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Muscle fuel selection: effect of exercise and training
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Sélection des substrats énergétiques du muscle:
effet de I’exercice et de ’entrainement

RESUME

Les cellules des muscles du squelette ont une capacité tout a fait remarquable
d’adaptation aux modifications de la demande métabolique. Ces modifications dues 2
I’adaptation ont des conséquences sur la sélection des substrats énergétiques des muscles
qui travaillent, et donc sur toute 'homéostase du corps pendant ’exercice et dans la
période qui suit. Cette revue porte sur les principaux progrés accomplis dans ce domaine
de recherche au cours de ces derniéres années. Avec ’entrainement a ’endurance,
Iimportance du glucose plasmatique comme substrat énergétique dans l'exercice
diminue. Ceci n’est pas inattendu étant donné qu’il ést bien connu que le recours au
métabolisme des graisses augmente chez le sujet entrainé, mais il est difficile de concilier
ce fait avec des rapports selon lesquels I'entrainement a I’endurance produit une
augmentation du nombre des molécules de transport du glucose dans le muscle du
squelette. Ceci indique que cette derni¢re adaptation sert d’autres objectifs, comme celui
de permettre I'augmentation de la sensibilité a I'insuline, et également de la réponse 2
celle-ci observée apres l'entrainement a 'endurance. Un autre facteur important
sous-jacent & cette augmentation de [’action de I'insuline dans le muscle entrainé semble
bien étre 'augmentation de Pactivité de la glycogéne synthase (EC 2.4.1.11), et il est
bien documenté que les individus entrainés ont une plus grande capacité de stocker le
glycogene. De plus, d’autres mécanismes susceptibles d’augmenter I'action de ['insuline
ont été discutés, parmi lesquels une augmentation de I’effet de I'insuline pour stimuler le
flux sanguin du muscle, une augmentation de la liaison de I'insuline du tissu due a une
plus grande capillarisation dans le muscle entrainé, et des modifications dans la
composition des acides gras dans le sarcoléeme du muscle. L’entrainement réduit la
dégradation du glycogeéne pendant I’exercice, le plus grand effet se produisant au début
de l'exercice, et ceci pourrait finalement expliquer la diminution de I'utilisation de
glucose dérivé du plasma. Il est concevable qu’un facteur majeur derriére cette économie
du glycogene est ’'augmentation adaptative des mitochondries du muscle. Des données
récentes indiquent que l'utilisation des graisses au cours de Pexercice plus élevée chez le
sujet entrainé que chez le sujet non entrainé est alimentée par une plus grande lipolyse de
triacylglycérols intramusculaires, et que le taux de renouvellement des acides gras libres
du plasma est inférieur chez les individus entrainés. Il est possible que le triacylglycérol
soit un substrat énergétique important pour le muscle du squelette en contraction, en
particulier au cours de l'exercice dans I'état d’absorption. Les études sur la lipase
lipoprotéinique (EC 3.1.1.34) des tissus indiquent que le triacylglycérol circulant peut
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étre plus important chez le sujet entrainé que chez le sujet non entrainé. Au cours de
Pexercice prolongé, le métabolisme des acides aminés a chaine ramifiée est activé, et
probablement & un degré plus élevé chez les individus entrainés. Ce domaine de la
recherche est actuellement dans une phase active, et ce n’est que récemment qu’on a
commencé a découvrir I'implication de plusieurs facteurs auparavant non identifiés, tels
que le facteur de croissance 1 semblable a I'insuline dans I’absorption du glucose induite
par la contraction.

The contracting skeletal muscle relies on fuels from both extra- and intramuscular
sources. The main stored fuels are glycogen and triacylglycerols (TG). The largest
muscle store of potentially energy-yielding fuels, i.e. the muscle proteins themselves,
normally contributes very little to the total energy expenditure in skeletal muscles.
Nevertheless, amino acids are important molecules in the metabolic regulation of
contracting muscle. Glucose and non-esterified fatty acids (NEFA) are important
blood-borne fuels utilized by skeletal muscle. Circulating TG are believed to play a
minor role, but their importance may have been underestimated in the past. Ketone
bodies are taken up by skeletal muscle, but to a very low extent. It is well documented
that training induces an increased reliance on fat relative to carbohydrate metabolism. In
the resting state, skeletal muscle is important as the body’s largest insulin-sensitive
organ; an impaired insulin sensitivity in skeletal muscle is associated with cardiovascular
disease. Contractile activity induces an increased muscle sensitivity to insulin, which
usually lasts 1-2 d.

The present review focuses on the major advances made in this research area during
the last few years.

RELATIVE IMPORTANCE OF THE DIFFERENT SUBSTRATES FOR
ENERGY DELIVERY DURING EXERCISE

Generally, the reliance on carbohydrates as an energy source increases with the exercise
intensity and with the relative amount of carbohydrates in the pre-exercise diet and
decreases with the fitness level of the individual. The relative importance of blood-borne
v. endogenous substrates is, among other factors, dependent on the time interval that has
passed since the last meal and on the extent of depletion of endogenous glycogen
subsequent to previous exercise.

Plasma-derived glucose

Oxidation of plasma-derived glucose may represent a significant portion of the fuel for
muscular exercise. At rest, only a small percentage of the muscle fuel is made up of
carbohydrates and this consists almost entirely of plasma glucose (Wahren et al. 1971).
During exercise, the importance of carbohydrate increases considerably. Wahren et al.
(1971) observed that plasma-derived glucose accounted for 10-30% of the total substrate
oxidation by the leg muscle during the initial period of light to moderate exercise.
Endogenous glycogen is the dominant fuel during the initial period of moderate to severe
exercise, and during sustained exercise at work rates corresponding to about 60-80%
Vo,max fatigue coincides with the depletion of muscle glycogen (Bergstrom et al. 1967,
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Sherman & Costill, 1984). With the continuous depletion of endogenous glycogen, the
utilization of plasma-derived glucose increases and has, during prolonged exercise, been
reported to amount to 75-90% of the estimated carbohydrate oxidation by muscle
(Wahren et al. 1971).

Plasma-derived non-esterified fatty acids

Plasma-derived NEFA are the dominant fuel in muscle at rest and have been estimated
to correspond to 80% of the O uptake in resting muscle (Havel ef al. 1967). During
exercise at low to moderate intensities plasma NEFA may often cover more than half the
muscle’s oxidative metabolism, especially during prolonged exercise (Ahlborg et al.
1974), but its importance diminishes as the exercise intensity increases.

Plasma triacylglycerols

Plasma TG has been considered to contribute very little to exercise metabolism (Havel
et al. 1967; Jones et al. 1980). In a study where forty army recruits were fed on 55 g fat
after an 11 h fast, Nikkild & Konttinen {1962) found that during an ensuing 2 h march
only 4% of the energy required for the work could have been provided by the circulating
TG. However, Nikkild & Konttinen (1962) state that possible hepatic TG synthesis was
not accounted for, and this could have led to underestimation of the recorded plasma TG
utilization. In fact, the decrease in plasma TG after exercise (Oscai et al. 1990), reduction
of postprandial lipidaemia during and after exercise (see Griffiths er al. 1994) and
preferential uptake of chylomicron TG by oxidative fibres in contracting rat muscle,
compared with fast-twitch fibres (Mackie er al. 1980), all suggest that plasma TG may be
an important fuel for contracting muscle.

It should be mentioned that most investigations in this area are performed in the
postabsorptive state after an overnight fast. The metabolic situation during more
everyday situations is evidently quite different, for example plasma NEFA are less
important in the fed state than 8-10 h after the last meal (Havel et al. 1963). In the
postabsorptive state glucose uptake during 60 min of forearm exercise could account for
40% of the energy demand; if the same exercise was undertaken 3 h after a meal there
was no change in the contribution of plasma glucose but the increased uptake of TG
could account for 40% of energy demand. Also there was a net uptake of free fatty acids
(Griffiths et al. 1994).

Due to the high blood flow during exercise, arterio—venous (A-V) differences for
VLDL-TG are very difficult to detect accurately (Kiens ef al. 1993), but it has been
estimated that, if oxidized, plasma TG could account for half muscle TG oxidation
during exercise (Kiens et al. 1993).

Endogenous triacylglycerols

Relatively little is known about this potential source of energy for the contracting
muscle, but it seems likely to be an important fuel during exercise. During 99 min of
cycle ergometer exercise to exhaustion, Carlson ef al. (1971) found that the decrease in
thigh muscle TG concentration averaged 25% (n 24). They calculated that 70% of total
oxidized fatty acids originated from endogenous TG, whereas 30% came from plasma
NEFA, and that the energy contribution of endogenous TG was 70% of that of glycogen.
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Froberg & Mossfeldt (1971) calculated that during the Swedish 7 h Wasa ski race the
decrease in muscle TG corresponded to twice the energy compared with the decrease in
muscle glycogen. The findings of Hurley er al. (1986) are discussed later (see p. 130).

MUSCLE GLUCOSE UPTAKE

Glucose is transported into mammalian skeletal muscle by a glucose transporter. The
most abundant glucose transporter in mammalian skeletal muscle is the insulin-regulated
glucose transporter, GLUT4. A second isoform of the glucose transporter (GLUT1) has
also been isolated from skeletal muscle. Recent data on transgenic mice overexpressing
GLUT]1 or GLUT4 protein support the concept that GLUT]1 contributes mainly to basal
glucose transport, whereas GLUT4 is responsible for the increased glucose uptake
mediated by insulin or contractile activity (Marshall et al. 1993; Robinson et al. 1993).
Glucose uptake following a single bout of exercise appears to be enhanced by an increase
in both the number of transporters and transporter activity (Douen et al. 1989; Sternlicht
et al. 1989; Goodyear et al. 1990).

During the last few years it has become evident that insulin-like growth factor 1 has a
key role in stimulating increased glucose uptake in the contracting muscle (Dimitriadis
et al. 1992) and quite recently it was proposed that stimulation of sarcolemmic adenosine
receptors during contractions is also involved in the stimulation of muscle glucose
transport (Vergauwen et al. 1994). Apart from stimulating the transport step, muscle
contraction promotes the utilization of blood-derived glucose by increasing hexokinase
binding to mitochondria (Van Houten ef al. 1992). This may be a mechanism of
coordinating the rate at which glucose is introduced into glycolysis with the rate of
mitochondrial oxidative phosphorylation (BeltrandelRio & Wilson, 1992). Unlike
glucose, dietary fructose does not serve as a direct source of fuel for the muscle.
Nevertheless, fructose feeding before or during exercise can enhance performance under
certain conditions. For further discussion, see Craig (1993).

Effect of training

During a standardized 2 h exercise test, Coggan ez al. (1990) estimated that 21% of the
total energy expenditure was contributed by the oxidation of plasma glucose during
90-120 min of exercise. After 12 weeks of strenuous exercise training, this value had
decreased to 15%. This is not unexpected in the light of the increased reliance on fat
metabolism in the trained state. However, it was unexpected that, also when expressed
as a percentage of total carbohydrate oxidation, the reliance on plasma glucose
decreased. These results are difficult to reconcile with the recent reports that endurance
training leads to an increased number of glucose transporters owing to an increased
synthesis of transporter protein (Dela ez al. 1993; Ebeling ef a/. 1993). Jansson & Kaijser
(1987) found no effect, with training, on blood glucose extraction by the legs after 15 min
of bicycle exercise at 65% Vo,max but after 60 min of exercise, the blood glucose
extraction was considerably lower in the trained than in the untrained subjects. At this
time-point, blood glucose corresponded to only 5% of the total oxidative metabolism in
the trained subjects compared with 23% for the untrained subjects. These authors
suggested that the decreased blood glucose extraction by the legs of the trained subjects
was secondary to the glycogen-sparing effect of training, resulting in a higher muscle
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glycogen concentration during the later stages of the exercise session. However, a recent
study showed that also other adaptations must be responsible for the decreased blood
glucose utilization following training (Mendenhall er al. 1994). These authors found
evidence that altered plasma concentrations of the glucoregulatory hormones may be
one such adaptation.

The low blood glucose utilization after training in the study of Coggan ez al. (1990) may
explain why the trained, unlike the untrained, subjects in this study were able to maintain
or even increase their blood glucose concentration throughout the 2 h of exercise. A
lower utilization of blood glucose during exercise in the trained state could explain the
reduced liver glycogen depletion during exercise reported earlier in rats after training
(Fitts et al. 1975).

MUSCLE GLYCOGEN UTILIZATION

Glycogen storage in skeletal muscle is a major limiting factor in prolonged performance,
and accordingly preservation of these stores during exercise is of great importance. It was
recently estimated that the total amount of carbohydrates used during a marathon race
was higher than could be accounted for by the endogenous glycogen stores in the
working muscles and the liver (O’Brien et al. 1993). The authors concluded that glycogen
reserves in inactive muscle and other tissues must also have been mobilized. Glyco-
genolysis with net lactate release from inactive muscle has been demonstrated during
exercise (Ahlborg et al. 1986).

Glycogen depletion is reduced during prolonged exercise in trained compared with
untrained individuals working at the same absolute rate (the same rate of O, consump-
tion; Fitts ez al. 1975), although the rate of glycogen depletion may be similar if the
subjects are exercising at the same relative intensity (same percentage of Vo,max)
(Hermansen et al. 1967, Henriksson, 1991). In contrast, Jansson & Kaijser (1987)
demonstrated reduced glycogen utilization in the muscles of endurance-trained subjects
when exercise was performed at the same relative intensity (65% of Vo,max). These
authors, and also Green et al. (1990), found that training exerts its greatest effect in
reducing glycogen degradation early in exercise. Green et al. (1990) were also able to
show that this effect occurs in both fast- and slow-twitch fibres.

Training can result in reduced muscle glycogen utilization during exercise in several
ways. It is conceivable that a major factor is the adaptive increase in muscle mito-
chondria. A hypothetical biochemical mechanism whereby a large concentration of
mitochondrial oxidative enzymes in trained muscle would lead to a greater reliance on fat
metabolism, a lower rate of lactate formation, and sparing of muscle glycogen during
exercise has been formulated by Holloszy and coworkers (Holloszy & Booth, 1976).

MUSCLE GLYCOGEN STORAGE

Apart from a lower rate of glycogenolysis during exercise, trained individuals also have
an increased glycogen storage capacity in skeletal muscle and in all probability a capacity
for faster replenishment of muscle glycogen stores following exercise bouts (Mikines
et al. 1989a; Kern et al. 1990). Particularly convincing evidence that local, and not only
dietary, factors are responsible for this difference in storage capacity between trained
and untrained muscle comes from studies of one-leg training (Saltin er al. 1976;
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Henriksson, 1977). This increased level of glycogen is, however, reduced to that of
untrained muscle upon detraining or immobilization (Haggmark, 1978).

The increased storage capacity of muscle glycogen, which is found in trained skeletal
muscle, is likely to be secondary to improved insulin action. In addition, muscle glycogen
synthase (EC 2.4,1.11) activity is higher in trained individuals than in untrained ones
(Ebeling et al. 1993), and athletes have increased whole-body insulin-stimulated glucose
metabolism associated with both pre- (mRNA) and post-translational (enzyme aétivity)
upregulation of glycogen synthase (Vestergaard et al. 1994). It is known that glycogen
synthase is activated by insulin (Devlin & Horton, 1985).

UTILIZATION OF BLOOD-BORNE AND ENDOGENOUS LIPIDS

It is known from a large number of studies that, at the same absolute exercise intensity,
trained individuals rely more on fat as an energy substrate than untrained ones. The
source of this increased fat supply has been debated, since the plasma levels of free fatty
acids are often lower during exercise in endurance-trained subjects (Holloszy, 1988).
Hurley et al. (1986) studied nine male subjects before and after a 12-week programme of
endurance training. When exercising at the same absolute intensity (64% of the
pretraining Vo,max), plasma free fatty acid and glycerol concentrations were found to be
lower in the trained state than in the untrained state. In spite of this, the respiratory
exchange ratio was reduced in the trained state, indicating a greater reliance on fat
oxidation. Muscle TG utilization was found to be twice as great (26-1 (SD 9-3) v. 12-8 (SD
5-5) mmol/kg dry weight) and muscle glycogen utilization to be 41% lower after training
compared with before training. It was concluded that the greater utilization of fat in the
trained state than that in the untrained state was fuelled by increased lipolysis of
intramuscular TG. This conclusion was supported by a study showing a lower turnover of
plasma free fatty acids in the trained state (Martin ez al. 1993).

UPTAKE OF PLASMA-DERIVED NON-ESTERIFIED FATTY ACIDS

In the light of the results given previously, the notion that the muscle oxidation rate of
plasma-derived free fatty acids depends only on the plasma free fatty acid concentration
and blood flow (for references, see Kiens er al. 1993) still seems undisputed. However,
there is still a limited amount of information available in this area. Kiens et al. (1993)
found no decrease in intramuscular TG during a 2 h bout of one-leg knee-extension
exercise in either the trained or untrained leg of unilaterally bicycle-ergometer-trained
subjects. Kiens et al. (1963) speculated that this could be attributable to the small
increase in sympatho-adrenal activity during one-leg exercise when compared with
two-leg exercise. This sympatho-adrenal activation may have been too low to induce
intramuscular lipolysis. In this case it is possible that the increased reliance on fat
metabolism observed after training was due to an increased uptake of free fatty acids
from the blood.

UTILIZATION OF PLASMA-DERIVED TRIACYLGLYCEROLS

The small A-V differences for plasma TG over the muscle beds, especially during
exercise, has made it difficult to study directly the effect of training on the utilization of
plasma-derived TG. Studies on tissue lipoprotein lipase (EC 3.1.1.34; LPL), which is
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located on the intraluminal surface of the capillaries and which catalyses the hydrolysis of
intravascular TG, indicate that circulating TG may be more important in the trained
state than in the untrained state. Simsolo et al. (1993) found a marked reduction in
muscle LPL ratio with 2 weeks of detraining, whereas that of adipose tissue increased.
Simsolo et al. (1993) suggested that the 9-fold increase in the adipose tissue:muscle LPL
value with detraining could be seen as a sign of a redirection with detraining of
circulating lipid from oxidation in muscle to storage in adipose tissue. The muscle data
are in accordance with several other studies showing increases in muscle LPL activity
with training (Nikkil4 er al. 1978; Svedenhag et al. 1983), but not with all studies (Stubbe
et al. 1983). Muscle LPL activity is activated following a single bout of exercise (Lithell
et al. 1981) and it has been proposed that the resulting increased clearance of TG from
the circulation may provide fatty acids for the restoration of the reduced muscle TG
stores induced by exercise (Oscai et al. 1990). Exercise may lead to a decrease in plasma
TG which persists for 1-5 d (Oscai et al. 1990).

INTRAMUSCULAR TRIACYLGLYCEROL CONCENTRATION

As intramuscular TG appear to be an important factor in the sparing of muscle glycogen,
one might expect an increased resting level of intramuscular TG in trained muscle. This
has not been definitively demonstrated, however, in human muscle. Three studies in
which the same subjects were studied before and after training demonstrated an increase
in muscle TG of approximately 50% with training (Morgan et al. 1969; Bylund-Fellenius
et al. 1977; Staron et al. 1984). Howald er al. (1985) reported a significant increase in the
volume density of intracellular lipid in fast-twitch fibres but not in slow-twitch fibres in an
electron micrographic study of endurance training. On the other hand, Hurley et al.
(1986) found no significant difference between pre- and post-training muscle TG
concentrations in subjects who underwent an intensive 12-week running and cycling
training programme. Confounding results have been found in studies on the rat, where
both a decrease (Froberg, 1971; Froberg et al. 1972) and no change (Gorski & Kiryluk,
1980) in muscle TG concentration in response to training have been noted.

MECHANISMS INVOLVED IN THE INCREASED FAT OXIDATION
WITH TRAINING

If neither the utilization of plasma free fatty acids nor the concentration of intramuscular
TG is clearly affected by training, one must conclude that changes responsible for
increased fatty acid utilization in the trained state would be related to (1) increased
lipolysis of existing intramuscular or plasma TG, (2) increased transport of fatty acids
into the mitochondria and/or (3) the increased number of mitochondria within the
muscle. It is known that the increased fat oxidation with training is a local effect since it
occurs in the trained leg only after one-leg training (Henriksson, 1977; Kiens ef al. 1993).
Underlying this training response is an increased mitochondrial density and an increased
content of mitochondrial enzymes in the aerobically-trained muscle, accompanied by
increases in the enzymes involved in activation, transfer into the mitochondria and
B-oxidation of fatty acids (Molé er al. 1971; Holloszy & Booth, 1976; Saltin & Gollnick,
1983). As mentioned previously, Holloszy and coworkers (Holloszy & Booth, 1976) have
formulated a hypothetical biochemical mechanism whereby a large concentration of
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mitochondrial oxidative enzymes in trained muscle would lead to a greater reliance on fat
metabolism. This adaptation may also include increases in the low-molecular-weight
cytosolic fatty acid-binding proteins, which may play an important role in the intra-
cellular transport and targeting of fatty acids (Paulussen & Veerkamp, 1990), and a
change in the activity of regulatory molecules, such as malonyl-CoA (an inhibitor of
carnitine acyltransferase I activity (EC 2.3.1.7; Winder et al. 1989)). If these adaptations
occur in trained skeletal muscle, they would, at a given exercise intensity, permit the rate
of fatty acid oxidation to be higher in the trained muscle than in the untrained muscle,
even in the presence of a lower intracellular fatty acid concentration in the trained state.
The latter could be secondary to the lower sympatho-adrenal activation in the trained
individual (Winder et al. 1978), which, unopposed, would lead to decreased lipolysis of
not only adipose tissue TG, but also intramuscular TG. Since B-receptor mechanisms
regulate skeletal muscle TG hydrolysis (Oscai et al. 1990), it is possible that an increased
B-receptor density may at least partially oppose the lower sympatho-adrenal activation in
the trained state. However, to date, increased density of B-receptors has been found in
response to training only in the rat (Williams e al. 1984; Buckenmeyer et al. 1990).
Martin ef al. (1989) found no increase in B-receptor density in human subjects following
12 weeks of endurance training. Another potentially-more-important factor regulating
intramuscular TG utilization may be a training-induced increase in hormone-sensitive
lipase (EC 3.1.1.3), the enzyme which hydrolyses intracellular TG into fatty acids (Oscai
et al. 1990). No information is currently available, however, on this issue.

Yki-Jarvinen ez al. (1991) recently presented evidence of a feedback mechanism which
serves to maintain a certain rate of cellular fatty acid oxidation under conditions of
changing inflow of plasma free fatty acids. This mechanism is supposed to involve
stimulation of LPL at times of lowered intraceilular free fatty acid concentration,
resulting from either insufficient hormone-sensitive lipase activity or lowered plasma free
fatty acid concentrations (also, see Oscai ef al. 1990). Whether such mechanisms are
important in explaining the increased fat reliance in endurance-trained muscle remains to
be demonstrated.

PROTEIN METABOLISM

Proteins normally contribute very little to the total energy expenditure in skeletal
muscles (Pettenkofer & Voit, 1866; Wolfe ef al. 1984). Nevertheless, amino acids are
catabolized, transaminated, or deaminated during exercise, secondary to the exercise-
induced increase in several metabolic processes, such as hepatic gluconeogenesis and the
citric acid cycle, where amino acid-C are utilized. The suppression of protein synthesis
during an exercise bout leaves amino acids available for catabolism. The effect of
exercise on amino acid concentrations in skeletal muscle and plasma was reviewed
recently (Henriksson, 1991).

In the postabsorptive state, skeletal muscle constitutes the major source of circulating
amino acids in the body. In spite of this, very little information is available concerning
the influence of endurance training on muscle production and release of individual amino
acids, although some positive effects of training were indicated by a recent study in
perfused rat muscle (Hood & Terjung, 1994). During endurance exercise, branched-
chain amino acids (BCAA) are taken up by the muscle (Wagenmakers et al. 1990), and
during prolonged exercise this may lead to significant reductions in the plasma BCAA
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level. There is evidence that the BCAA may be only partly metabolized within the
muscle to form branched-chain ketoacids and short-chain acylcarnitines, which are
released into the circulation and transported to the liver for further oxidation. The amino
group thereby liberated may be released from muscle in the form of glutamine or alanine
(Ji et al. 1987). However, a significant activation of the muscle branched-chain 2-oxoacid
dehydrogenase (EC 1.2.4.4) complex has been noted in long-term exercise
(Wagenmakers et al. 1990). The drainage of citric acid cycle C by BCAA transamination
in combination with a reduced inflow from glycolysis has been suggested to be a factor
limiting the rate of fatty acid oxidation during prolonged exhaustive exercise
(Wagenmakers et al. 1990). Current findings indicate that the activation of BCAA
metabolism with prolonged exercise occurs to a greater extent in trained individuals than
in untrained individuals (Dohm er al. 1977; Henriksson, 1991). Increased BCAA
availability or decreased carbohydrate availability results in increased BCAA metab-
olism with higher plasma concentrations of NH3 and glutamine (MacLean & Graham,
1993) during exercise.

We have found some evidence that trained individuals may have higher basal amino
acid concentrations in skeletal muscle and plasma than untrained individuals
(Henriksson, 1991). In the literature, there is only one reference to a possible difference
in this direction (Einspahr & Tharp, 1989). These investigators found that the trained
subjects had significantly higher plasma concentrations of leucine (41%), isoleucine
(27%) and tyrosine (23%). Evidently, more research is needed to confirm these
preliminary findings and, if confirmed, to determine the underlying mechanisms
responsible for these muscular adaptations.

INSULIN ACTION

With an acute bout of exercise, in addition to the direct stimulation of muscle glucose
uptake (Nesher et al. 1985; Wallberg-Henriksson et al. 1988), the sensitivity of muscle
glucose transport to insulin is increased (Richter et al. 1982; Zorzano et al. 1986; Cartee
et al. 1989). Both the direct and insulin-mediated effects of contraction are sustained into
the post-exercise period. The direct effect is reversed within a few hours (Young et al.
1987), whereas the enhanced insulin sensitivity as a result of an acute exercise bout
(which is not detectable until the direct effect has been partially reversed) lasts longer
(usually 1-2 d; Wallberg-Henriksson et al. 1988). The rate of reversal varies and seems to
depend on the refilling of glycogen stores (Gulve et al. 1990). However, it is unlikely that
the reversal of insulin action is linked only to glycogen replenishment per se, since an
enhanced glycogen synthesis was found in response to insulin even when the glycogen
concentration in the muscle had returned to control levels (Langfort et al. 1988; Richter
et al. 1989).

Effect of training

Consistent with the reports showing increases in muscle GLUT4 protein with training
(see p. 128), several studies have shown that endurance training results in an increased
insulin sensitivity as well as responsiveness in skeletal muscle, whereas insulin resistance
accompanies inactivity (for references, see Sinacore & Gulve, 1993). In healthy
individuals these changes in insulin action are not usually accompanied by similar
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changes in glucose tolerance (Rogers et al. 1990), since the plasma insulin level during a
glucose-tolerance test changes in a reciprocal manner relative to the changes in insulin
action.

Most investigations performed to date have indicated that the enhanced glucose
uptake at submaximal insulin concentrations (insulin sensitivity) noted in trained
individuals is not a true training-induced adaptation but merely an effect of the last
exercise bout, since it is lost within a few days following cessation of training (King et al.
1988; Mikines et al. 1989b; Nagasawa et al. 1990; Rogers et al. 1990). Whether the
improved insulin action in skeletal muscle is a true adaptation to training or not, the
results demonstrate the importance of regularly performed exercise to protect against the
development of insulin resistance, for example with ageing, or to improve insulin action
in such pathological states as obesity and type Il diabetes. It may also be noted that not
all types of exercise are associated with increased insulin action (Kirwan et al. 1992;
Doyle et al. 1993).

MECHANISMS FOR THE ENHANCED INSULIN ACTION WITH
ENDURANCE TRAINING

Two important underlying factors are likely to be the training-induced increased number
of glucose transporters and the higher muscle glycogen synthase activity in trained
individuals than in untrained ones (see pp. 128, 130). Physical training may also lead to
changes in body composition with a reduction in fat and an increase in muscle tissue,
which leads to enhanced whole-body glucose disposal (Yki-Jarvinen & Koivisto, 1983).
Other factors which could be important in this respect, but which have not yet been
subjected to closer examination, include insulin-induced blood-flow changes (Laakso
et al. 1990; Hickner er al. 1994), the fibre-type profile (Wade et al. 1990; Pagliassotti et al.
1993), the fatty acid composition of muscle sarcolemma (Borkman er al. 1993), the
concentration of amylin (Young ef al. 1993), the hexosamine pathway (Marshall ef al.
1991) and glycogenin (Smythe & Cohen, 1991).

CONCLUDING REMARKS

This research field is presently in an active phase and the involvement of several
previously unrecognized factors, such as insulin-like growth factor 1, have only recently
started to be revealed. In addition, as in most other fields, recombinant DNA techniques
are being used to explore the genetic mechanisms behind the different adaptive changes.
Still, training-induced adaptations in several important metabolic systems await fuller
exploration. These include the utilization of plasma-derived glucose during contractions,
muscle insulin sensitivity, the utilization of plasma-derived NEFA and the utilization of
endogenous and plasma-derived TG.
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