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The hormonal response to exercise

By HENRIK GALBO, Department of Medical Physiology B, The Panum Institute,
University of Copenhagen, 2200 Copenhagen N, Denmark

In the present paper, the hormonal (or rather the autonomic neuroendocrine)
changes elicited during exercise are outlined. The author’s working hypothesis
concerning the control of the hormonal response to exercise is mentioned, and the
influence of the autonomic neuroendocrine system on exercise metabolism is
discussed. The exposition is mainly based on the documentation given in Galbo
(1983). However, studies quoted in that book will not be explicitly referred to here.
Instead references will be given to recent work not included in Galbo (1983).

Most information on exercise endocrinology is derived from experiments in man.
However, recent animal studies will be emphasized and species differences of
which the author is aware will be mentioned.

Hormonal changes during exercise

During exercise, the activity in the sympathoadrenal neuroendocrine system,
and accordingly the concentrations in plasma of the catecholamines, noradrenaline,
adrenaline and dopamine, increase in higher vertebrates. In man, it has been
shown that essentially the increase in catecholamines is directly related to oxygen
uptake (Vo ), but that at a certain Vo , catecholamine levels are hlgher during
work with small muscle groups with a Tow muscle group specific Vo max than
during work with large muscle groups with a high Vo max (Lewis et al. 1983).
Also in the primitive vertebrate, the dogfish shark, which lacks a functioning
sympathetic nervous system, an exercise-induced increase in plasma catecholamine
concentrations has been found (Opdyke et al. 1982).

The increase in sympathoadrenal activity is of major importance for the
cardiovascular adaptation (Christensen & Galbo, 1983) and thermoregulation in
exercise, but not for the changes in ventilation and airway resistance (Folgering
et al. 1982; Tesch & Kaiser, 1983). The cardiac frequency and force of contraction
are enhanced, the tone of arterioles in the splanchnic area, kidneys and
non-contracting muscles and of veins is increased, and the spleen, at least in dogs,
brought to contract. In this way, cardiac output is enhanced and blood volume and
flow redistributed in favour of skin and working muscle. Stimulation of sweat
glands increases evaporative heat loss. If adrenergic activity is impeded, exercise
capacity is reduced (Folgering et al. 1982; Tesch & Kaiser, 1983).

Sweating implies loss of water and electrolytes from the body. However,
sympathoadrenal activity also has effects on water and electrolyte balances,
reducing such losses in exercise. By decreasing renal blood flow and changing its
distribution, and by direct tubular effects, sympathoadrenal activity diminishes
renal sodium and water losses. Furthermore, during exercise sympathoadrenal
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activity mainly via B-adrenergic mechanisms releases renin from the kidneys (Joles
et al. 1982; Zambraski et al. 1984). The resulting increase in plasma angiotensin
concentration promotes the secretion of aldosterone and antidiuretic hormone
(ADH) and, accordingly, renal Na and water excretion is reduced (Milledge &
Catley, 1982; Convertino et al. 1983). Sympathoadrenal activity diminishes loss of
potassium by facilitating muscular uptake of K.

The most important effect of sympathoadrenal activity on hormone secretion in
exercise is an a-adrenergic inhibition of insulin release. In man, this inhibition is
exerted by sympathetic nerves, while in the rat (Richter, 1984) and in sheep
(Brockman, 1982; Brockman & Halvorson, 1982) adrenaline is involved. In man
and dog, an exercise-induced increase in plasma glucagon levels is only seen when
exercise is prolonged. In man, decreasing glucose availability rather than
adrenergic activity has been found to account for this increase. In the dog,
however, pancreatic nervous activity is involved in the glucagon release.
Furthermore, in rats and sheep, the glucagon concentration increases early in
exercise, and the increase is at least partly due to adrenergic activity (Brockman,
1982; Brockman & Halvorson, 1982; Richter, 1984). Adrenergic activity modulates
the exercise-induced increase in pancreatic polypeptide (PP) levels in plasma. It
may also account for the small increase in gastrin concentrations and, possibly, for
the increase in parathyroid hormone levels, which has been found in steers
exercising in a low-pressure chamber. Finally, adrenergic activity exerts an
inotropic effect in skeletal muscle (Aubier et al. 1984), as it does in the heart.

The plasma concentrations of the anterior pituitary hormones, growth hormone
(GH) (Bullen et al. 1984; Vanhelder et al. 1984), adrenocorticotrophic hormone
(ACTH) (Tabata et al. 1984), prolactin (PRL) (Brisson et al. 1981; Shangold et al.
1981) and thyroid stimulating hormone (TSH) (Schmid et al. 1982) may increase
in exercise. The ACTH increase results in an increase in cortisol secretion in man
(Brandenberger & Follenius, 1975; Few & Thompson, 1980; Brandenberger et al.
1982) and increased corticosterone levels in rats (Guezennec et al. 1982) and ducks
(Harvey & Phillips, 1982). An exercise-induced increase in thyroxine secretion has
been found in horses, but could not be unambiguously demonstrated in man and
rats. Furthermore, the plasma concentrations of thyroid hormones, the levels of
mitochondrial enzymes dependent on these hormones, and basal metabolic rate are
essentially not changed by exercise.

In man, the levels of follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) are unchanged during exercise. Nevertheless, increases in the
concentrations of gonad hormones may be seen. These are probably due to
haemoconcentration and decreases in clearance (Weiss et al. 1983). In men, an
early exercise-induced increase in plasma testosterone concentration gradually
wanes if exercise is continued, probably in consequence of reduced secretion rate.
In male rats, a decrease in plasma LH levels is probably responsible for the
decrease in plasma testosterone seen during prolonged running (Guezennec et al.
1982). The plasma concentration of ADH may, as mentioned, increase in exercise,
but the evidence for an increase in the levels of the other posterior pituitary
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hormone, oxytocin, is weak (Landgraf et al. 1982). In women, the circulating levels
of the pineal indoleamine melatonin have been shown to increase during heavy
bicycle exercise (Bullen et al. 1984).

During prolonged exercise, the concentrations in plasma of the peptides
vasoactive intestinal polypeptide (VIP), secretin, somatostatin (SRIF), met-enke-
phalin and B-endorphin may increase (Farrell et al. 1982; Bullen et al. 1984; Elliot
et al. 1984; Howlett et al. 1984; Metzger & Stein, 1984). These peptides are, as PP
and gastrin, synthesized in endocrine cells in the gastroenteropancreatic area as
well as in nerve cells within as well as outside the central nervous system (CNS).
Neither do we know the origin of and stimulus for their release in exercise, nor
their role in this condition.

The post-exercise period

At the beginning of the recovery period, the metabolic rate, although lower than
in exercise, is still increased, glycogen stores in the exercised muscles are depleted,
excess heat is stored and the fluid volume is diminished and redistributed.
Accordingly, there is a need for fuel mobilization, fuel redistribution,
cardiovascular adaptation, and conservation of water and electrolytes. However,
the need is less than in exercise and decreasing towards basal needs. It should be
remembered that the derangement in the body after exercise is determined by the
preceding muscular activity (e.g. as regards intensity, duration and environment),
and that complete return to the pre-exercise state requires rest as well as intake of
food and fluid.

After short-term, heavy exercise, derangement of homeostasis is not profound
and normalization of hormone levels is rather fast (Galbo & Gollnick, 1984).
Immediately after this type of exercise, there may even be a rebound increase in
insulin concentrations reflecting a sudden diminution of adrenergic inhibition of
the pancreatic pB-cells.

After prolonged exhaustive exercise, the derangement of homeostasis is marked
and plasma hormone concentrations only return slowly towards basal values
(Galbo & Gollnick, 1984; Tabata et al. 1984). The slow hormonal recovery reflects
the rate with which the stimuli underlying the hormonal changes are normalized,
but may also reflect that a change in sensitivity of hormonal secretion to
stimulation has developed during exercise. Thus, after a single bout of prolonged
exercise, the insulin concentration in plasma remains low for a long time, and this
kind of exercise also results in a reduced insulin response to glucose (James et al.
1983).

In studies of the effect of regularly repeated exercise (training), the effect of the
last bout of exercise per se is not always sorted out. However, it has been shown
that training causes a more prolonged suppression of glucose-stimulated insulin
secretion than does acute exercise (James et al. 1983). Athletes have lower basal
glucagon concentrations and higher responses of epinephrine and GH to
hypoglycaemia than sedentary subjects (Kjaer et al. 1984). In women, endurance
training has been reported to influence the pituitary-thyroid axis (Boyden et al.
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1982a,b, 1984). However, the findings were not convincing, since the changes were
small and not directly related to amount of training. At the end of training, a
decreased TSH response to thyrotropic releasing hormone (TRH) was found
(Boyden et al. 1984).

The same group has reported a small increase in the TRH stimulated PRL
response after training and has proposed that exercise-induced increases in PRL
are involved in the etiology of altered menstrual cycle function in women engaged
in endurance training (Boyden et al. 19824,8; Shangold & Levine 1982). Menstrual
irregularities correlate positively with amount of training (Russell et al. 1984) and
are particularly seen in girls with late menarche and in girls who start training
before menarche (Wakat et al. 1982). In men, androgen levels may decrease below
levels at rest in the post-exercise period. However, daily exercise for 5 d did not
decrease basal testosterone levels or sperm production rates (McConnell &
Sinning, 1984). A more prolonged period of training may decrease basal
testosterone and increase total oestrogen levels in men (Basset Frey et al. 1983).
Multifactorial stress which includes daily exercise has been shown to depress
testicular function and to cause a number of other complex endocrine changes
(Aakvaag et al. 1978; Oektedalen et al. 1982, 1983; Opstad & Aakvaag, 1983;
Opstad et al. 1984).

Control of the hormonal response to exercise

The time-course of hormonal changes during exercise and in the post-exercise
period, at the start of which activity in motor centres within the CNS and the flow
of impulses from mechanoreceptors suddenly cease, indicates that the regulation of
the autonomic neuroendocrine response to exercise has a fast nervous component
and a slow ‘internal milieu’ component. The response may be regulated as follows:
at the onset of exercise, impulses from motor centres in the brain as well as from
working muscles elicit a work-load dependent increase in sympathoadrenal activity
and in release of some pituitary hormones (GH, ACTH, PRL, possibly TSH).
These changes, then, control the changes in secretion of subordinate endocrine
cells: sympathoadrenal activity depresses insulin secretion and stimulates the
renin—angiotensin—ADH system and the secretion of PP (and of glucagon in some
subhuman species), and possibly the secretion of PTH and gastrin as well. ACTH
stimulates adrenal cortical secretion.

The state of the organism before exercise is important for the magnitude of the
hormonal response. Thus, experiments with trained and untrained subjects
(Harvey & Phillips, 1982; Convertino et al. 1983; Lacour et al. 1983; Howlett
et al. 1984), with inhalation of air rich or poor in O, (Milledge & Catley, 1982;
Sutton, 1983), with small or large muscle groups (Lewis et al. 1983), with different
exercise protocols (Vanhelder et al. 1984), and with patients with heart failure
(Francis et al. 1982) or cardiac pacing (Galbo & Gollnick, 1984) have shown that
the hormonal response to exercise depends on the relative rather than on the
absolute work intensity, i.e. the response at a given 1702 being lower if VOZ max 18
high than if it is low. Furthermore, experiments with fasted (Galbo et al. 1981) or
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fat-fed (Jansson et al. 1982) healthy subjects, diabetics (Viberti et al. 1984) and
obese subjects (Jakober et al. 1983) have indicated that the concentrations of other
hormones are higher during exercise when insulin availability is lower than normal
in the time preceding exercise. Finally, the hormonal response to exercise may be
influenced by disease (e.g. blunted sympathoadrenal response to exercise in
asthmatic subjects (Barnes et al. 1981; Warren et al. 1982)).

If exercise is continued, the hormonal changes may be gradually intensified by
impulses from receptors sensing changes in glucose concentrations (Felig et al.
1982; Winder et al. 1982; Kozlowski et al. 1983; Tabata et al. 1984), temperature
(Powers et al. 1982), intravascular volume and O, tension.

Essential features of exercise metabolism (Fig. 1)

1. The hormonal response to exercise is essentially non-discriminating,
promoting mobilization of both glycogen and triglyceride from extra- as well as
intramuscular stores (Brockman, 1982; Brockman & Halvorson, 1982; Oscai et al.
1982; Chasiotis et al. 1983; McLeod et al. 1984; Richter, 1984; Simonson et al.
1984). Breakdown of the latter is also enhanced directly by contractions. The
quantity of fuel mobilized from the different stores depends not only on the
hormonal response and contractile activity, but also on the size of the fuel depots
as well as on the state of hormone receptors and capacity of involved enzymes in
these depots.

Mobilization Combustion

Hormonal Fuel stores

response

Fibre recruitment

e

Fig. 1. The factors regulating metabolism in exercise. Two kinds of fuel stores (carbohydrate and
lipid, being extra- or intramuscular) and two types of muscle fibres (either rich or poor in
mitochondria and, accordingly, with different substrate preference) are indicated. Question marks
indicate excess mobilization of fuel and futile cycling.

Contractions
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(a) ACUTE INHIBITION OF ¢ INCREASED MOBILIZATION AND
MOBILIZATION OF A FUEL COMBUSTION OF OTHER FUELS

Intramuscular glycogenolysis 1 —  Uptake of FFA and fat oxidation T

FFA turnover and

Hepatic glucose production l ™ muscular glycogenolysis T

Hepatic and muscular glycogenolysis I

Lipolysis l and carbohydrate oxidation

OF A FUEL INHIBITED MOBILIZATION AND COMBUSTION

(b) EXOGENOUS ADMINISTRATION [$ INCREASED COMBUSTION OF THAT FUEL:
OF OTHER FUELS

Glucose oxidation T

Glucose —*  Mobilization and oxidation of endogenous
carbohydrate and lipid
Fat oxidation T

FFA Breakdown of glycogen in liver and muscle,

muscular glucose uptake and
triglyceride breakdown l

Fig. 2. Summary of evidence indicating that intra- and extramuscular energy stores can substitute
for each other. (a) Acute inhibition of mobilization of a fuel, (») exogenous administration of a fuel.
FFA, free fatty acid.

Quantitatively, protein is a relatively-unimportant fuel during exercise (Calles-
Escandon et al. 1984; Plante & Houston, 1984). Exercise may cause a loss of liver
protein (Kasperek et al. 1982). In isolated muscle, synthesis as well as degradation
of protein are inhibited during contractions (Bylund-Fellenius et al. 1984). The
hormonal influence on protein metabolism in exercise has not been studied very
much. However, it has been found that in the working heart protein degradation is
higher in the absence than in the presence of insulin (Smith & Sugden, 1983).
Furthermore, adrenomedullary hormones have been shown not to influence hepatic
and muscular protein concentrations in exercising rats (Richter et al. 1984).

2. The different intra- and extramuscular energy stores can substitute for each
other. This has appeared from studies in which the mobilization of fuel was acutely
inhibited by drugs (Fig. 2(a)) or supplemented by exogenous administration (Fig.
2(8)) (Kozlowski et al. 1983; Levine et al. 1983; Werner et al. 1983; Hargreaves
et al. 1984). Uptake of blood-borne substrates depends in part on mass effects, and
extra- and intramuscular fuels are burned in competition with each other (Walker
et al. 1984). Mobilization of intramuscular fuel is not mainly called on when
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delivery of exogenous fuel is insufficient. In favour of this view, it has been shown
in a well-oxygenated hind-limb preparation that at intense muscle contraction,
increased combustion of endogenous glycogen and triglyceride was accompanied
by a decrease in uptake of glucose and free fatty acids, in spite of increased delivery
of these blood-borne fuels (Walker et al. 1984). The final choice of fuel depends on
availability of substrates and on the capacity of the metabolizing, energy-yielding
enzymic pathways (Biinger et al. 1982).

3. During exercise of a fixed intensity, the state of the organism before the
studied moment of exercise (e.g. as regards nutrition (Minuk e al. 1980; Phinney
et al. 1980; Horton, 1982; Jansson & Kaijser, 1982), degree of training (Williams &
Bishop, 1982; Despres et al. 1984; Martin et al. 1984; Williams et al. 1984),
hormone levels in plasma (Ianuzzo et al. 1982), and level of physical activity
(McLeod et al. 1984; Michel et al. 1984)) influences the induced hormonal
changes, the sensitivity of fuel depots to stimulation, as well as the capacity of the
recruited muscle fibres for metabolism of the different substrates.

4. Mobilization of extramuscular fuel is regulated in a ‘feed-forward’ fashion
rather than by ‘feed-back’ mechanisms coupled to the minimal needs of the
exercising muscles. In accordance with this view, it has been shown in running rats
that hepatic glycogen is mobilized and glucose forced on the muscles at a time at
which they are rich in endogenous fuel (Sonne & Galbo, 1983, 1984). Furthermore,
studied at the same exercise intensity, O, uptake, and muscular glycogen
concentration, hepatic glucose production was higher in experiments in which
hepatic glycogen stores had been increased by fructose than in experiments in
which hepatic glycogen had been depleted before exercise (Sonne & Galbo, 1984).

5. Mobilization of extra- and intramuscular fuel is probably neither accurately
nor optimally matching the energy demands of the contractile machinery. Exact
regulation would hardly be compatible with the previously-mentioned
characteristics (1—4). Nor would it be compatible with the fact that during exercise
changes in the plasma levels of hormones influencing metabolism are not geared
exclusively to metabolic needs, but are also adjusted to serve control of circulation,
volume and osmolality of body fluids, and temperature. Rather, one would expect
that, to some extent, mobilized energy sources after a shorter or longer travel
would be ‘buffered’ by re-storage (‘futile cycling’, Brooks et al. 1982).

In fact, there is evidence that mobilization of energy sources in response to
exercise may exceed energy expenditure, some of the mobilized fuel being
accumulated extracellularly or stored in intra- or extramuscular depots.
Nevertheless, fuel mobilization may be suboptimal, limiting performance at a time
at which triglyceride stores are plentiful.

The author received support from the Danish Medical Research Council (]. nr.
3817).
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