and then had a muscle biopsy performed on the 

Vastus lateralis as previously described (Chapter 7) . The frozen 

muscle samples were analysed for the determination of glycogen 

concentration. 

Statistics. All data were subjected to two-way analyses of 

variance with repeated measures. Post-hoc tests were performed 

when F-values reached statistical significance i. e. when P<0.05. 

8.3 RESUýTS 

HYperglycaemia was maintained in both trials as can be seen in 

Fig 8.1. 'Although the rate of glucose utilisation was similar 

between the carbohydrate loaded and depleted conditions 

(FI, 4=0.13; P>0.05) ), the rate of total carbohydrate oxidised was 

significantly higher when carbohydrate loaded (F1,4-10 . 35; 

P-cO. 05). ýigures 8.2 and 8.3 illustrate these findings. 

Wben the rate of glucose utilised is examined in relation to the 

rate of total carbohydrate oxidised (Figs 8.4 and 8.5), it is 

observed that as the rate of utilisation is increased over the 

-90 min, the rate of total carbohydrates oxidised is reduced, 

resulting in an increased reliance on exogenous carbohydrate. The 

contributions from the glucose infused whilst loaded was 47%, 

58k, 661k, and' 80k at 20-40,40-60,60-80, and 80-90 min 

respectively. The corresponding values whilst depleted were 58k, 

771-, 88%-, and'look. 
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Elevations in plasma insulin concentrations resulting from the 

glucose infusion were apparent (Fig 8 -6) - Mean values at rest 

were, 7.2+, 2.5 uU ml-1 f or the loaded condition, and 4.1 t 2.0 uU 

14 
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0 Glycogen depleted 
13 Glycogen loaded 

ýOst Post 15 30 

Sample Point 

60 90 

Fic 8.1 Plasma glucose concentrations (mM) at rest, after 

Prime infusion of glucose, and during go min of exercise when 

glycogen loaded and depleted. 
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Fig B. 2 ýý Glucose utilisation rates (g min") during go min of 

exercis_e, when glycogen loaded and depleted. 

-a 
E 
CM 

c 
0 

4w 

0 
0 4w 
ou 

V 

0 

E 
%ý% 2.0 

1.8 

1.6 

1.4 

1.2 

1 
0 

0 

3 

2.75 

2.5 

2.25 

2 

1.75 

1.5 

-T- 

15 30 45 60 75 90 

Time (min) 

Pig 8. ý Total carbohydrate oxidation rate (g min-") during 90 

Min, of exercise when glycogen loaded and depleted. 

205 

0 Glycogen depleted 
13 Glycogen loaded 



40 

E'ig 
-8-4. Contribution of exogenous glucose to total 

carbohydrate oxidation during 90 min of exercise when glycogen 
loaded. 
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Pig 8.5 Contribution of exogenous (glucose to total 

carbohydrate oxidation during 90 min of exercise when glycogen 
depleted. 
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Ml-' for the depleted condition. The concentrations became 

significantly elevated as a result of the prime infusion and 

exerciS'e 'under both'conditions (F5,20=8'96; p<0.01). The loaded 

condition produced significantly higher insulin concentrations 

than'the 'depleted condition (F,, 4=7.78; P<0.05). 

Plasma adrenaline concentrations were significantly different 

between the two conditions (F,, 4=17.03; p<o. o5), with the loaded 

trial producing significantly lower values than the depleted 

trial (Fig 8.7). The carbohydrate loaded trial also invoked 

significantly depressed concentrations of plasma noradrenaline 

compared with the depleted state (F,,. 4=36.71; P<0.01) . The changes 

With respect to the trial can be seen in Fig 8.8. 

Plasma lactate concentrations were significantly elevated under 

carbohydrate loading compared with carbohydrate depletion 

(FIL. ý=7.25; ; P<0.05). This difference was apparent at rest (Fig 

8-9). 

The lipid responses to the diets, maintained hyperglycaemia, and 

exercise can be seen in Figs 8.10 - 8.12. Plasma NEFA, B-OH, and 

glycerol concentrations were all significantly elevated after 

carbohydrate depletion W1,4=19.12; P<0.05; FI, 4=23.31; P<0.01; 

PI, 4=12.0; P<0.05 respectively). These responses resulted in a 

significantly elevated total lipid oxidation rate (F,, 4=8 . 56; 

PCO-05) for the depleted state (Fig 8.13). 
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Examination of the weighed food intakes of the subjects showed 

that the' carbohydrate loaded condition resulted in 561 :t 48 g 

day" of "carbohydrate being consumed whereas the depleted state 

resulted in 177 + 56 g day` being consumed. These diets leci to 

muscle glycogen concentrations of 377 ug mol-I dw after loading 

and isq ug mol-I dw after depletion. 
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E19 8.6 Plasma insulin concentrations (AU ml-1) at rest, af ter 

Prime -i nfusion of glucose, and during 90 min of exercise when 

glycogen loaded and depleted. 
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8-4 DISCUSSION 

As in the previous experiment, the hyperglycaemic glucose clamp 

technique is capable of maintaining 12 mM blood glucose levels 

Tlite rigidly, as can be realised on examination of Fig B. I. 
ý"II# 

Purthermore, similar findings were observed with the rate of 

glucose utilisation; a progressive increase being determined 

throughout, the 90 min exercise period, and this was irrespective 

Oýf the carbohydrate status of the subject. The maximal rates of 

glucose 
-utilisation of 1.82 g min-' and 1.99 g min-' for the 

loaded and, depleted conditions respectively were similar to the 

7alue of 1., 82 g min-' in the previous experiment. It would appear 

that muscle cells are incapable of either taking up exogenous 
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glucose at a rate greater than these levels, in spite of 

signif icantly elevated concentrations of insulin. It is possible 
that this rate represents maximal transport kinetics for glucose 

1 41 - 1. 
across the plasma membrane of skeletal muscle. 

Compa ris 
-01n 

of the glucose utilisation rate with the rate of total 
1 11 

carbohydrate oxidation (Figs 6.4 and 6.5) reveals that as 

exerciseý' progresses, there is an increase in the contribution 
from ex6genous sources. Indeed, there is 100% contribution from 

the glucose infused in the later stages of exercise in the 

depleted state. Whether this rate of glucose infusion would have 
I '. I 

been capable of sustaining this intensity of exercise for a 

longer 
ý period under a depleted state cannot be answered here, 

although_, the rate of perceived exertion using the Borg scale 

(Borg, 1973) at the end of the depleted trial was 17 compared with 

a score of 12 at the end of the loaded trial. it would seem 

unlikelyýfor subjects to be able to sustain exercise much longer 

if their, perception of effort was so high. 

The observed increases in plasma insulin prior to exercise under 

Conditions ., -of glycogen loading were maintained throughout 

exercise. 
. 
-It is probable that this attenuation of the insulin 

response after carbohydrate depletion is the result of inhibition 

of secretion due. to elevated adrenaline concentrations 

(Christensen & Galbo. 1983). Increased availability Of glucose in 

the ventromedial and ventrolateral cells of the hypothalamus 

reduces sympathetic activity and hence reduces adrenaline 

release This clearly occurs under conditions of glycogen loading 
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And results' I in the attenuated adrenaline response. In turn, the 

&Uppression'or promotion of adrenaline leads to an inhibition or 

Stimulation of insulin secretion. 

The elevation in plasma lactate concentrations both before and 

during 'exe7rcise under the loaded condition is an established 

Phenomenon'(Jacobs, 1984). An increase in muscle glycogen will 

lAvour glYcolysis with a concomitant enhanced production of 

PYrUvate, and thereby lactate. Since the exercise is relatively 

strenuous, ý an increase in plasma concentration of lactate is 

Irievitable, ' at least for 30-60 min. The fact that the lactate 

levels 
-failed to decrease to pre-exercise levels can be 

attributed to the availability of significant amounts of glucose, 

even in the glycogen depleted trial. 

The elevated levels of lactate, together with the increases in 

insulin concentration would favour carbohydrate metabolism. This 

has been established above. However, what was not quite expected 

W4S the significant increases in plasma NEVA, B-OH, and glycerol 

Observed during the depleted trials. The resultant of these 

Iraised levels was a marked increase in the rate of lipid 

Oxidation.. The resting concentration of B-OH for subjects under 

glycogen depletion reflects a ketotic state,, and this is mirrored 

On examination of pre-exercise levels of NEVA and glycerol. The 

Concentrations of these indicators of lipid metabolism were 

equivalent to those found under saline infusion in the previous 

experiment. This occurred in spite of maintained hyperglycaemia. 

In contrast, there was a marked reduction in NEVA, B-OH, and 
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glycerol when glycogen loaded; a response similar to that 

observed in the previous experiment. 

8-5 CONCLUSIONS 

The results from this study reflect similar trends to those 

obtained in the previous investigation. Although the rate of 

total carbohydrate oxidation and the contribution of infused 

91UCOBe to total carbohydrate oxidation was greater for the 

depleted state than the loaded state, the actual rates of glucose 

Utilisation were similar (thus refuting hypothesis 20). This 

would imply that glucose uptake may have reached saturation at 

1-8-1.9 g min-- (thus supporting hypothesis 21). 
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9. GENERAL DISCUSSION 
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I C; RffERAL DISCUSSION 

It Is well established that carbohydrates are an important source 

Of energy for prolonged exercise, the result of which may be 

re, alised on 'the 
variety of research performed and reported in 

t4is field. The significance of muscle and liver glycogen stores 
III Prolonging activity has been established since the 1920 I's and 
1930, rs (Ch , ristensen L Hansen, 1939; Dill et al., 1932; Gordon et 

1925; Levine et al., 1924), although the significance of 
these early findings were not appreciated until the introduction 

Of the muscle biopsy technique (Ahlborg et al., 1967; Bergstrom 
etal. 

# 1967). The role of ingested carbohydrate in prolonging 
"Urance 

activities has been clearly established in the 1980"S 
by the series of experiments from Coggan and Coyle (coggan & 

COYle, 1987 1 1988P 1989). The original consideration that the 

*'eoh"islm 
responsible for promoting endurance exercise by 

irIgesting 
carbohydrates was related to sparing muscle glycogen 

has since been discredited (Coyle et al., 1986; Noakes et al., 
1988). 

1110 Picture emerging f rom these studies is that muscle glycogen 
18 '*POrtant f or endurance exercise, and that when glycogen 
IfIvola become depleted fatigue develops. This is particularly 
t1elevant 

on examination of the glycogen stores in muscle fibre 
týfpes (VOllestad & Blom, 1985). The contribution Of exogenous 
'ýrcea 

(If carbohydrate enhancing prolonged activities may be due I' 

týo "aintenance 
of blood glucose levels and the use of this for 

Oxidative 
Purposes. Figure 9.1 illustrates the concept put 
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-Irward by Coyle (1991) to explain the involvement of 

ýrbohydrates in energy provision. The tenet of this proposal is 

both muscle glycogen and plasma glucose are oxidised by 

'reletal muscle during prolonged exercise, and although the 

-: ýderlying mechanisms are not clear, there is a gradual shift 

-rom intramuscular glycogen towards blood-borne glucose as the 

;: 7edominant carbohydrate energy source. This is particularly so 

*7en muscle glycogen stores diminish. The contribution of plasma 

r-Ic(Dse for oxidation may be limited, however, by a decline in 

'10(: )d glucose concentrations. Since carbohydrate feeding during 

txercise can prolong the activity by up to 60 min without sparing 

-ýscle glycogen but does maintain blood glucose concentrations, 

Ile blood glucose appears to be the most important source of 

t, 'Iergy after 3h of strenouos cycling. 
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ig 9.1 The percentage of energy and the absolute rate of 

'ýarbc>hydrate oxidation which is derived from muscle glycogen and 

-'- . Ood glucose during prolonged cycling (from Coyle, 1991) - 
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itat is worthy of note from the proposal by Coyle (1991) is that 

carbohydrates provide approximately 50% of the total energy even 
in t: he las, t_ hour of exercise when fed carbohydrates, the 

cOntribution'being approximately 40% or less immediately before 

lAticjue when no carbohydrates are given. Furthermore, the rate 

tf Carbohydrate oxidation is approximately 2g min-',, when fed 

r-arbohydrates (even just prior to fatigue). This view is 

auPported, by findings that blood can supply between 0.7- 1.0 9 

)Lin-2. of "glucose to exercising muscle (Katz et al. j, 
1986; 

hftsicotte et al., 1989,1990). 

If--- Aure, recently, Hawley et al. (1994) presented their findings on 

glucose infusion using the hyperglycaemic clamp technique and on 

Controls. - Figures 9.2 and 9.3 illustrate their findings 

concerning the relative contributions of carbohydrates"and-fats 

&S energy sources. The results of their findings under control 

Conditions, clearly confirm the views of Coyle (1991),, in that 

there is a'major contribution from muscle glycogen during the 

Oarlier - phases of exercise; that blood-borne glucose is an 

iSportant ý"o'urce of carbohydrate energy later on'; "and, -that fats 

become the 
_'pre-dominant energy source at 120 min of exercise at 

7o% VO, max (Fig 9.2). Under conditions of hyperglycaeMia,,, muscle 

glycogen is the predominant source of energy (80%), but that as 

levels become depleted there is a greater oxidation of exogenous 

glucose (Fig 9.3). Under these conditions, fats do not contribute 

bore than 18% of the total energy. 
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W: Lth,, regard to the contribution of carbohydrates to the total 

e! nergy, provision during cycling for 90 min at 65%, V02 max, this 

thesis 
'' ,,, -,.,. 

reveals that there is a steady decrease in the provision 

, 
of, energy from carbohydrate stores (Fig 9.4). However, when 

. 
c. arbohydrates are ingested there is a significantly greater 

Proportion of energy derived from carbohydrates than fats (Fig 
II ýr 

-9-5). Glucose infusion using the hyperglycaemic glucose clamp 

te. c4nique, on the other hand, resulted in approximately 85t of 

-the'ý'energY being contributed from carbohydrates under a normal 

: dietary status (Fig 9.6), 90k from carbohydrates when on a high 

carbohydrate diet (Fig 9.7), and 60k from carbohydrates when on 

--a low.. carbohydrate, diet (Fig 9.8). It is clear that carbohydrate 

. -#feeding, results in a stimulation of carbohydrate metabolism, 

with-, the result that carbohydrates are a preferred source of 

energy. 

The 2 results from the two studies on carbohydrate ingestion 

provide support for the conclusions of previous investigations 

that carbohydrate oxidation rates in excess of 2g min-' are 

, unlikely when carbohydrates are ingested. It was not possible in 

this thesis to decide the proportion of carbohydrate oxidation 

from exogenous sources since a study using radiolabelled 

carbohydrate for ingestion would be necessary for such a 

"determination. 

The use of the hyperglycaemic glucose clamp technique did allow 

f or estimations to be made concerning exogenous glucose use, 

! based on the qualification that maintained hyperglycaemia at a 
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concentration of 12 mm would totally inhibit hepatic glucose 

production. Although the maximal rate of total carbohydrate 

C)Xiaatýion of approximately 3g min--' was observed, the maximal 

rateý"Of glucose utilisation (rate of glucose infused) was no more 

thaý'2 g min'. These maximal rates were independent of the 

carbohydrate status of the subjects, and may represent the 

maximal possible rate of glucose transport across skeletal 

Muscles. Even so, it is unlikely that subjects would be capable 

of, exercising at 70% VO, max with maintained hyperglycaemia when 

muscle glycogen depleted. 

The'-hormonal control of metabolism whilst exercising has been 

quite well established (Galbo, 1983), although there is a 

comparative lack of literature with regard to exercise and 

carbohydrate ingestion, and a relative dearth with regard to 

exercise and glucose infusion. This thesis confirmed the earlier 

findings that exercise results in an inhibition of plasma insulin 

concentrations, but stimulates the catecholamines, glucagon, 

growth hormone, and cortisol. The resultant is a rise in 

circulating NEFA, B-OH, and glycerol, thereby indicating 

Stimulation of fat metabolism. An attenuated response of these 

hormones was observed under conditions of glucose ingestion, with 

the,, exception of insulin concentrations, which were elevated; 

probably due to a combination of increased blood glucose and 

reduced adrenaline. 

The prime infusion of glucose in the hyperglycaemic clamp studies 

caused a drastic increase in plasma insulin concentrations prior 
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to the-exercise starting. This resulted in a significant fall in 

concentrations of the catecholamines, glucagon, GH, and cortisol, 

and- favoured the metabolism of carbohydrates. Despite the 

exercise intensity being sufficiently high (70%; V02 max) to cause 

a-rise,,, in adrenaline concentrations and thereby inhibit insulin 

secretion, the expected suppression of insulin did not occur 

until-'after 60 min of ex6rcise. 

The. '. -effect of the carbohydrate status of the subjects on the 

hormonal and metabolic responses to exercise under hyperglycaemia 

Supports the contention that glycogen loading further stimulates 

carbohydrate metabolism, and that glycogen depletion favours 

1 ipid, 
ý metabolism. The fact that insulin levels were depressed 

andýcatecholamine levels stimulated under glycogen depletion are 

Probably the controlling factors in determining substrate use. 

The, ý f actors which result in these hormonal changes, which were 

observed at rest, could be related to subtle changes in blood 

glucose level being monitored by the receptors in the 

hypothalamus. 

This "study supports the findings that have reported muscle 

glycogen sparing due to carbohydrate Ifeedings'. The 

sI ignificantly higher post-exercise muscle glycogen stores found 

in this study could solely be attributed to glucose infusion and 

maintained hyperglycaemia at 12 mM. These findings are in 

contrast with those obtained by Coyle et al. (1991), who clamped 

their subjects at 10 mM, but support the study by Bergstrom 

Hultman (1967) who infused glucose at a rate of 3g min-' and 
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thexeby elevated plasma glucose to 21 mM. it is quite, reasonable 

to speculate that a concentration of 11-12 mm of blood glucose 
is a threshold above which some muscle glycogen sparing occurs. 

Finally, an objective of this thesis was to re-appraise the 

glucose-fatty acid, the glucose -lactate, and the glucose-alanine 

cYcles in the light of maintained hyperglycaemia and exercise. 

The results are equivocal in support of the existence of the 

9lucose-fatty acid cycle since hyperglycaemia clearly diminished 

fat metabolism under normal carbohydrate', and high carbohydrate 

dietary, conditions, yet under carbohydrate" depleted conditions 

resu in an upsurge of fat metabolism in spite "of 

hYPer'glycaemia. If the glucose-fatty acid cycle were opera 
I 
ting, 

there would be an expected decrease in fat metabolism in the 

light ofý, hyperglycaemia irrespective of low carbohydrate s tOres 

in the 
-body. The role of insulin is of crucial importance'in 

regulating this cycle, and it appears that if the levels of 

insulin, are reduced, ' even when hyperglycaemic,., t, hen, fat 

metabolism is promoted. 

-I- to be compromised under The glucose-alanine cycle appeared 

conditions of maintained hyperglycaemia. 
_Increased 

levels Of 

alanine were found to accumulate in the red-cell during exercise 

when hyperglycaemic, and this in spite of plasma glucagon 

concentrations being below resting levels. The original 

Proponents of this cycle examined plasma, concent rations of 

alanine" only, and failed to realise the.. importance of the 

eryth I rocytes as transporters and storers of alanine. The release 
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Cf alanine, presumably f rom skeletal muscle, occurs during 

exercise irrespective of hyperglycaemia. This would imply that 

the release of alanine maybe due to muscle contractility and not 

solely hormonally mediated. 
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10. ICONCLUSIONS AND RECOMMENDATIONS 

The aims of this thesis were to: - 

1) assess I the metabolic and biochemical responses to prolonged 
exercise , under conditions of carbohydrate ingestion and 
bYperglycaemia using trained subjects, and 

develop the use of the hyperglycaemic glucose clamp 
techn igue'in calculating the rate of glucose utilization during 

exercise af ter varying dietary regimens. 

i The specific objectives concerned with the effects Of 

carbohydrate ingestion on the hormonal and metabolite responses 

during -exercise, and the form of carbohydrate ingested, were 

addressed, in chapters 4 and 5. The objectives relating', to the 

hornonal, and metabolite responses to maintained hyperglycaemia 

At rest and during exercise were the focus of chapters 6,7, and 

a. 

10-JL CARBOHYDRATE INGESTION AND EXERCISE 

The f irst two experiments in this work, were concerned with 

establishing the hormonal and metabolite , responses to 

carbohydrate ingestion both before - (chapter, 4) and during 

(chapter, 5) exercise. Although there had been many studies 

reported on the effects of carbohydrates on prolonged exercise, 
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td on -the -rates of oxidation of endogenous and exogenous 

ý: arbohydrates, there is a lack of literature concerning the 

: e1ationships with hormones. These two studies presented an 

,! 
Ztegrated approach in that performance, rates of oxidation of 

tc, tal carbohydrate, and the hormonal and metabolite responses 

were examined. 

Vith respect to the effect of carbohydrate ingestion on 

Perf ormance,, both studies highlighted the , benefits of 

tarbohydrate ingestion compared with placebo (supports hypothesis 

although the f orm of carbohydrate did not appear to make a 

! if f erence (refutes hypothesis 10). Despite the lack of 

significant differences for the times to exhaustion between, the 

'Carbohydrate treatments, maltodextrin ingestion , 
did present, a 

20.9%- (chapter 4) and 8.5%- (chapter 5) improvement compared with 

glucose ingestion. The addition of guar gum made no significant: 

lifference to times to exhaustion, althoughýa 13.7% improvement 

leas noted- for glucose and a 7.31c for maltodextrin. 

As a consequence of carbohydrate ingestion the rates of total 

-arbohydrate oxidation were enhanced when compared with ingestion 

Df placebo irrespective of whether the carbohydrate was ingested 

before or during exercise (supports hypotheses 2 and, 7). A 

reciprocal- ý finding was evident on examination of the rates, of 

total lipid oxidation. The differences between the rates of total 

carbohydrate oxidation from the placebo and carbohydrate 

ingestion trials were similar in both studies i. e. the timing of 

ingestion-made no difference to the rate of oxidation (refutes 
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4po thesis - 8) . The maximal rates of total carbohydrate oxidation 

vhen carbohydrates were ingested were also similar between the 

t 'udies (refutes hypotheses 5 and 9), and were equivalent to 

those reported in other studies (i. e. 1.8-2.0, g min') . 

The ingestion of a carbohydrate solution either before or during 

txercise elevated the plasma glucose response and attenuated the 

Plasma ilipid responses (supports hypothesis 3). 'The type of 

carbohydrate ingested U. e glucose or maltodextrin) did not 

influence the plasma glucose or lipid concentrations (refutes 

hypothesis 9). 

T 4he expected increases in plasma insulin concentration together 

with a concomitant decrease in catecholamines and glucagon were 

found-during exercise when carbohydrates were ingested (supports 

hypc)thesis 4). Adding guar gum to the ingested carbohydrate did 

tot have the expected attenuating ef f ect on plasma, glucose and 

insulin concentrations (refutes hypothesis 6). 

10.2'CARBOWMRATE INFuSION AND REST 

Me study on the hormonal and metabolite responses to ý maintained T 

hyperglycaemia at re7st fulfilled two purposes, and these were to 

become familiar with the procedures of the hyperglycaemic glucose 

clamp technique, and to provide the base-line for the next two 

investigations when the 'clamp' would be used during exercise. 

As expected, the maintenance of hyperglycaemia at rest elevated 
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4pothesis 8) . The maximal rates of total carbohydrate oxidation 

'when carbohydrates were ingested were also similar between the 

Studies ' (refutes hypotheses 5 and 9), and were equivalent to 

those reported in other studies U. e. 1.6 - 2.0, g min-') 

The ingestion of a carbohydrate solution either before or during 

exercise ý elevated the plasma glucose response, and attenuated the 

plasma ýlipid responses (supports hypothesis 3). The type of 

carbohydrate ingested U. e glucose or maltodextrin) did not 

influence the plasma glucose or lipid concentrations (refutes 

hYpothesis'9) 
. 

T 7he expected increases in plasma insulin concentration together 

with a concomitant decrease in catecholamines and, glucagon were 

found during exercise when carbohydrates were ingested (suPPOrts 

h. vpothesis 4). Adding guar gum to the ingested carbohydrate did 

not have the expected attenuating ef f ect on plasma, glucose and 

insulin 
-concentrations (refutes hypothesis 6). 

10.2, CARBOWMRATE INFUSION AND REST 

The study on the hormonal and metabolite responses to maintained 

hyperglycaemia at re-st fulfilled two purposes, and these were to 

becoTne familiar with the procedures of the hyperglycaemic glucose 

Clarnp technique, and to provide the base-line for the, next two 

investigations when the 'clamp' would be used during 'exercise. 

As expected, the maintenance of hyperglycaemia at rest elevated 
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; carbohydrate oxidation, diminished fat oxidation, and decreased 

plag3ma NEFA and glycerol concentrations throughout the trial 

(supports hypothesis 11) . Raising plasma glucose and maintaining 

it at a concentration of 12 mM stimulated the release of, insulin 

and inhibit ed the secretions of glucagon, the catecholamines, and 

Corr-isol (supports hypothesis 12). Since the subjects in this 

study were normal, healthy volunteers, the rate of glucose 

ttilisation was steadily increased throughout the trial (supports 

hypothesis 
11.3) . 

10.3 CARBOHYDRATE INFUSION AND EXERCISE 

T 4he maintenance of hyperglycaemia during exercise preceded by a 

30 min'prime infusion period resulted in a rise in plasma insulin 

up to - the 60th minute whereaf ter the , concentration . 
began, ýto 

decrease. The changes were not significant with respect, to time 

during '' -exercise. There was a clear- suppressioný of 

count erregul atory hormones and of plasma, lipids: - '(sUPPOrt: s 

hypothesis 14). 

Due to the enhanced availability of glucose, the rate of glucose 

utilisation determined by I clamp' technique ", increased: ' to a 

maximal rate of 1.8 g min-' at 80-100 min, of exercise; before a 

plateau-was reached. This was different -from -the resting study 

where a', continual rise in glucose utilisaiion was''noted, and was 

not - predicted (refutes hypothesis . 15) . Furthermore. 'the rise in 

glucose utilisation rate expressed as apercentage of the total 

rate of carbohydrate oxidation demonstrated that the two 
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Processes were not matched (refutes hypothesis 15). 

the glucose utilisation rate was higher throughout exercise than 

it rest (supports hypothesis 16). The rise was accommodated by 

the inagnitude of the energy demand during exercise compared with 

rest. 

Previous! investigations had generally reported that! no! muscle 

glycogen .. sparing was evident with glucose, ingestion. As 

byperglycaemia was being maintained at 12 mM throughout'this 

Study, there was evidence of muscle glycogen sparing - (supports 

4opothesis 17). 

The amino .- acid response to exercise resulted in ý an, i elevated 

Plasina and, red-cell concentration of alanine (supports hypothesis 

28), -whereas the concentrations of the branched chain and other 

axino acids produced variable findings (refutes hypothesis 18) - 

The maintenance of hyperglycaemia was expected to highlight an 

attenuating, response of alanine and the other amino acids, ', but 

thig;: was'not borne out by the data (refutes hypothesis'19) 

The hyperglycaemic clamp technique was ý also, employed during 

exercise,, " when subjects were glycogen depleted -. and ý glycogen 

loaded. -, The rate of glucose utilisation was similar between,, the 

tvo, conditions (refutes hypothesis 20). although, the percentage 

of glucose, utilised to the total carbohydrate ýoxidised was lower 

when glycogen loaded (supports hypothesis 20). 
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Elevated concentrations of insulin and diminished levels of 

catecholamines, NEFA, B-OH, and glycerol were observed (supports 

hypothesis 21). 

10.4 FULFIIXENT OF OBJECTIVES 

The objectives set out for the thesis were achieved by the 5 

experiments undertaken. The two experiments on the effects of 

carbohydrate ingestion before and during exercise on the 

hormonal, metabolite, and metabolic responses highlighted the 

Stimulation of carbohydrate metabolism and the attenuation of 

lipid metabolism. The effects were mediated by hormonal 

influences and resulted in enhanced exercise performance. 

Maltodextrin (an 8-11 chain glucose polymer) ingestion did not 

confer any significant advantages over glucose ingestion with 

regard to performance, carbohydrate or lipid metabolism, or 

changes in concentrations of hormones and metabolites. 

The objectives relating to the hyperglycaemic clamp technique 

being employed at rest and during exercise under-varying dietary 

regimens were pursued in 3 experiments. The results emphasised 

the stimulatory effect that maintained hyperglycaemia had on 

carbohydrate metabolism and the inhibitory effect on lipid 

metabolism; the hormonal and metabolite changes contributing to 

the metabolic responses observed. Maximal rates of glucose 

utilisation were determined using the clamp technique, and led 

to the speculation that the maximal rate of, glucose transport 

across skeletal muscle was the determining factor. The glucose- 
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fatty acid cycle appeared to be compromised by hyperglycaemia, 

and this became evident on examination of the red-cell alanine 

concentrations. 

An attempt was made, in chapter 9, to synthesise the metabolic 

data from this thesis, and to present the relative contributions 

Of carbohydrates and lipids for total oxidation. An overview of 

the hormonal responses integrating metabolism was also proferred. 

10.5 RECOMMEKDATIONS FOR FURTHER STUDIES 

Numerous studies have been perf ormed on the ef f ects of the 

ingestion of carbohydrates on exercise metabolism, and it is 

difficult to envisage how useful and innovative any further 

investigations in this domain are likely to be. However, few 

investigations have reported on the influence of carbohydrate 
ingestion when subjects are carbohydrate depleted or loaded, and 
in particular the rates of oxidation and hormonal response in 

these conditions. The use of radiolabelled tracers incorporated 

into various types of carbohydrate to be ingested and the 

subsequent rate of oxidation when loaded or depleted may provide 

information as to the most useful form of carbohydrate to ingest. 

The use of the hyperglycaemic clamp technique during exercise has 

only been reported in a few investigations to date. The taking 

Of serial muscle biopsies during exercise may be helpful in 
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determining the rate of muscle glycogen use during exercise when 

hyperglycaemic. The time-point wherein there is some sparing may 

become apparent. The effect of hyperglycaemia on muscle glycogen 

utilisation has not been studied in subjects under carbohydrate 

loaded or depleted conditions, and clearly this is an area for 

further investigation. 

The maximal rates of glucose utilisation have been suggested as 

being approximately 2.0 g min-' in this study, yet higher rates 

have been observed in two other studies where hyperglycaemia was 

maintained at jo mM glucose. Infusing glucose to maintain 

hyperglycaemia at different concentrations should help to 

establish the rate at which glucose is utilised in terms of a 

dose response. 

The infusion of stable-isotope glucose in order to maintain 

hyperglycaemia and the assessment of muscle glycogen 

concentrations could further elucidate the contribution of 

exogenous and endogenous sources of carbohydrate to total 

carbohydrate oxidation. Stud ies employing cannulation for the 

determination of a-v differences across an exercising muscle 

would contribute to the understanding of the rates of uptake of 

exogenously supplied glucose. As previously mentioned, it is 

possible that glucose transport limits glucose uptake by skeletal 

Muscle during exercise when hyperglycaemic. The effects of 

maintained hyperglycaemia on GLUT-4 transporters may elucidate 

mechanisms relating to the control of glucose transport. 
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Investigations into the effect of maintained hyperglycaemia on 

the glucose-alanine cycle clearly need the assessment of a-v 

differences across exercising muscle and the cannulation of 

hepatic blood vessels (if possible) in order to assess a-v 

differences associated with the liver. These methods could prove 

invaluable in clarifying whether the glucose-alanine is indeed 

compromised by hyperglycaemia. 
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APPENDIX A. 

Thia: rmal equivalent of oxygen for non-protein respiratory exchange 

rar- io , (RER) , including grams derived f rom carbohydrates and f at 
(a: fter Zuntz, 1900). 

Nonprotein 
RO 

kcal per Litre 
Oxygen Consumed 

Grams per Litre 0. 
Consumed 

Carbohydrate Pat 

0.707 4.686 0.000 . 496 
*71 4.690 . 012 . 491 
. 72 4.702 . 051 . 476 
*73 4.714 . 090 . 460 

. 74 4.727 . 130 . 444 

. 75 4.739 . 170 . 428 

. 76 4.751 . 211 . 412 

. 77 4.764 . 250 . 396 

. 78 4.776 . 290 . 380 

. 79 4.788 . 330 , 363 

. 80 4.802 . 371 . 347 

. 81 4.813 . 413 . 330 

. 82 4.825 . 454 . 313 

. 83 4.838 . 496 . 297 

. 84 4.850 . 537 . 280 

. 85 4.862 . 579 . 263 

. 86 4.875 . 621 . 247 

. 87 4.887 . 663 . 230 

. 88 4.899 . 705 . 213 

. 89 4.911 . 749 . 295 

. 90 4.924 . 791 . 178 

. 91 4.936 . 834 . 160 

. 92 4.948 . 877 .. 243 

. 93 4.961 Oil . 125 

. 94 4.973, . 964 . 108 

. 95 4.985 2.006 . 090 

. 96 4.998 1.052 . 072 

. 97 5.010 1.097 . 054' 

. 98 5.022 2.142- . 036 

. 99 5.035 1.186 . 028 
1.00 5.047 1.231, . 000 
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Hormonal and Metabolite Responses to Glucose 
and Maltodextrin InLyestion With or Without 
the Addition of Guar Gum 
D. P M. WacLaprn ýT Reilly ýLT CaxWbell ý K. N. Frayr, ) 
I Scbmol of Humun Sciences. Lnvrpool John Mm - Unuivirsity. moundard quildm& By- SweaL Livapoof Ll JAF 
DepL of Anaesthesis. Royal Lnvrpool Unrvemity Hosprital 
MRC Trauma Urat. Hope Hospital. Manchesw (ww at Sheikh ltmhW Dubwas Umt. ftdcbffe Wumary. Chford) 

Abstrut 

D. -P V HacLarept. T Reiliv. 1. T Campbell 
'and KX Frqkn Hormonal and Metabolite liesponses to Glu- 
cose and Malto&xtnn Ingestion With or A ithout the Addition 
of Guar Gum. Int. I Sjuiris %led., Vol. 15. No. 8. pp. 466-471, 
1994. 

Acce7ted ifier re% ision: Apnl 20.1994 

The -, ur_-o-c of this study was to examine the 
effects of ingesting water i P). a glucose solution (GLX a Mai. 
tc0extrin solution (%ld i. a glucose solution with 8% guar sum 
(GL - G). and a maliodextrin solunon with 8% Suar Sum 
(Ntd - G), on the hormonal and metabolite responses during 
cycling. and on subsequent tune to exhaustion. Five male 
subjects undertook rive 90 min rides on a bicycle crgometcr at 
an exercise intensity corresponding to 65 % VC112max after 
ha,. ing ingested IS kg-I body weight of the test product it) 
400ml of water unmediatelv before the exercise. Blood 
samples were taken during theý trials for analyses of advena- 
line. noradrenaline. insulin. glucagon. Slucose, lactate and 
non-esterified fatty acids (NEFA). Respiratory measures were 
also undertaken during the trials for the determination ofoxy. 
gen consumption (VO: I and respiratory exchange ratio 
(RIER). from which the carbohydrýte oxidation rates were cal- 

culated. Rates of perceived exertion (PLPE) were also assessed. 
Ten minutes after the 90min ride, subjects exercised to v9li- 
tional exhaustion at an exercise intensity of 75% VO., max. 
ANOVA revealed that dwm *eve significant differences be. 
rween the treaments for adrenaline (p<0.011. insulin 
(p<0.05). glucose (pý0.01), lactate (p<0.01). NEFA 
(p<0.01). RER (p<0.001) and carbohydrate oxidation rate 
(p<0.01). Post hoc analyses showed that significantly higher 
levels of adrenaline were found forPcompamdtoMd 
(p < 0.05). significantly lower levels of insulin for P compared 
to Md (p<0.05ý significantly lower levels of glucose and 
lactate for P compared to all carbohydrate treatments 
(p < 0.05). significantly higher levels of NEFA for P compared 
to the carbohydrate treatments (p<0.05), and sigruficandy 
lower RER and carbohydrate oxidation rates for P compared 
to the carbohydrate vials (p<0.05). Furthermore. tests 
highlighted that significantly longer times to exhaustion %mere 
achieved by the carbohydrate tivatments compared te 
(p<0.05). These results support the use of c&rbohy:!: 

car 

plementation prior to prolonged exercise. although the type of 
carbohydrate is not importitrit. 

Key words 

CArbohydrates. hormones, mcubolism. guar 
SUM 

Introduction 

:, "? Carbohydrate ingestion during exercise has 
been sho%%m to enhance endurance performance (7). The exo- 
Serious carbohydrate appears to maintain plasma glucose levels 
(8.25). although conflicting results have been obtained regard- 
ing muscle glycogen sparing (2.9.17.18). Furthermore, exo. 
genous carbohydrate has been sho%%m to be an available sub- 
strate for exercising muscle. contributing from 5 to 68 % of the 
glucose oxidized during prolonged exercise (19). 

Glucose invebtion in the period 10-60min 
before endurance exercise mjý hj%c jJ%er!. c effects on metabo- 
li, rn dunng the earlý slage, i-': ) It hi, heen proposed that such 

Ini J SN r,., %Icd 15 
, (scorg Thcnw %criji murtga: %rý N, rk 

treatinct ts increase the rate of glycogen breakdown in active 
muscle and thereby reduce endurance capacity (6.11). This 
arises as a consequence of an elevated plasma insulin level at 
the start of exercise which inhibits lipolysis and fat mobilisation 
from adipocytes. and thereby increases reliance on carbohydrate 
metabolism. 7bus the timing of ingestion or a carbohydrate 
source seems to be important. 

During the last decade much attention has ben 
focused on the optimum form and type of carbohydrate bever. 
ages to prolong physical performance. Various studies have re. 
ported on the efficacy of glucose. fructose. maltose. and glu. 
cose polý-rner based drinks (213.24.25) Solutions of maltodex. 
trins. compncing pol)mensed glucose units of varying chain 
lengths. c%cn les3 osmotic pressure than equimol3r solutions or 
glucose or other simple sugars. This characteristic is considered 
to be ad%antageous in the light of research indicating the role 
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Played by osmolility in docrinining gamri, emrfying rite, in conccnirition Kmeen lh*- jnJ 22 5 'a dervndcm on the 
Cil Although rc%ull% from MWsc% examining pstric tnlrl% -e %uhjccW txxly rna- I ind n4v ha% ing im lirgc a %olumc in the 
racs 4). rgluco%c and glucow polymer drink% hj%c prowd %. irm- %tonaith it the %tirt offlic ride The cjrtxlhýdrjtc drinks were 
b1c. there havc been no iidvcr%c rip)m orgamric cnirwpng rite% therefore i%maloric lor c; uh suhjco The orLier or treatnicnis 
m%colving glucose polymers f IYI. %a% randommed 

The addition of guar Sun an endo%perm ct- 
trwt of the Indian Cluster bean. to carbohydrate mcalb anJ 
dnnks has been shown to attenuate post-prandial hyWrIzk-4- 
catimis in normal and diabetic hunians (10). This is thought to 
be due to a reduction in the rate of glucose absorption. either as 
a result of a delay in the delivery of carbohydrate to the small 
Wdestirm (20) and/or an inhibition or conveam within the 
intestinAl JUnwn. thus preventing access or glucose to the in- 
ksbasil epithelium (3). The possible beneficial effects themrore 
of cornbining guar Sum with a carbohydrate source ingested 
prior to prolonged exercise could be reallised with a slo%rr. 
'phased' uptake of glucose combined with a lowered insulin 
itsponse. leading to a reduced reliance on carbohydrates. 

This study was set up to examine the effects of 
i"Sesting two carbohydrate soutces. glucose and MIRITodextrin 
(an 8- 12 chain glucose polymerL with and without the 3dJ. tion 
of guar Sum on hormonal and metabolic responses to prolonged 
exacise. and on subsequent time 4o exhaustion. 

Metblods 

Subjects 

The subjects wmn: five male athletes -A ho rec- 
Warty panicipated in and trained for endurance-based activitics. 
7bey wmve familiar A ith prolonged exercise on a cycle ersome- 
let. Means t=SDi for age. body mass. height. and maximal 
oxygen uptake %ere 27.6±9.3 years 74.618.9kg. 1.79= 
0.04 trz. and 5 1.1 = 13.2 ml - kg-I - trun-1. mspecw(ely. 

l-, Preliminaty tesnng 

Maximal oxygen uptake was detertruned on a 
monart 91 Cycle ersometer using a continuous. incremental 
Ust to volitional exhaustion. Pedal fi-equency was maintained at 
60revs-inut-I throughout the test. with 30 wan increments 
every 2 min until the subject could Do longer maintain the pace. 
Oxygen consumption was moniuxvd by subjects breathing 
*rouSh a low resistance valve (2 1) to an autortiated gas analysis 
systirim (P K. Morgan. Rainham). Tbe'latter incorporated a 
Fleiscb No. 3 pneumotachograph for measuring ventilation. a 
paransagnetic G. - analyser and an infra-red C02 analyser. Values 
for V02 -ere obtained at I min intervals up to the point of 
volibcaal exhaustion. Results fiom the V02max test were used 
to establish the exercise intensity dint corresponded to 65 % and 
75 */0 c), f esch subject's V02max for use in the subsequent trials. 

After an ownight last of approximately 12 
hours. each subject arn, -ed at the laboratory. voided urine and 
lay down before an indwelling cannula was inserted into an 
antecubital vein under local anaesthesia. Following 30 man rest. 
t, Ao 10 ml samples of blood were withdrawn in lithium hepitnra 
tubes (one with Trasylol added for leer Slucalon assay). Sub- 
jects then ingested tfýe trial drink over a 2-3 nun penod before 
cycling at an exercise intensity corresponding to 65 % VOnax. 
After 15.30.45.60.75 and 90man of exercise. nuings of 
perceived exertion (RPE) were oWined using the Borg scale 
(4) as were measures of oxygen uptake (V(>., ) and respiratory 
exchange ratio (ILE R). Furtherduplicate 10m] samples of blood 
were taken at 15.30.60 and 90 train exercise. After 90 min the 
subjects were allowed to rest for l0mm before a timed ride to 
exhaustion was undefulien at an exercise intensity correspond- 
ing to 75% VO., max. A final duplicate set of blood samples 
,A as taken at the point of exhaustion. 

Analvses 

Venous blood samples were collected in 
lithium hepann tubes and used for the determination of 
haemoglobin by the cyanmethhaernoglobin method and for 
packed cell volume using a micro-hoematocrit centrifuge 
(Ha%%ksley Ltd. ). Changes in plasma volume were estimated 
according to the method of Dill and Costill (1974). Plums 
samples were obtained by centrifugation for 20 min, aliquoted, 
and then cored at - 20 *C before being analysed for glucose (1). 
lactate ( 16) and non-esterified fatty wids (NEFA kit from Alpha 
laboratonm Lon&4 Plawns insulin was analysed using a 
Coat-&-Count solid-phase 1231-insitho RLA kit (Diapostic Pro. 
ducts Ltd.. Oxford. LJK) whilst Slucagoo was analysed using an 
RlA iut (Novo. Denmark). 

Plasma samples for adrenaline and nomdrew. 
line were frozen at - 70 *C before analysis wmg high pn=wc 
liquid chromatography (12). 

Results fmm the plamm and respiratory am. 
lyses. and for RPE were subjected to analysis of variatice 
(ANCYVA) with repeated measures. Where significant diffcr. 
ences were found. a post-hoc HSD test was cimloyed Results 
for the nnws to exhaustion were exarruned using paired mests. 
Sigruficance was accepted at the 0.05 level. 

Resufts 

Erperimental design 

Subjects visited the laboratory on rive separate 
occasions, with each visit separated by a maximum period of 3 
wmeks. Inunediattly prior to each ergometer ride at 650i 
V02rrmxfor 90min. the subjects consumed 400ml of either 
watcjý or Ig- kg-I body weight of glucose (GL) or nultodextrin 
(Md) Oir IS- kg- I boý"-eight of glucose (GL 4 Gi or mal- 
lodextrin (Md - G) %ith 8 Oo guar gum. All dnnks uere orange 
IlsvoLlred. Ile choice of 400ml was based on a compromise 
betweýcn not having too concentrated a solution (dnnks vaned 

ANOVA revvitled significant differences be- 
tween the drinks ingested for plasma adrenaline concentrations 
IF -3.64. p<0.01). The post-hoc test established that the 
adrenaline concentrations for the placebo wre significantly 
higher than for the maltodextrin treaunent (p < 0.05). No signif. 
icant differences were found between the carbohydrate treat. 
ments (Fig. I a). 

Mean plasma norAdrenaline concentrafions 
(Fie I b) sho%ed a significant increase during the course of the 
exercise iffespective of the ticatment (F - 16.43; pý0.001). 
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'nw ANOVA Ssw no sigairwmt main effect of the experimen- 
=I Ovabnents (F - 1.19; p>0.05ý 

The plasma insulin concentrations decreased 
during exercise in the placebo condition (Fig. I c). although all 
carbohydrate trestrimats resulted in significant increases in 
plasona insulin con, Pn ri tion within the rorst 30 min (p < 0.0 D 
borfore decreasing. The effects of the experimental treatments 
vmm significant (F-4.30; p<0.05). wfth the significantly 
higher concentrations being for maltodextrin compared to 
placebo (p < 0.05). No differences wem apparent between the 
carbohydrate trtatinents. 

The results for plasma tlucagon sho%vd a sig- 
nificant rise during exercise (F - 10.0. p<0.01). but no differ- 
crices were found between the drinks ingested (F -0 54. 
p>0.05). Fig. Id highlights these changes. 

Mean plasma glucose concentrations were sim- 
ilar for all conditions at rest. Values fell slowly during exercise 
with the placebo, although ingestion of carbohydrate main- 
tained the plasma glucose levels above resting values 
throughout the exercise period (Fig. 2). Significant differences 
were found between treatments (F - 5.4 1. p< 0.05 1. %A the 
post-hoc HSD tests highlighting! he difference hemeen plj%; eho 
and the carbohydrate treatments (p<0.051. No differcritc, %kcre 
found bcr*ecn the carbohydrate treatments. 

-GAG ýMD -#AD&G 

is 30 w 90 EXH 
Tons Imm) 

Fig. Ib Mean (i SEM) plasrm . Km renabno concentrabons 
dunng the 5 tnals. 

Pissm& Glucagon 
-, r -P -r. -GAGG -MO -MDAG 
300 

2SO 

20D - 
ISO 

100. 

so- 
0-- - 30 w 90 EXH 

Tow (men) 

Fig. Id Mean t= SEM) PWsma gkscagm corcwfirmlicra dunng 
ft 5 tnals. 

The placebo treatment resulted in a gradual and 
significant increase in NEFA concentration whereas ingestion 
of carbohydrate attenuated Uijs response (Fig. 2 b). There Wei. 
significant differences between the treatments (F-6.24; 
p. 0.01) with the post-hoc tests emphasising the differences 
between the placebo and the carbohydrate treatments (p -c 0.05). 
The differences between the carbohydrate treatments were not 
significant. 

Lactate concentrations incremmied significantly 
from rest (Fig. 2 c) and wem notably higher after the ride to 
exhaustion at 75 % V02ffm (F - 39.77. p -c 0.001). Them vmm 
sipificant differences between the placebo treatnient viod the 
carbohydrate treatments (F - 9.08. p<0.01). 

The respiratory exchange ratio and oxygen 
consumption differed between the carbohydrate trials and the 
placebo iF- 20.6. p<0.00 1 and F-5.22. p<0.05) with the 
former providing significantly higher values than the placebo. 
These findings resulted in significantly elevated rates of oxida. 
tion of carbohydrate (Table I) for the carbohydrate trials com- 
pared to the placebo (F - 26.22, p<0.00 1 ). 

The times to exhaustion at 750o V02max 

sho%%cJ ignifican! differences between the carbohydrait tnals 
and the pij,: cb(, trial Paired i-tests highlighted the improve. 
ment, in urtic to e0justion for GL (372± 155s. p-cO. 05) 
GL -GW, I: p- 0051. Md (450tifts. p<0.05). and 
NIJ - Ls it--s. poul icompared Aith P1163153s). No 
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significant differences were apparent between the carbohydrate Discussion 
trials. 

The rate of perceived exertion scale (PLPE) was 
r-I significantly different between the trials according to 
ANOVA (IF - 1.65). 

ý -4-0 -4- 040 -*-MD -MO&CI 

0 

N. 2a Mom (--SEM)pinwragkm"ccncwvU*iored-kVtw 
5 trw". ,, 

plamffm hata 
ýG -6-G&G -0-MO -LID&O 

as- 

06 

t4 

0.2 

0 
0 is 30 so so EXH 

11- Oft) 

A41.2b k4ow(tSEMpkwmNEFAcorxxwtrab"dLOA19ftS 
wilftL ,"ýý 

Concentrations of adrenaline and noradrena. 
line were found to increase sipificantly with time. the nora- 
drenaline concentration being consistently higher. The values in 
our study reflect the sti son the subjects. Carbohydrate inges- 
tion was found to attenuate the nse in adrenaline (particularly 
maltodextrin) although no significant cffect was noted with 
respect to noradmuiline concentration. It is well documented 
that changes in the availability of glucose altm the activity of 
sympathetic cennes in the hypothalamus 0 3). Glucose infusion 
during exercise has beevi shown u) cause a nwked decrease in 
plasm adrenaline levels (14) whereas a reduction in plume 
Slucow has multed in elevated adrenaline concentnitions 
during exerciae (15). Our msults highlight the uilubitory effect 
of carbohydrate ingestion on plasm& catecbolamines. 

Due to the reduced availability of NEFA fol. 
lowing carbohydrate ingesnon. it would be expected that a 
veaw Proporfm of energy be derived from ciubohydrate 
stores. 7be significantly elevated plasma glucose levels and 
mduced phLsm NEFA levels after carbohydrate ingestion point 
to the possibility of more energy being derived from carboby. 
drates under sucb conditions. Esm-nation or carbohydrate oxida- 
tion ftm oxygesi consumption and R. ER values confirmed the 

PNWM LACMD 
12, P 
10, 

4 

2 

0 
Is 

Fig. 2c Main tk SEM p4mm lactmio concentrbors during ft 5 
wishl, 

Table I Respratory exchwV* nvtoo aid catohydnft OxiftWn non durkV ft 5 Wift 

rwno ., -, Respwoory Exdwmgo ROO C4"dV"o oiddston (g/rrwn) 
OTW-4 -_ "', -, .P GL GL*G Md Md +Gp GL GL +G Md Md +G 

15 
- , 0.86 0.86 0.86 , 

0.87 0.86 1.36 130 1.43 1.49 1.50 
, 2�t0.015 ±O. 016 20.018 t 0.047 ±0.017 t 026 ±O. s2 t 0.44 t0 44 ±O. 33 

0 34 0 88 0.88 0. » 0.88 1.24 1.85 1.75 1.93 1.82 
. 0.005 . 

±0.026 ±0.020 to. o12 ±O. wo t 0.34 ±C. 50 20.57 t0.63 ± 0.51 

45 0.81 0.90 0.88 0.90 0.88 0.96 2.04 1.80 2.03 1.91 

±0.013 to. 019 ±O. 016 ±O. 015 to. o15 ±c26 ±O. 88 to. 63 20.69 ± 0.55 
e0 0.90 0.89 0.89 0.89 0.87 0.91 1.02 1.96 193 1.89 

0. OD8 0.013 t 0.019 t0.020 to. 021 ±O. 30 t0.64 t 0.66 z0 67 2060 

75 0.79 0.89 0.88 0.89 0.85 0.89 1.81 1.89 199 1.80 
, ±0.011 ±0.037 t 0.024 ±0.022 ±0.021 ±C. 30 ±O. 44 20.61 :Z 59 *0 49 

ID , 0.79 0.87 0.86 0.87 0.83 6.85 1.71 1.74 ' 79 169 
±O. 008 ±0.028 ± 0.023 ±0.013 to. 027 ±027 to. 48 2055 - «t 46 :0 42 
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significintlN higher energy being derived by exercising muscles 
1'rom carKlhýdrmcs -Ahen carbohydrates were ingested com- 
pired to pl. weho Thi% is similar to other studies which have 
in%cstigjt;: J it, %: oxidation rates of carbohydrates ingested 
during prolonecd c%ercise (24). Indeed it would appear from 
our calculatitmi, that all the carbohydrate ingested unmediataiely 
prior to e%ercisc may hm been oxidised i. e. approximately 
70S in 90min. This is M dissimilar to mtes of 50-70S in 
120 min as found by Massicotte et a]. ( 1999). 

. Carbohydrate ingestion has been associated 
with enhanced exercise performance during prolonged exercise, 
and that exoFenous carbohydrate may wrve as a supplementary 
fuel at a time A hen muscle glycogen stores are compromised 
(8). Reductions in blood glucose have been Wx)wn to result in 
lowered muscle glucose uptake. a decreaw in the rate of carbo- 
hydrate oxidation. and to impaired performance. whereas ele- 
vated RER values due to carbohydrate ingestion have resulted 
in enhanced work output (5,8.26). 

The results from this study are clearly in accord 
with the above findings in that carbohydrate ingestion promoted 
plasma glucose concentrations. enhanced carbohydrate oxide- 
tion and elevated PLER. As a consequence. them was a signifi- 
cant improvement in tune to eylizustion. Although muscle gly. 
cogen concentrations Aere not determined. the enhanced per. 
formance was likely to result either from a muscle glycogen 
sparing and or an enhanced milability of exogenous glucose 
to the acti, e muscles. The erJm)ced performance at 75 % 
'W2max after 90 min of steady state exercise as observed in the 
carbohydrate trials may have resulted from an enhanced avail&- 
bility. uptake and utilLntion of plasma glucose. 

The form of carbohydrate ingested and the ad- 
dition of guar yum did not significantly affect carbohydrate 
availability nor performance. This is not entirely surprising in 
so far as the same total anxiunt of carbohydrate and fluid was 
ingested in all carboh)drate trials. Although the osmolalities of 
the drinks w)uld ha%c %aried, it has been reported that caloric 
content and volume are the most important considerations for 
gastric emptying of be% crages whilst exercising (25). The delay 
in the elevation of plasma glucose and the expected impaired 
insulin response with guar gum did not materialise. It is quite 
possible that this finding was due to a combination of exercise 
and the concentration of par gum used. Clearly this is an arm 
for further investigation. 

In summary. this study indicates that ingestion 
of glucose. glucose 1 8% guar gum. maltodextrin, and mal- 
todextrin 4- 80@ guar gum resulted in similar hormonal. ntetabo. 
fic. sensory and performance responses. When compared to a 
placebo trial however. there were significantly elevated concen- 
trations of plasma glucose and lactate. but significantly reduced 
levels of NEFA. The consequences of such metabolic changaes 
vvere an enhanced oxidation of carbohydrates and an improved 
time to exhaustion in the carbohydrate trials. Clearly no signif- 
icant advantage was found when Suar gum was added to carbo. 
hydrates. yet neither %ere there any disadvantages. 

D. PW WacLaprn. r Reiiý, i. r camf)N, ii K .% Fruin 
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APPENDIX C. 

Calculation of Glucose Utilisation Rate. 

1. Glucose delivery. 

Glucose delivery was calculated for each 20 min period as follows: - 

a) the length of time of each rate of infusion within each 20 min period was calculated 
from records made at the time of the clamp. 

b) delivery of glucose for each rate was calculated using the formula :- 

Delivery (mol min-') =kxfxc 
60 x 180 

where k rate of infusion (ml h") 
f time of infusion (min) 
c concentration of glucose infused (mg n-d") 

60 time of correction 
180 molecular weight of glucose 

* The concentration of glucose infused was obtained from analysis of aI in 200 
dilution of the infusate using the Analox glucose analyser for the clamp studies. 
Thus: - 

Actual concentration of glucose (mg H") = mc x 200 xJ 80 
1000 

where me = measured concentration (mM) 
200 = correction for dilution 
180 = molecular weight of glucose 

c) Total delivery for each 20 min period was calculated by summation of the individual 
deliveries at different rates. 

2. UrinM glucose loss. 

Urinary glucose concentration was measured at the end of the clamp and was 
assumed to be constant over the period of the clamp, since a square wave of 
hyperglycaernia was created (DeFronzo et al., 1979). Urinary glucose loss was 
expressed asmMkg" min*'. 
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3. Glucose utilisation rate. 

Mean glucose utilisation rate (uM kg*l min"')for each successive 20 min period 
was calculated as follows :- 

Glucose utilisation rate =D-U 92 - 91) 1 0-0095J 1 1000 
Wx20 

where D= total glucose delivery (mol min*') 
W= body mass 
U= urinary glucose loss (mM kg" min*') 
g, = blood glucose at start of 20 min (mM) 
92 = blood glucose at end of 20 min (mM) 

(92 131) X 0-0095 = space correction factor 
20 time correction 
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APPENDIX D. 

ANIX ACID DMION PUSKA RRYTMW"g 

REST POST PRIME REST POST PRINZ 

Glucose WHO 379-148 1422i3O8 1665i3O4 
Llanbe 

Salim 36lt46 327t46 1187t220 1130220 

Glucose IOD-+15 $3tl4 38tl2 Ut36 
Lrginibe 

Salibe 97% W3 309 UtH 

Clucose 39+-Il 38t9 BOO 350100 

Saline "tH 42t13 280-+44 331f6l 

Glucose 27tI4 13t2 4l5f132 450130 
Ispartic Icid 

Salim 211+9 22W 494t149 401t177 

Glucose 95120 69t2O l3t7 IV 
Cystebe 

Salibe ints "-+13_ 108 1015 

C11 483-+57 495t74 127tn 215f#4 
GlutmdDe 

Saline 449192 42076 IW26 142t29 

Glucose 632-+49 61655 4Zh66 619tI06 
Glutasate 

Saline 530-+74 49077 S52f78 551143 

Glucose 149-138 121t32 33058 405144 
Clutanic Icid 

Salim 811+11 69to 41090 410tv 

Glucose 2S7t16 216HO 1202tI91 16601450 
Glycine 

Salim 24014 23Ot2O 1261fI97 12931M9 

Glucose 820 7StS 29090 438t129 
itistidise 

Saline 
- 

Vt7 9s-+9 228t39 23053 

Glwne 570 W6 16"49 2S7tll3 
Isoleucine 

Salim 57HO SO-+9 143t2l 13038 

Glucose 114114 97t15 402H2 47fit36 
I, eucine Salim 1311+15 HUB 402t2l 45062 

Glucose 901+11 75t7 632tI34 693t329 
Lysine 

Salim 13031 152tSl 70941241 6471330 

Glucose 24-+S 22t6 U8t3l 12St32 
Nethionlroe 

Salim 27H 202 113tI4 118t30 

C11 55% 47% 2751+67 297-54 
PbenylalaniDe 

Salim SW 481+6 232t32 25"-67 

Glucose 12D-122 1011+20 5811+123 U7t23l 
Serine 

SaliBe 123112 123HI S131102 632tI49 
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Glucose 839 79. +3 41PI30 62lf2DO 
Threonaine 

Saline 97fl2 95ill 35069 432tl28 

Glucose 5013 4013 591113 70-+15 
T Tryptopban mtopban Wine 65fl7 54fl5 70-+ll IW9 

[ 

Glucose 589 50to 2271+60 335MI 
T Tyrosibe yruasine Salbe 46110 432" 257147 257t75 

Glucose 197M 18017 6101 935t424 
Y&I Valiae 

Saline 243MA 224147 46L+U 411193 
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AMINO PLASMA ERYTHROCYTE 

ACID Glucose Saline Glucose Saline 

Alanine -9% -9% +17% -4% 

Arg' 'e -17% +2% +79% +41% 

Asparagine -2.5% -9% +38% +18% 

Aspartic Acid -52% +4% +9% -19% 

Cysteine- -27% -12% -38% -29% 
Glutamine +2% -6% +122% --- 

Glutamate -2% -7% +45% 

Glutamic Acid -19% -15% +23% --- 

Glycine -16% -7% +38% +3% 

Histidine -9% +9% +51% --- 
Isoleucine -16% -12% +52% -3% 
Leurine -15% -10% +18% +13% 

Lysine -17% +13% +10% -9% 
Methionine -8% -11% +6% +4% 

Phenylal ie -13% -9% +8% +12% 

Serine -16% --- +53% +23% 

Threonine -5% -2% +49 % +4% 

Tryptophan -20% -11% +19% +17% 

Tyrosine -13% -6% +48 % 

Valine - -6% -8% +52% -12% 

Percentage changes in amino acid concentration after the 30 minute prime infusion. 
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Mean (±SEM) plasma and erythrocyte amino acid concentrations (14M/L) 
under glucose and saline infusion during 120' exercise. 

AKINO ACID IVOSIOI PUSM Cz 
11V 

RITIOM CMC 
0.1-1 

Xf jot "1 120' 30# (At go, 130, 

Alaim GIMM 47192 539H] 600fil 629-+82 31826731 318115011 31689321 4311flOilt 

Salim 506! 64 527tS2 SM75 510164 1211! 264 1582352 1507t557 1741973 

ArqWm Clucaoit 19+. 15 119+-27 IW-17 

1 

I2Qt24 W16 99t. 25 107t25 77tll 

Salim 108til 15240 134t24 131129 5217 92t26 1204-48 MIS 

As"ifle Clucow W-9 449 504-10 4stlo 412-+102 42693 609-+150 5l5tl60 

Saline 46tl3 61M SIM 58tl4 316t6l 424M 377179 41D+. 77 

Aqxrtic Clucom 1614 15N 25-+6 25fl 403M MRS 317172 362M 

Acid saline 19. +9 IQ. +I2 27tll 32fil 363! 116 29HO , 299! 42 17798 

Cysteine Glucose W18 62tl5 7115 69+_P 6ts IN IN W 

Salim 1039 Uf5 14tII 97t5 !: 1 714 M 7N 

Clutazine Glucose 497t5l 574172 529-+122 512tl7l 2H! '52 23"! 16 27802 23458 

Salim 483t109 533t106 604t1C8 W-147 HANO 158! 22 2004.19 IOU26 

Clutagate Glucose 626tso 71252 720-91 746tlO2 743! 127 CUM %0180 71". 1j] 
rs; -, ý; 

54"t 07 CUM 617fll2 719tl63 042+93 7221165 72"-221 fl2tl17 

ClutalLic Glucose 129+40 137t324 191tilt 2351: 71# 537! 109 59691 6881142 OWN 

Acid Salim 67110 10. +17 14fI9 "M 52RI12 564H56 U"203 45W74 

Glycim Glucose 215116 255t12 285M 293123 1801t315 1754t5l 2240262 2111920 

Saline 257t3l 29OH4 2M26 26027 1350. +274 2032N82 IM498 1928015 

listidine Glucose 819' 9X1 93+112 9"15 477illS 518111 592tl2li 567t2ol 

Saline 10210 I; L+20 111! 27 13045 286168 30198 2994-106 272JJ27 

Isolewine Glww 499 MV SW M 270460# 28025 319. +45 325M 

saline 50ts W-3 55% 51H 136t29 212+66 239-+91 23398 

L-wine Glucose 1011: 19 100+-151 114tl2* 102. +9 CHU 775! 58 1027 541tI16 
- 
Salim 135t15 10til 137tl2 I26tl6 50273 682151 670+-117 731H98 

Lysim Glucose 82-+ll 94fil- 121-+9 126f24 7824.255 1007t306 1353514 MOM 

saline 161! 38 18236 15D-+39 181173 Wt_263 11271M 1286943 14501100 

sewonine Glucose 239 239 365 349 19ON21 21220 28798 23244 

2712 30-44 It, 365 119! 21. 221t87 "It" 

phenylilan 
. im 

Glucose 

z 

45to 604-8 MID 6712 43W21 722tl92 616! 247 

saline 
1 559 1 724-11 709 719 228! 41.1 4::,: ýO 1 4(3f2O 
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CIMN 107DD 132! 30 161,! '2 166t, 12 958! 18! ? 94! 114 1138MIJ 1111! 219* 

Salim 132+-16 HIM 147! 32 158NI 580! 110 76ON04 649! 165 WH91 

Glwou 67N 91f7t ION 119! 12 719! 163 11P130 1043! 2251 IM259 

Salim 97tl2 124ilo 1189 Ilifil 
, 45itlig 535ti5o 515! 171 4IM87 

typtophaa clwom M2 42+-3 5W RD 1111435 135! 34 150NO 135M 

1 

Salim W15 63M 6217 W-16 W17 120+. 38 101! 28 724-20 

ClwM WID 594-9 709 709 407fl2a 423tI20 540173 497! 210 

salim 49+-12 5217 589 56tio ZM68 34596 359tl36 W91 

111ime Cl=w 163flo l77fI6 192-+9 198M ICIP-240 MUM 1412"-+403t r 10171317t 

Salim 247t54 , 263! 46 242! 45 247t52 45394 SM147 57ltl37 

ý42QJU 
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Rate of uptake/release (, uM/min) of amino acids during exercise under glucose 
or saline infusion. 

PLOU EMUXM 

ICID Cli Mile Glwne sdin 

lianine 2.10, 1.33+ t 20.451 5.03 

lrqiaine 0.45 0.30 t 0.18 0.29 

Isparagine 0.09* 0.10 1 1.72* 0.72 

ispartic Icid 0.11+ 0.09 1 -0.91 -0.37 

Cysteine 0.01 -0.08 t -0.03 -0.04 

Glutasine 0.22 1.77+ p 0.37 0.39 
_ 
Glutasate 1.18+ 1. %+ 1 2.51* 0.68 

GlutaliC Acid 0. %+ 0.19* ts 2.14+ 0.29 t* 

Glycizie 0.75& 0.32 t 4.49 5.43 1 
- 
HistidiDe 0.20* 0.32* 1 1.23 0.22 t 

IsoleuciDe 0.02 0.02 0.61 0.97* 1 
_ 
Leuciiie 0.08 o. 06 t 3.93a 2.45k t 

Lysine 0.47& 0.16 t 4.38* 7.61* 1 

Netblonine 0.12A 0.10+ t LOP 0.59 t 

PbenylalaniDe 0.23+ 0.21+ t 3.54+ 1.73 f* 

SeriDe 0.62& 0.28 t 2.22 0.31 t 

Tbreonine 0.41A 0.17 t 2.73* 0.58 t 

Tryptopban 0.13+ 0.06 t 0.63+ -0.01 t 

TyrosiDe 

[ 

0.21& 0.12+ 1 1.55 0.28 1 

Valine 0.16 0.12 t1 -3.10 1 0.49 1 t 
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APPENDIX E 

Subiect data (Experiment 1). 

11 
Subj ect Age Body Mass 

(kg) 

Height 

(cm) 

V02max 

, (ml min-') 

1 23 92 186 4329 

2 44 70 174 3945 

3 22 66 180 3360 

4 26 75 178 3551 

5 23 70 179 3436 

Mean 27.6 74.6 179 3724 

(+SD) +8.3 +9.2 +4 +363 

Sublect data (Experiment 2). 

Subj ect Age Body Mass 

(kg) 

VO. max 

(ml min-') 

1 33 69 3863 

2 28 66 3872 

3 32 75 4534 

4 22 85 5150 

5 27 66 3527 

6 22 76 4715 

Mean 27.3 72.8 4243 

+SD +4.3 +6.7 +613 
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Subiect data (Experiment 3). 

11 

. 
Subj ect Age Body Mass 

(kg) 

Height 

(cm) 

1 40 83 188 

2 22 82 184 

3 34 95 188 

4 23 60 172 

5 42 74 169 

Mean 32.2 78.8 180 

+SD +8.4 +11.5 +8 

Subiect data (ExiDeriment 4). 

Subj ect Age Body Mass 

(kg) 

Height 

(cm) 

VO. max 

(ml min-') 

1 24 63 169 3120 

2 45 70 174 3945 

3 49 65 169 3612 

4 24 66 173 4012 

5 22 85 185 5150 

6 32 72 177 4256 

7 52 65 168 3988 

8 45 65 168 3866 

Mean 36.6 68.9 173 3994 

+SD +11.6 +6.7 +6 t543 

292 



Sublect data (ExiDeriment 5). 

Subject Age Body Mass 

(kg) 

V02max 

(ml min-') 

1 46 72 4545 

2 21 57 3912 

3 22 66 4127 

4 24 80 4813 

5 21 73 4636 

Mean 26.8 69.6 4407 

+SD ±9.6 +7.7 +335 
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