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1. INTRODUCTION

Glycogen sparing practices have become common among athletes and coaches since early
studies in the sixties showed a relation between muscle glycogen content and fatigue.
Although the effect of carbohydrate (CHO) intake on muscle glycogen resynthesis at rest is
well established, there are less data available on the effect of CHO intake during exercise on
muscle and liver glycogen.This article reviews the factors which affect glycogen metabolism
and summarizes measures that can be taken to "economize" glycogen use during exercise.

2. GLYCOGEN STORES

Assuming a muscle weight of about 40% of BW, the body's glycogen content amounts to
about 480 g [1]. The amount of muscle glycogen is prone to variation according to daily CHO
intake and activity. The liver contains about 100 g glycogen in the fed state. Liver glycogen
declines during fasting due to a sustained glucose output to blood, while no input from food
takes place. After refeeding, liver glycogen increases [2-4].

3. CHO AVAILABILITY AND FATIGUE

Many studies have shown a relation between the level of muscle and liver glycogen and
performance capacity [5-13]. In cases of glycogen depletion the actual performance capacity
of well-trained subjects may drop to about 40-50% of maximum [13,14]. A similar observation
has been made in McArdle's patients who lack the ability to use glycogen for rapid delivery
of energy [15,16], pointing to the fact that continued glucose supply from glycogen stores in
muscle is a necessity for appropriate energy production and power development. The rate of
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glycogen depletion is closely related to the exercise intensity. Short-term, high intensity
interval exercise causes a rapid depletion, whereas long-term submaximal endurance exercise
depletes glycogen less rapidly. The depletion pattern in muscle fibre types depends on the
intensity of exercise. Submaximal exercise depletes primarily type I (slow twitch) muscle
fibres. With increasing intensity and/or increasing depletion of type I fibres, there is more
involvement of type II fibres [11,17-20]. Long-term exercise may also deplete liver glycogen
to such an extent that the glucose output to the circulation falls, causing blood glucose
sometimes to fall to low levels. Central as well as local fatigue may then occur [2,21,22]
which may be explained by a reduced production of pyruvate due to a lack of glucose. This
reduces the rate of acetyl CoA production, which in turn reduces the capacity of the
tricarboxile acid (TCA) cycle to oxidize substrates. The latter is assumed to cause a reduction
in ATP resynthesis rate [10,23,24] and in the energy charge of the muscle cells, by reducing
the high energy phosphate pool, under formation of ammonia [10,16,25]. Both a reduced
glucose availability and increased ammonia production have been suggested to be involved
in the aetiology of fatigue [26,27]. In accordance with these observations, the supply of
carbohydrate orally or intra-venously leads to a reduced ammonia production, a lower IMP
accumulation and improved performance [7,8,13,16,23,28].

This has led to the insight that augmenting muscle and liver glycogen content prior to
exercise and delaying the depletion of endogenous CHO stores during exercise, will result in
improved CHO availability and a delay in fatigue development. By evaluating the mechanisms
which act on muscle and liver glycogen during exercise and as a result of diet, it may be
possible to gain insight in how to economize glycogen metabolism in favour of optimizing
physical performance capacity.

4. MECHANISMS FOR GLYCOGEN ECONOMIZATION

There are two potential sites at which it may be possible to influence the level of muscle
and liver glycogen. The first is the site of synthesis, while the second is the site of breakdown.
Both are regulated by a multi-enzymatic process: breakdown is achieved by the activities of
phosphorylase, phosphorylase kinase and phosphatase, whereas synthesis is regulated by
synthase, synthase kinase and synthase phosphatase.

The activity of the enzymes involved in glycogen degradation is enhanced by local factors
such as AMP, IMP and cytosolic Ca++, which stimulate the conversion of the inactive
phosphorylase b form into the active a form. Additionally, adrenaline stimulates the formation
of cyclic AMP which in turn activates phosphorylase kinase, leading to increased
phosphorylase a activity and subsequently enhanced glycolysis [29,30]. That adrenaline has
a significant effect on the activation of phosphorylase a has further been shown in studies with
adrenaline infusion in both humans [31,32] and animals [33]. Accordingly, exercise induced
increases in adrenaline levels have been observed to enhance glycolysis in active and even in
non-active muscles [34-37]. This may also explain the net láclate release observed in
non-active arm muscle while performing leg exercise [38] or in non-active leg muscle while
performing arm crank exercise [39]. However, a very recent study by Wendling el al. [40]
failed to show an effect of adrenaline infusion in physiological doses in 8 subjects who
exercised for 90 min at 65% VO2max. Infusion resulted in a 2.5 fold increase in plasma
adrenaline, increased blood glucose and lactate levels, but no change in muscle glycogen,
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plasma FFA and glycerol. This study suggests that physiological increases in adrenaline may
affect liver glycogen breakdown, but not that of muscle. ATP, G6P and insulin which signal
an appropriate substrate and energy supply, stimulate the inactivation of the a form [41-43].
Since the concentrations of energy rich phosphates AMP, IMP, ATP, as well as G6P, are all
involved in the activation/deactivation of phosphorylase, it is evident that phosphorylase
activity is regulated indirectly by the rate at which these compounds are produced in
glycolysis and TCA cycle.

4.1. Local glycogen effects
There is evidence that the local glycogen content of muscle itself may influence

phosphorylase activity and the rate of glycolysis. This evidence is obtained from studies which
showed a relation between the rate of glycolysis and initial glycogen content [4,44-48].
However, others failed to observe such an effect [13,49].The mechanism of this effect, if it
exists, has not been elucidated, though the enzymatic machinery of CHO metabolism and of
fat metabolism are respectively up- and down-regulated after CHO rich meals.

4.2. Plasma substrate effects
Apart from the above mentioned local regulatory factors, there is also an influence of

circulating substrates on the rate of glycolysis and TCA cycle. The concentration of specific
substrates such as glucose, láclate, free fatty acids (FFA) and lipoprotein, together with
"accompanying hormonal patterns", influence the direct substrate supply from the circulation
to the cell membranes and will influence substrate entry into the cell [50,51]. The intra-cellular
substrate concentration influences glycogen phosphorylase and glycogen synthase activity
indirectly. In this respect, it has been suggested that an enhanced plasma FFA level at rest,
causing an increased FFA uptake, enhances the beta oxidation thereby increasing citrate
formation. The latter leads to an inhibition of PFK and subsequent increase in cellular G6P,
which in its turn will inhibit phosphorylase activity [3,42,52-54].

Increased plasma glucose levels and associated high insulin and low glucagon levels will
up-regulate glycogen synthase activity and down-regulate phosphorylase activity. A nice
example in this respect is that of rebound hypoglycaemia after a glucose load on an empty
stomach after an overnight fast. This is known to induce a rapid absorption and increase in
blood glucose and may cause a rebound hypoglycaemia if exercise is performed subsequently.
A high insulin concentration stimulates glucose entry into the cell, activates glycogen synthesis
and inhibits phosphorylase. The latter also occurs in liver. The result is that the degradation
of glycogen both in liver and muscle slows down, causing an increased reliance of the muscle
on blood glucose. As a result, blood glucose will drop dramatically but the liver cannot
respond with an adequate glucose output as glycogen degradation is inhibited [55,56]. This
situation will persist until counter-regulatory mechanisms (glucagon, adrenaline, noradrenaline
and cortisol increase, as well as a synchronically occurring insulin decrease) reactivate
phosphorylase potently or until oral carbohydrate can compensate for the reduced liver glucose
output [57]. If no oral CHO is supplied, the high levels of catecholamines induced by rebound
hypoglycaemia will promote a rapid glycogen breakdown to compensate for the lack of
glucose availability [58].
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4.3. Exercise effects
Since exercise has effects on hormonal regulation, blood flow, local allosteric factors and

energy charge of the cell, it is evident that the effects of exercise per se are difficult to
separate from the circulating- and local substrate effects. During exercise there is a general
increase in sympathetic activity, catecholamines, glucagon, growth hormone as well as a
decrease in insulin. These changes are all known to stimulate lipolysis in adipose tissue
[57,59-61] leading to an increased supply of glycerol and FFA to the blood. Generally, the
supply of fatty acids to muscle during exercise exceeds by far the amount taken up by the cell.
Although at rest there is a close relationship between plasma concentration and FFA uptake,
this is not necessarily the case with higher blood FFA levels during exercise. Calculations of
FFA uptake during exercise indicate a figure of only 10-20% of the amount supplied to the
muscles by albumin bound FFA and triacylglycerol [62,63], Thus, while elevated plasma FFA
levels at rest may increase muscle fat uptake and oxidation in favour of a sparing of
intra-muscular CHO stores, this may not necessarily be the case during exercise. In addition
to the supply of FFA from plasma, muscle cells obtain FFA from adipocytes which are
positioned between the muscle cells. Recent studies have indicated that the contribution on
intra-muscular triglycerides (IMTG) to overall fat oxidation during exercise may be in the
order of 30-70%, depending on exercise duration and intensity [64-67]. However, some
authors have observed no significant contribution of IMTG in highly trained individuals
[68,69].

The availability of FFA and its transportation into the mitochondria may therefore be
important limiting factors during exercise. Two fatty acid transport-related processes are
proposed to be involved in this limitation:

1) Fatty acids (FA) are to a large extent transported actively across the myocyte
membrane by fatty acid binding protein (FABP). Once inside the cell the FA are further
transported by cytoplasmic FABP to the mitochondria, where the FA will be liberated and
activated to fatty acyl CoA.

2) Fatty acyl CoA will be converted to acyl-carnitine by carnitine acyl coA transferase
I (CAT I). This complex will be translocated across the mitochondrial membrane after which
reconversion to fatty acyl coA takes place, which will be channelled subsequently into the beta
oxidation process.

When plasma FFA are high both the transport of FA to the mitochondria, involving FABP
and the translocation by CAT I, are believed to be limiting steps in the regulation of fat
oxidation and therefore indirectly for the possibility of sparing endogenous CHO stores during
exercise [70-75]. When plasma FFA levels are low, the limitation is thought to be more on
the level of FFA availability. This is especially the case in the early phase of exercise or after
hyperinsulinaemia induced by CHO intake.

4.4. Training effects
Further evidence for limitations of fat uptake and combustion by muscle cells comes from

the observation that lipoprotein Upase (LPL) activity of muscle, necessary for the removal of
FA from triacylglycerol in blood, is hardly changed during the first hour of exercise,
indicating that at least in the early phase of exercise fat uptake is limited by the activity of
this enzyme [76,77]. In addition, the maximal activity of mitochondrial enzymes may pose a
limitation. Training adaptation results in both an increased LPL activity [76,78] and
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mitochondrial enzyme activity [65,79-81], pointing to an inappropriate activity of both enzyme
complexes in the untrained state.

5. MANIPULATION OF GLYCOGEN USE

Several attempts have been made to use biochemical knowledge in order to manipulate fat
and CHO uptake by the cell and subsequent metabolism, in order to improve performance.
Some of these attempts will be described hereafter.

5.1. Caffeine
Caffeine (trimethylxanthine) is used widely to improve performance in endurance events.

One of the theories put forward to explain the performance enhancing effects of caffeine is
the stimulation of hpolysis. Caffeine has been observed to enhance plasma FFA in many
studies in man and animals. However, in only a few of these studies was the respiratory
exchange ratio (RER) reduced and glycogen spared [55,82-84]. In the study of Spriet [85]
glycogen sparing only occurred during the initial phase of exercise when Hpolysis is known
to be low.
In contrast to these few studies, the majority of studies showing enhancement of, or no effect
on lipolysis, did not show any effect on RER, hormones, overall substrate utilization and
glycogen metabolism. This may indicate that although FFA was elevated in a number of
studies, this elevation may have been in excess of the level needed to saturate the LPL and/or
subsequent transport mechanism across the sarcolemma (no change in RER). Thus, although
the existence of a glucose fatty acid cycle has been postulated to result in decreased CHO
utilization when plasma FFA levels are high, this is certainly not always the case. The effects
of caffeine on fat and CHO metabolism have been reviewed extensively in a number of recent
papers. It appears that the performance enhancement due to caffeine is most likely related to
effects on the central nervous system rather than to effects on fat mobilization and oxidation
[86-89].

5.2. Medium chain triglycerides (MCT)
Medium chain triglycerides contain fatty acids with a chain length of 6,8 or 10 carbon

atoms. Generally MCT are rapidly emptied from the stomach and taken up by the intestine.
After absorption by the enterocyte MCT are transported with blood to the liver, in contrast

to LCT (long chain) which are transported by the lymphatic system. Medium chain
triglycerides readily increase plasma FFA and TG levels. In muscle, MCT are rapidly taken
up by the mitochondria and do not require the carnitine transport system. Several studies have
been done to evaluate the effect of MCT ingestión on fat and CHO metabolism. These studies
have shown that MCT are rapidly oxidized by muscle but do not lead to glycogen sparing.
The fact that total fat oxidation remained the same after MCT ingestión, even in a glycogen
depleted state, points to the fact that oral MCT does lead to a sparing of endogenous fat
stores, most probably intramuscular fat, but not of glycogen. One of the limitations in boosting
MCT to a level that would allow for glycogen sparing is that MCT ingestión of >30 grams
in a short time leads to severe gastrointestinal discomfort. The latter will hinder athletic
performance to such an extent that it would be unwise to do so. Thus, it has not been proven
that MCT ingestión has any benefit for glycogen sparing [49,90-92].
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5.3. Oral fat and fat infusions
Another attempt to improve fat oxidation with the goal of sparing glycogen stores, has been

to enhance blood FFA levels by ingesting or infusing lipid emulsions.This procedure has
resulted in a significant reduction of glycogen degradation in two studies [93-94]. In line with
the observations that fat infusion spares muscle glycogen, a reduction of plasma FFA, induced
by inhibiting lipolysis by nicotinic acid, resulted in an increased rate of glycogen degradation
[95]. An appropriate level of circulating fat is thus a prerequisite for reducing the rate of
utilizing endogenous CHO stores during exercise. However, for sports practice intravenous
supply of nutrients seems to be impractical. Infusion during competition is not possible and
even if it was possible, it would be forbidden by the doping regulations. Additionally, oral
intake of fat emulsions reduces the rate of gastric emptying significantly and may lead to
substantial gastrointestinal discomfort [96].

5.4. L-carnitine
Attempts to enhance mitochondrial FA transport and oxidation during exercise in healthy

athletes, by oral L-carnitine intake, have failed because the L-carnitine content in muscle could
not be increased (for extensive review see Wagenmakers [97]). Recent studies have indicated
that the activity of CAT I is inhibited by malonyl CoA, a fatty acid synthesis intermediate
which is produced in larger quantities when blood glucose and insulin are raised [98]. Thus,
an increased malonyl CoA production after CHO intake, resulting in a downregulation of
CAT I activity, may be one of the factors involved in the inhibitory action of CHO on fat
metabolism and oxidation.

5.5. Oral CHO
Apart from the anti-lipolytic action after CHO intake, enhanced blood glucose levels per

se will influence the rate of glucose uptake and glycolysis during exercise. The lipolytic effect
of caffeine is counteracted by CHO ingestión. Several authors [85,99-101] observed that a
high CHO diet or prégame meal countered the effects of caffeine on lipolysis. Bellet [43,102]
observed a delay in the lipolytic response to caffeine and Giles and McLaren [81] observed
a full counter-effect. Sasaki [103] did not observe inhibition due to CHO intake. The
mechanism may be that lipolytic enhancing effects on the one hand (exercise+caffeine —>
catecholamines Tt —> lipolysis tt) are counteracted by inhibiting effects (exercise+CHO
—>insulin t —> lipolysis -I).

Additionally, CHO intake during exercise may inhibit catecholamine and glucagon response
and thereby reduce lipolysis. The balance of these two oppositely directed stimuli will
therefore determine the final "metabolic direction". It can therefore be assumed that the
quantity of CHO ingested as well as subsequent response of insulin, glucagon and
catecholamine levels determine the final response. The reason that some studies did observe
a strong effect of CHO and others less or no effect, may therefore be linked to the amount and
timing of CHO intake.

5.5.1. Glucose uptake
Several factors affect the rate of glucose uptake by the muscle cell and therefore

endogenous glycogen utilization during exercise. Contractile activity increases muscle cell
glucose uptake, even in the absence of insulin [104-106]. One of the explanations given for
this phenomenon is that contractile activity enhances the translocation of glucose transport
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proteins GLUT 1 and GLUT 4 from an intracellular location to the cell membrane, thereby
increasing the glucose transport capacity. Quantitatively GLUT 4 is most important [107-112].
This effect of contractile activity on glucose uptake seems to depend on the exercise intensity
[113,114]. This may be partly explained by increased blood flow, which will enhance the
absolute amount of glucose offered to muscle tissue per unit of time, but also an increased
fractional glucose extraction as observed from arterio-venous concentration differences may
play a role [38,113,115,116].

Insulin also enhances GLUT 4 translocation and the fact that a plasma insulin elevation in
periods of muscular activity augments glucose transport further, points to the fact that
contractile activity and insulin act synergistically [104,117-119]. As enhanced blood glucose
and insulin always go hand in hand, even during exercise [6,8,120] when insulin release is
known to be reduced by adrenergic influences [6], it will be difficult to differentiate the
effects on glycogenolysis. In any case, elevated blood glucose levels reduce the rate of
glycogen degradation both in animals [59,121,122] and humans [5,6,123-125]. At low exercise
intensities even net synthesis of glycogen occurs [34,121,126-128]. The latter contrasts
statements in many textbooks that exercise results in activation of phosphorylase and
inactivation of glycogen synthase, disabling glycogen synthesis. Apart from stimulating blood
glucose uptake, contractile activity has been shown to increase the activity of glycogen
synthase I [129,130].

Most probably, at rest and low exercise intensities, the effect of contractile activity, glucose
uptake and insulin on the interplay of glycogen degradation and synthesis depend on their
absolute levels. What is suggested here is that when blood glucose and insulin are elevated,
the counter-regulatory factors, glucagon, cortisol and catecholarnines, will be low. In that
situation glucose availability to the muscle cells may be high which, by enhanced GLUT 4
transport capacity may result in an accumulation of intracellular glucose and subsequent
channelling into glycogen. Glycogen synthase activity may be upregulated more than glycogen
phosphorylase in this situation. Price et al. [131], using NMR technique, recently showed that
human gastrocnemius muscle can both degrade and synthesize glycogen simultaneously during
prolonged low-intensity exercise, whereas net glycogen synthesis has also been observed
during active post-exercise recovery [132]. In keeping with this, glycogen sparing and/or
synthesis have been observed in situations of relative CHO overload. For example, infusion
of glucose to high plasma levels of >15 mmol, reduced glycogen breakdown [5]. Infusion
during low intensity exercise (50% VO2max) combined with high intensity sprinting also
reduced glycogen degradation [124]. Brouns [6] observed that cycling exercise at intensities
ranging from 50-80% Wmax with a one-hour refeeding period at 50% Wmax, resulted in a
highly significant reduction of glycogen degradation. Intake of CHO was higher than its
utilization in this experiment. These studies indicate that glycogen synthesis occurred during
periods of relatively low exercise intensity, finally resulting in the observed decreased
quantitative glycogen utilization. In contrast, glucose infusion to a level of about 10 mmol
during more intense continuous cycling did not result in muscle glycogen sparing, but did
nevertheless result in improved performance [8,120,133]. Thus, to achieve reductions in
muscle glycogen degradation, CHO supply must be quantitatively high, insulin levels must be
substantially elevated and exercise intensity must be relatively low. The latter is important in
this respect because the glucose flux into the glycolytic pathway is to a large extent regulated
by the cellular energy charge (adenino nucleotides), ammonium ions, F6P level, citrate,
hexokinase biphosphates, Pi and ATP turnover [24,41,134-136].
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During intense exercise all these factors will enhance the channelling of glucose taken up
by the cell into glycolyses, instead of into glycogen synthesis. It may be suggested therefore,
that the amount of glucose entering the muscle cell must be larger than the amount channelled
into glycolysis and the TCA cycle. In that case, intracellular glucose accumulation would
favour "glycogen cycling": incorporation into glycogen before entering into glycolysis. In
support of this suggestion is the observation that 14C radio-labelled glucose is incorporated
into glycogen in the case of excess glucose mobilization [137]. In most competitive situations
where exercise intensities are on the upper limits and glycogen breakdown to supply glucose
to the system is significantly enhanced, this may not be the case. In that condition the rate of
glucose utilization may exceed the amount which can enter the myocyte. There are indications
that glucose transport across the muscle cell membrane is a limiting factor for glucose uptake
and deposition [138]. Some evidence comes from the fact that endurance training results in
increased skeletal GLUT 4 content as observed in animals [139] and humans [140], If glucose
transport capacity exceeded the actual needs, most likely there would be no such adaptation.
Other evidence comes from a study where human GLUT 4 has been over-expressed in
transgenic mice resulting in a seven-fold increase in glucose transport and a ten-fold increase
in glycogen. The latter occurred in the absence of any change in glycogen synthase and
phosphorylase activity or G6P concentration [141]. Ivy and co-workers [142] recently showed
that increased GLUT 4 content increases primarily glucose uptake in fast twitch but not in
slow twitch fibres and does not necessarily enhance glucose metabolic capacity [143]. It seems
that besides FFA transport, quantitative glucose transport capacity across the muscle cell
membrane in relation to the rate of CHO oxidation, is an important limiting factor for
endogenous CHO sparing and glycogen synthesis.

Various studies have been done on the rate of absorption of glucose as well as the rate of
oxidation of glucose from different CHO sources. Generally, all soluble CHO sources are
about equally well absorbed and oxidized. Non-soluble CHO sources and fructose have been
observed to have lower absorption and oxidation rates [144-146].

6. CONCLUSIONS

Based on the mechanisms described and variables which determine the rate of glycogen
synthesis and degradation, the following measures can be recommended to economize
glycogen utilization and maximize exercise performance capacity:

1) Perform regular early morning endurance training at about 50-60% of VO2max (heart rate
140-150 beats/min) on an empty stomach. This will maximize adaptations in fat
metabolism.

2) Enhance glycogen prior to competition by ingesting a high CHO diet followed by a fat-rich
dinner during the evening prior to competition. This may result in a favourable hormonal
milieu and enzymatic activity for reducing CHO oxidation.

3) Ingest a light, well-digestible mixed prégame meal containing 40-50% CHO and 30-40%
fat. With adequate CHO loading prior to exercise there is no need for a breakfast high in
CHO.
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4) Do not ingest CHO containing drinks during the last 2 hours preceding the competition.
Take tea, beverages containing caffeine or plain water in order to maintain low insulin
levels to enhance plasma FFA.

5) Perform an appropriate warm-up, in order to raise plasma FFA prior to the start to reduce
glycolysis in the early phase of exercise.

6) During exercise one should ingest about 0.5-0.8 g CHO/min along with plenty of fluid
(non-hypertonic solution) during the first 90 min of exercise and 0.8-1.2 g/min thereafter,
to present a maximal supply of glucose to muscles and liver. During high intensity exercise
this may lead to a sparing of liver and non-active muscle glycogen stores, whereas during
low intensity exercise periods this may lead to sparing or resynthesis of glycogen in all
tissues.

7) Immediately post-exercise CHO should be taken as liquid supplement or in a light
digestible solid form in case that recovery between competitions is short.

8) In case of travelling to a hot or cold climate, significantly different from usual, the athlete
should consider appropriate acclimatization in order to reduce catecholamine responses and
related effects on glycogen degradation.
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Discussion: The Effect of Athletic Training and Dietary Factors on the Modulation of
Muscle Glycogen

T. Reilly:
You recommended early morning training on an empty stomach. Now, many marathons,

for example, take place early in the morning. What is your view in terms of advising feeding
for early-morning marathon starts?

F. Brouns:
It is difficult because you deal with the circadian rhythm which also affects the dietary

pattern. What we normally recommend is: increase carbohydrate intake during the days prior
to exercise while tapering the training load. This will build up glycogen in muscle and liver.
The day before: go on a normal diet with more fat. This will preserve further the glycogen
content and will up-regulate the lipolysis system and the fat-handling enzymes. Prior to
exercise, if the marathon is early in the morning, the athlete will not have much appetite to
eat a breakfast generally, due to pre-competition stress. Normally we advise to take a- small
and light digestible breakfast. In this respect I think that it is very individual what athletes can
tolerate. I know some athletes who start on an empty stomach and then take carbohydrate
drinks during exercise. Others prefer to take a light breakfast as early as 5-6 o'clock in the
morning. But you can imagine that eating so early is not very comfortable if your daily
schedule is to get up at 7.00 AM. Shifting meal and activity times towards those which will
be actual during the competition day may be one measure to get more adapted. If so, this
should be practised for 7-10 days before the major competition.

D.P.M. MacLaren:
Do you agree with the concept of the glucose-fatty acid cycle? If your answer is "yes", then

how do you justify muscle glycogen sparing with carbohydrate ingestión?

F. Brouns:
There is currently a debate on the existence of the glucose-fatty acid cycle. Personally, I

think that the glucose-fatty acid cycle may work in the resting condition and during
low-to-moderate exercise intensities. In those conditions you can really see the effects of
increased fatty acid availability on endogenous carbohydrate sparing. During highly intense
exercise, it is thought that the glucose-fatty acid cycle may not work. There you do not see
the effects of increased FA availability on glycogen sparing. However, if you overload the
system with carbohydrates during periods of low intensity exercise, you suppress the FA
oxidation on the one hand, but, on the other hand this results in a high glucose uptake while
at the same time the rate of glycogen breakdown is low. This simultaneous effect influences
the intracellular free glucose level, which will affect the balance between glycogen synthesis
and breakdown. But there is not much data other than the obtained by muscle biopsy analysis.
I think the best would be to do studies with NMR, because it is known that there are
considerable differences when one compares biopsies from different sites taken at the same
time.
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P.M. Clarkson:
In the States there has been much attention on the high fat diet instead of a high

carbohydrate diet. Could you comment on high fat diets and the criticisms behind the research
theorizing that fat loading causes a beneficial effect?

You made the comment about not ingesting a sport drink prior to exercise because of the
insulin response, and I wonder whether a sport drink of only six percent carbohydrate would
be sufficient to cause an insulin response leading to a negative effect.

F. Brouns:
In my presentation I have discussed that a bight fat diet, medium chain triglyceride

ingestión and other factors, may affect FA availability during exercise. Generally, the
observations on the effects of high fat diets mainly come from animal studies, notably rats and
dogs. It was shown that if you put these animals on a high fat diet and you let them do an
endurance performance test, after some time they can perform longer at a certain exercise
intensity than prior to the high fat diet. This is comparable to performance effects which we
see with high carbohydrate diets in athletes. This has led to the current growth in popularity
of high fat diets. Attempts have been made to do the same type of studies in humans but there
are only a few studies available and I think the evidence is not good. There is one particular
study which showed a significant increase in performance time after a high fat diet, but if you
look critically at this study, it was done on five subjects. There was one subject who improved
performance by 57% after the high fat diet. This single 57% increase caused the mean of the
group to be improved and also influenced the statistics. So far, if you look critically to human
studies, there is no evidence that a high fat diet improves performance. Additionally, there are
effects of a high fat diet which are never discussed under the heading performance, but which
may be very detrimental to the athlete on the long term! High fat diets are known to enhance
cardiovascular disease, to cause insulin resistance and to suppress growth hormone secretion.

With respect to the insulin response, I think that the ingestión of a drink at rest, which
contains 4-6 grams of carbohydrate per 100 ml, may lead to a significantly enhanced blood
glucose and insulin level. An increased insulin level at the onset of exercise will automatically
block lipolysis. This may result in enhanced glycogen breakdown. Therefore, we conclude that
when an athlete has loaded carbohydrate prior to an important event and has done no exercise,
there is no reason to believe that there is a suboptimal amount of carbohydrates in the body.
Therefore, we discourage to consume carbohydrate drinks during the last 2-3 hrs prior to
exercise. We aim at maintaining a high degree of lipolysis and start carbohydrate ingestión
just prior to the start (3-5 min.) or during exercise, when insulin response in blunted.

M. Williams:
I wonder if you could give us some recommendations on glycogen resynthesis on a day to

day basis for athletes who might want to synthesize glycogen very rapidly, maybe eating high
glycemic index foods, and possibly also by the inclusion of protein along with carbohydrate.

F. Brouns:
A substantial amount of evidence shows that high glycemic index foods lead to a more

rapid supply of carbohydrate to the system. Other evidence shows that the activity of glycogen
synthase is most pronounced shortly after exercise, and you could benefit from that by making
available carbohydrates quite rapidly after exercise. If you take high glycemic index foods,
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you promote this situation. We recommend athletes that once they have finished either a hard
training session or a competition and there will be a next one in a short time, they should
ingest carbohydrate drinks or high glycemic index foods which are easúy digestible
immediately after exercise. Rice cakes, for example, are a favourite in the Tour of France, but
also sweat corn, mashed potato or ripe bananas are good sources.

D.P.M. MacLaren:
With regard to the fat loading, we have performed two experiments which used elite

performers. One was a group of elite cyclists and one was an elite group of runners. In the
cycling study, we presented the athletes with a high fat, but reasonable carbohydrate, or a high
carbohydrate breakfast in the morning and then we exercised them for a period of 90 minutes
followed by a 10 Km time trial. The improved performances were on the high fat breakfast.
In the study on runners, they were put on isocaloric diets (for three days). These were high
fat, normal or high carbohydrate and, again, these are elite runners in a ten mile time trial
performed better on the high fat diet.

M. Gleeson:
Dr. Brouns, you recommend to athletes that they should consume a relatively high fat diet

the day before the event. What evidence is that based on?

F. Brouns:
It is not based on evidence. It is based on finger feeling of how physiology might fit best

for the endurance athletes. In fact what Don MacLaren just said about a high fat breakfast is
in line with this. What normally happens, is that athletes go on a high carbohydrate diet and
they maintain that until competition. As a result, they have continuously high blood glucose
levels and raised insulin levels. In this situation, the fat handling metabolic pathways are
down-regulated. If then the athlete performs intense exercise, the lipolysis is inhibited and
there will be an increased rate of glycogen breakdown. My opinion is that if you are on a high
carbohydrate diet and once you have filled up your glycogen stores, you should shift again
for a short term (the last two or three pre-competition meals) to more fat in the diet. By doing
this, you depress insulin secretion, you enhance free fatty acid availability, delivery and
oxidation. Thus, you up-regulate the fat handling system. The latter may be a benefit in the
first half hour to 45 minutes of exercise by leading to enhanced FA oxidation and a reduced
rate of glycogen utilization. The latter may finally lead to improved performance.

M. Gleeson:
Do you not at the same time effectively deplete the liver glycogen store?

F. Brouns:
It depends upon how much fat and carbohydrate you ingest. If you would go only for fat,

of course you would do that, but a complete fat meal would be impossible. When we talk
about high fat content, we mean 45-50% of the energy derived from fat. During an overnight
fast the liver glycogen depletes only partly and I think that 30-40 grams of carbohydrate in
the last pre-competition meal are sufficient to fill up that store again. Fructose containing
CHO sources are optimal for that purpose.
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B. Ekblom:
As it has been mentioned, protein can enhance the synthesis of glycogen after exercise.

What amino acids would cause that? What is the reason?

F. Brouns:
There have been only a few studies on this subject. The mechanism offered as explanation

is the following: ingestión of carbohydrate induces an insulin response which favours glycogen
synthesis. Ingestión of protein also induces an insulin response. But if you ingest the two
together, you get the synergistic effect, which means that the insulin response is stronger than
with carbohydrate or protein alone. I do not know whether whithin whole protein there are
specific amino acids being primarily responsible for this effect.

A.J.M. Wagenmakers:
Leucine, lysine and arginine have a strong insulinotropic effect, much stronger than any of

the other amino acids. That is well-known old literature. It is not known though whether they
can replace protein to increase the synthesis rate of glycogen after exercise.

Y. Hellsten:
It appears that some cyclists receive intravenous infusions of glucose during the night and

I want to ask you if you think it is necessary for optimal performance and if you think it is
ethically correct or incorrect?

F. Brouns:
This is an artificial measure to boost performance on the next day, so in fact it falls under

the doping regulation, though nobody can control it. The question is whether it is necessary.
I do not think it is. The amount you can infuse overnight is limited. I think you can do it
orally by ingesting CHO solutions before sleeping, without having the risk of getting
infections or whatever complications during the night.

D.P.M. MacLaren:
We have performed glucose infusion studies during exercise and at rest using a

hyperglycaemic clamp, and have found that the maximum rates of glucose utilization are in
the region of about 2 grams per minute. I think that you can get that from drinking, so it does
support your point of view.




