
METABOLISM IN EXERCISE

Exercise is one situation in which knowledge of biochemical control

mechanisms provides an explanation of much of the well-established physiology. It is,

for example, possible to attempt to answer such questions as: what are the metabolic

differences between sprinters and marathon runners or between elite (Olympic

champion) and non-elite athletes, and how it is possible that some men can run 100

km whereas others have difficulty running 1 km? The discussion of the metabolism of

exercise is important not only because it provides some physiological reference to the

boring listing of the intermediates in the metabolic pathways but because it has

considerable implications in medicine. For example, there are a number of conditions

characterized by fatigue upon mild exercise (e.g. ageing, post-surgery recovery,

peripheral vascular disease) which markedly reduce the enjoyment of life. It is

possible that knowledge of the metabolic basis of fatigue could be used to develop

training regimes, diets or drugs to help these patients. In addition, the enormous

increase in the number of people throughout the world who participate in sporting

activities raises the question of the health benefit which can only be considered with a

knowledge of the metabolic changes that occur during exercise. The benefits of

exercise in overcoming the dangerous effects of stress, for diabetic patients, in

prevention of obesity and atherosclerosis can be explained on the basis of the

accompanying metabolic phenomena.

METABOLIC FEATURES OF THE SKELETAL MUSCLES

Single anatomical skeletal muscles are composed of many fibres and there

are several types of fibres (Table 1., Fig. 1.). These fibres differ both physiologically

(speed of contraction) and metabolically (type of fuel utilized for ATP generation).

Furthermore, different muscles possess variable proportions of these types of fibre and

this proportion varies from one individual to another. Type I fibres have a high

oxidative capacity (i.e. high activities of enzymes of the citric acid cycle, of fatty acid

oxidation and of the electron transfer chain), a high content of triacylglycerol and low

glycolytic capacity. They are also known as fatigue resistant, a property that depends

upon their capacity for oxidation of fatty acids. Type IIA fibres have a high oxidative

and high glycolytic capacity and an intermediate content of triacylglycerol. Type IIB
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fibres have a low oxidative and a high glycolytic capacity and a low content of

triacylglycerol.

Table 1.

Although all human muscles contain both type I and type II fibres, some

animals possess muscles which consist almost exclusively of a single type of fibre. It

is from comparative studies of such muscles that a picture of the metabolism of the

different fibre types and their physiological role has emerged. Examples of ”white”

muscles containing virtually only type IIB fibres are lobster abdominal muscle, fish

white abdominal muscles, game bird pectoral muscles (including the domestic bowl),

and the psoas muscles of the rabbit. All these muscles can contract very rapidly and

vigorously but for very short periods of time; not surprisingly, they power escape

reactions (e.g. the tail flick of the lobster, the flight of the pheasant). They possess a

poor blood supply so that the provision of glucose as a fuel for mechanical activity is

completely inadequate; they contain very few mitochondria, very low activities of the

enzymes of the citrate cycle but very high activities of the glycolytic enzymes except

for hexokinase. The fuel used by these muscles is endogenous glycogen, which is

present in large amounts (in man about 80 µmol/g fresh wt) and, since the glycolytic

capacity is large, the degradation of glycogen to lactate could occur in seconds rather

than minutes. Since the power output of short-term violent exercise (e.g. flight for

escape in birds, the running for cover by the rabbit, sprinting in man) is higher than

the power output of continuous exercise (e.g. sustained flight or the pigeon, marathon

running in man) it is perhaps surprising that the energy is obtained from the inefficient
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process of glycolysis. What is the advantage of forsaking the high ATP yield of

aerobic metabolism for the lower yield of glycolysis? One answer is that it may be

difficult to get oxygen to the fibres sufficiently rapidly: vasodilation and the change in

distribution of blood within the body take several minutes to establish. A second point

to be borne in mind is an architectural one: more myofibrils can be located within a

fibre in the absence of mitochondria. Since many of these muscles are used in escape

reactions presumably the evolution of a muscle able to perform a greater amount of

work in a given time is highly advantageous. The price paid is that mechanical activity

can only be maintained for short periods of time either because of the limited store of

glycogen within the muscle or the accumulation of protons during the exercise (see

later the section on fatigue). If the glycogen phosphorylase were fully activated, the

glycogen would be depleted in less than twenty seconds in many of these white

muscles. Indeed the limited duration of the escape reaction has been exploited by the

hunter for many centuries. In Anabasis, Xenophon told the story of the expedition

which Cyrus the Younger led against his brother Artaxerxes II, king of Persia, in

401B.C. in the hope of gaining for himself the Persian throne. In order to obtain food

for the army, the Greeks had to be aware of the behaviour of their quarry. Thus

Xenophon wrote, in about 394B.C.,

“The bustards on the other hand can be caught if one is quick in starting them

up, for they fly only short distances, like partridges, and soon tire; and their flesh was

delicious.”

In most fish 95% or more of the muscle mass is composed of white (type IIB)

fibres. The red muscle is located just under the skin along the lateral line, especially

towards the posterior of the fish and is used for normal cruising swimming, whereas

the white muscle is used in vigorous swimming such as required for escape from

danger. Presumably when a fisherman ‘plays’ his fish, after hooking it, he is allowing

the fish to deplete the glycogen content of its white muscle so that, when the fish is

landed, mechanical activity is restricted to the very small amount of red muscle. If all

the muscle of the fish comprised type I fibres, the fisherman would wait all day (and

perhaps all night) to land his catch.
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Topics for further discussion:

1. How can the metabolic features of the various muscle-fibres explain their

different physiological function?

2. What is the relation between the fibre-composition indicated in Table 2.

and the individual performance of the respective subjects and animals listed there?

Table 2.

STAGES AND INTENSITIES OF WORK
For the first few seconds of any new effort, or a marked increase of effort

muscles draw on their internal stores of high-energy phosphates: ATP and creatine
phosphate (CP). When the effort is maximal these stores are probably depleted in 3-5
seconds, but they suffice for any single jump or throw on the athletic field, for diving
saves and kicks for touch and so on.  This is the ‘alactic’ phase of anaerobic energy
supply. The subsequent recovery processes are small-scale and so hard to study, but
we can be sure that, like all other recovery processes, they are ultimately oxidative.

A track race, even of 100 let alone 400 metres, cannot be principally fueled
this way. (Nor can the ‘sprints’ in other sports, like cycling and swimming where
times are of the same order as those of 400 m on the track). Within 5 seconds of the
start, the athlete is having to make new ATP as fast as it is used. The first pathway to
become available (and the one able to supply ATP at the highest rate in the majority of
any sprinter's muscle fibres) is the anaerobic pathway. This is the route which begins
with the detachment of individual hexose phosphate units from stored glycogen
molecules (glycogenolysis), divides each of them into 3-carbon atom units with the
synthesis of  3 ATP molecules per hexose unit (glycolysis), and ends in the reduction
of pyruvate to lactate. This is the ‘lactic’ phase of the anaerobic energy supply (Fig.
2.). However when sufficient lactic acid has accumulated to lower the intrafibre pH to
~6.5 (resting value being close to 7.2), enzymes of both force-generation and
glycolysis are inhibited. In sustained exercise before muscle contraction became
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inhibited another metabolic pathway would take over the main burden of ATP
synthesis (‘aerobic’ energy supply). Pyruvate and reducing equivalents are taken up by
mitochondria; there they are oxidized via the citrate cycle and the electron transport
chain, producing a total of 36(38) ATP’s per original hexose unit. Alternatively fatty
acids can fuel the oxidative phosphorilation.

Fig. 1.

Three factors contribute to the metabolic balance described above: the existence

of different types of skeletal muscle fibre, a shift in the route of glucose metabolism,

and a shift from the consumption of glucose towards the consumption of fat.

Different types of skeletal muscle fibre (Fig.1.) are recruited for work of

different intensities. Slow (type I) fibres have high aerobic but 1ow anaerobic

capacities (though in man their anaerobic short-fall seems to be less extreme than in
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most animals). It is these which are used during endurance exercise. Fast (type II)

fibres are recruited (not alone but in addition to the type I's) for higher-intensity

exercise. Type IIB- the fastest of all and, in trained power athletes, the largest -have

high anaerobic but (at least in their extreme form) very low aerobic capacities; these

are recruited only for the most intense efforts, and fatigue fast. Between these fibre

types in recruitment threshold and endurance are type IIA fibres, which have high

anaerobic and aerobic capacities. The pattern of recruitment is itself sufficient to

ensure that high-intensity work has a large anaerobic component for as long as the

work-rate can be maintained, while low-intensity work which has been under way for

some time is totally aerobic.

Nevertheless, there are also metabolic regulators. All physical work, at the

outset, has an anaerobic component; even if it is of an intensity which can ultimately

be maintained entirely aerobically, this condition will not be fully established for

perhaps 3-4 min (Fig.2.). (The adjustments probably contribute substantially to the

experience of ‘second wind’.) The mechanisms which effect these adjustments are

partly cardiovascular, partly intracellular. Those within the muscle cell may be

summarized as follows. Calcium ions, acting synergistically with any adrenaline that

is flowing, activate the enzyme phosphorylase-kinase, at a lower threshold

concentration than that at which they activate the cross-bridges; hexose units therefore

become available to the glycolytic pathway at least as soon as the muscle starts to

generate force. The ATPases, both of membrane pumps and of cross-bridges,

hydrolyse ATP to produce inorganic phosphate (Pi) and adenosine diphosphate

(ADP); catalysed by adenylate-kinase, the latter also quickly produces some of the

monophosphate (AMP). Immediate replenishment of ATP is from creatine-phosphate.

Nevertheless, all three of the 'lower energy' phosphates, AMP and Pi, allosterically

stimulate the activity of the rate-controlling glycolytic enzymes, notably

phosphofructokinase-I and II (PFK-I, II), so ATP synthesis via this pathway attains a

significant rate a few seconds after the start of muscle work. NADH2 is a by-product

of glycolysis, which must be reoxidised for the process to continue; initially this can

only be done by reducing pyruvate, the end-product of the glycolytic pathway, to

lactate. Other pyruvate molecules and reducing equivalents cross the mitochondrial

membrane and become available to the Krebs cycle and the electron transport chain:

however, these movements take a little time. In any case, the intramitochondrial
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pathways will not become productive until ADP and Pi have also crossed the

membrane in significant quantities. Then ATP has to be resynthesised, and pass out of

the mitochondria again, before its consumption could exert its inhibitory action upon

glycolysis. When the steady state is finally attained, glycolysis only needs to proceed

at 1/12th its initial rate to meet the same ATP requirement. Furthermore, lactate

production in this steady state is likely to be at an even smaller fraction of its early

peak, because the reducing equivalents of such glycolytic NADH2 as is still produced

are substantially reoxidised within the mitochondria.

Amongst the practical implications is that there is a large glycogen cost,

and consequently a sacrifice of endurance, if one starts any aerobic activity too fast.

This is amplified if the last two paragraphs are interrelated: it is probable that slow

fibres, with their limited anaerobic capacity, cannot even work at their maximum rate-

let alone their maximum efficiency- until the main adjustments to aerobic metabolism

have occurred. ‘Warm-up’, in addition to reducing the risk of injury, is thus essential

for fuel economy, and an event of marathon duration which allows no pre-race warm-

up should ideally be started slower than the mean speed at which it will be run.

Conversely, type IIB fibres can never supply themselves with sufficient ATP to

maintain maximum work-rate aerobically, because their mitochondrial capacity is

insufficient. In fact, the account of the preceding paragraph probably applies

unmodified only to type IIA fibres!

Adjustment over the order of 30-90, rather than 0-3 minutes, occurs at two

levels. There is an increase in fat mobilisation from adipocytes, elicited principally

hormonally (insulin level falls, other hormones rise as exercise continues- see later the

section on the interrelations between muscle and liver). Within the muscle the

previously described rise in the AMP concentration prepares the muscle for fatty acid

utilization: the AMP activated protein kinase (AMPK) phosphorilates and thus

inactivates the acetyl-CoA carboxylase-β (ACC-β) attached to the outer mitochondrial

membrane. The malonyl-CoA decreases as a function of exercise intensity, thus the

inhibition of carnitine-palmitoyl-transferase I. (CPT-I) is relieved (seen as an increase

in the Vmax) and the mitochondrial uptake of fatty acids is activated.  Fatty acids thus

enter the β-oxidation spiral and feed acetyl-CoA units into the Krebs cycle (citric-acid

cycle). The accumulation of acetyl-CoA produced in β-oxidation has two important
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consequences. At first, it prevents long-chain acyl-CoA from reacting with carnitine

and this explains the apparent discrepancy that despite the lower malonyl-CoA in

heavy exercise the Vmax  of CPT-I is lower than in light exercise (Fig.3). Secondly, it

elevates the intramitochondrial citrate concentration, and initiates the second stage of

adjustment, for some citrate now enters the cytoplasm where it exerts an inhibitory

action on PFK-I; the further improved ATP/ADP ratio (mitochondrial, then

cytoplasmic) acts the same way. So enhanced lipolysis leads to curtailed glycolysis

and glucose utilization (the availability of free fatty acids, however, can exert this

effect only within the frame set by the regulated Vmax of CPT-I). Finally, if this

significantly reduces blood lactate concentration, the sequence is reinforced because

lactate inhibits lipolysis.

Topics for discussion: 1. Interpret the transitions from one stage of energy

supply to another in the course of  sustained exercise on the basis of the data in Tables

3.,4. and 5. in the light of the known regulatory mechanisms of the carbohydrate and

lipid metabolism! 2. What kind of fuels are preferred by the short-distance and long-

distance runners, respectively? 3. What hypotheses can explain the release of lactate

during exercise [Ref. 1.]?
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Fig. 2.

Table 3.
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Table 4.

Table 5.
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Figure 3.



12

THE METABOLIC BASIS OF FATIGUE

Fatigue may be defined as a reduction in the maximal voluntary force-

generating capacity of the muscle, as inability to maintain power output. It may result

from peripheral processes distal to the neuromuscular junction and from central

processes controlling the discharge rate of motoneurons. Certain well-defined changes

in the metabolic pathways provide a convincing explanation for the peripheral and

central components of fatigue.

Topics for discussion: Interpret the importance of phosphocreatine level,

proton accumulation and glycogen depletion in muscle, of hypoglycaemia and of the

increased plasma ratio free tryptophan/branched-chain amino acids in the development

of fatigue! [Ref. 2.]

INTERRELATIONS BETWEEN THE HEPATIC AND MUSCULAR

METABOLISM DURING EXERCISE

During exercise, metabolic events within the liver, which are regulated by

hormone levels and substrate supply, integrate pathways of carbohydrate, fat, and

amino acid metabolism. These processes function to provide substrates for muscular

energy. The increased fuel demands of the working muscle necessitate that metabolic

processes within the liver be accelerated accordingly. The sum of changes in hepatic

glycogenolysis and gluconeogenesis are closely coupled to the increase in glucose

uptake by the working muscle, due to the actions of the pancreatic hormones. The

exercise-induced rise in glucagon and fall in insulin interact to stimulate hepatic

glycogenolysis, whereas the increase in gluconeogenesis is determined primarily by

glucagon action (Fig.4.). Epinephrine may become important in the regulation of

hepatic glucose production during prolonged or heavy exercise when its levels are

particularly high. On the other hand, nonesterified fatty acid delivery to, uptake of, and

oxidation by the liver are accelerated during prolonged exercise, resulting in an

increase in ketogenesis.

Topics for discussion: What molecular events are triggered in the liver by the

indicated changes in the hormone levels? [Ref. 3.]
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Fig. 4.

THE ROLE OF EXERCISE IN THE REGULATION OF THE BLOOD SUGAR

LEVEL

In healthy, postabsorptive individuals, glucose uptake from the blood

satisfies 15 to 30% of the energy requirement of the working muscle during moderate-

intensity exercise, which can increase to ~40%  during high-intensity exercise. The

work rate-dependent increase in glucose uptake is disproportionately greater at

intensities greater than ~50% of the maximum V02 . Kinetic analyses of muscle

glucose uptake  and transport indicate that the maximal velocity Vmax for this process

is increased by moderate exercise generally without affecting the Michaelis-Menten

constant (Km).  If one assumes that transport is limiting under these conditions, the

increase in Vmax for glucose uptake and oxidation without a change in Km, suggests

that exercise increases the number, turnover, and/or availability of active glucose

transporters without a change in their affinity for glucose. This is consistent with the

demonstration that prior exercise increases transporter number  and turnover  in

plasma membranes prepared from rat skeletal muscle. The increased transporter

number comes specifically from an increase in plasma membrane GLUT4 because

plasma membrane GLUTl, the other isoform found in muscle, is unaffected. The

increase in plasma membrane transporters in response to exercise, similar to that from

insulin stimulalion, is the result of an increase in translocation from an intracellular

pool because a concurrent decrease in transporters in an intracellular microsomal

fraction has been reported.

In addition to glucose transport, glucose phosphorylation is necessary for

glucose utilisation. This reaction is catalyzed in skeletal muscle by hexokinase (HK)
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II. Although glucose uptake is probably rate limited by glucose transport at rest and

during moderate, steady-state exercise, there is evidence that under some conditions

glucose phosphorylation may become rate limiting. This could result if glucose

transport is stimulated to a critically high level or if glucose 6-phosphate, an inhibitor

of hexokinase, accumulates. The onset of exercise  and heavy exercise  are conditions

in which intracellular glucose accumulates and may reflect instances when glucose

phosphorylation is limiting for glucose uptake. This observation is consistent with

findings indicating that phosphorylation, and not transport, is limiting in skeletal

muscle in situations characterized by elevated glucose uptake rates. Chronic, low-

frequency stimulation can lead to a redistribution of muscle HK activity, thus more of

the enzyme exists in its more active form in an insoluble fraction  associated with

mitochondria. Moreover skeletal muscle HKII mRNA is stimulated two- to threefold

by just 30 min of exercise and this increase is due to an increase in gene transcription.

Interestingly, increases in HKII gene transcription and protein synthesis  precede and

are larger than the changes in the membrane-GLUT4. Because the exercise-induced

increase in HKII activity lags behind the increase in HKII gene expression, it is likely

that this effect is more important to the persistent increase in insulin action following

exercise or the adaptations that occur with training than it is during acute exercise.

Contraction- and insulin-stimulated glucose transport occur through the

activation of different pathways. The insulin-independent nature of contraction-

mediated glucose uptake is exemplified by the demonstration that muscle contraction

increases plasma membrane glucose transporter protein and glucose uptake in vitro

even when no insulin is present. In the whole organism, glucose utilisation is

increased by exercise although insulin levels decrease.

In addition to the increase in insulin-independent glucose utilisation, insulin

action is increased by acute exercise. Studies conducted in humans show that exercise

and insulin stimulate glucose utilisation and carbohydrate oxidation synergistically.

The effects of this increase in insulin action are probably most important in the

postprandial state and in the intensively treated diabetic state, when insulin levels can

be higher than those that normally accompany exercise. There is, nevertheless, an

increased sensitivity of glucose uptake to the sub-basal insulin levels present during

exercise in the postabsorptive state. Exercise also has a potent effect on the

intracellular pathway for insulin-stimulated muscle glucose metabolism. The primary
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route of insulin-mediated glucose  metabolism at rest  and in the post-exercise state is

nonoxidative metabolism (glycogen synthesis). Acute exercise, however, shifts the

route of insulin-stimulated glucose disposal so that all the glucose consumed by the

muscle is oxidized.

Several mechanisms have been proposed to explain how exercise enhances

insulin action. 1)Hemodynamic adjustments, which cause an increased blood flow to

the working muscle, increase the exposure of this insulin-sensitive tissue to circulating

insulin and glucose. A strong positive correlation does exist between insulin delivery

to the working muscle and insulin action. Moreover, insulin action in specific muscles

correlates to their blood flow even in the resting state. In the post-exercise state, after

basal hemodynamics are largely restored, the increase in insulin-dependent glucose

uptake is reduced compared to exercise. Insulin action does, nevertheless, remain

elevated above basal during recovery. It has been proposed that transendothelial

insulin transport is rate limiting for insulin action. If this is the case, the hemodynamic

adjustments that result in increased capillary surface area in the working muscle may

enhance insulin action by increasing insulin transport across the endothelium.

2)Exercise may also increase insulin-stimulated glucose utilization by a mechanism

secondary to insulin's suppressive effect on nonesterified fatty acid (NEFA)

availability. The absolute magnitude of the insulin-induced suppression of plasma

NEFA levels and fat oxidation is greater during exercise. 3)The ability of muscle

contraction to enhance insulin-stimulated glucose uptake and transport is eliminated

by adenosine receptor blockade. Adenosine receptor blockade has no effect during

contraction in the absence of insulin, which suggests that the increased adenosine

production that occurs in response to muscular work  plays a role in facilitating insulin

action.

Topics for discussion: Why is exercise an obligatory element in the therapy

of diabetes?
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