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Hormonal adaptation and the stress of exercise training:

the role of glucocorticoids
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Glucocorticoids, such as cortisol, are steroid hormones produced
by the zona fasciculata of the adrenal cortex in the adrenal gland.
These hormones play vital roles in the body’s defense mechanisms
when dealing with stress, as well as being important in blood
glucose regulation. Regrettably, misconceptions regarding the
physiological actions of these hormones (in particular relative
to the catabolism) have been created within the areas of sports
and exercise. For example, cortisol most often is viewed as having
a counter-productive role in exercise that can lead to a mal-
adaptation to the exercise training process, due to the catabolic
nature of this hormone relative to protein turnover. Therefore,
the intent of this article is to present an overview and to offer
remarks on the necessary and critically important functions of
glucocorticoids during exercise, and in the adaptation process
associated with exercise training. The emphasis is specifically
to correct several of the misconceptions and misunderstandings
that are portrayed within some research and popular literature
regarding endocrine responses to exercise and exercise training.
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Introduction
Stress has been a research topic for over 100 years
and historically, the paramount early leader in the
study of stress was Hans Selye. Classic observations
and studies by Selye during the early part of the
20th century led to the development of the “General
Adaptation Syndrome” theory of stress response [1].
This theory proposes an intimate involvement of the
adrenal gland, specifically the cortex, in the adaptation
and mal-adaptation process to all forms of stress. One
form of stress to the human body is exercise and the
exercise training process [2]. Specifically, for sedentary
individuals, exercise is a distress (negative), but as the
body accommodates and adapts, exercise transitions to
a eustress (positive) [1, 2, 3]. Selye viewed the adrenal
cortex response (i.e., in humans the primary adrenal
cortex hormone is the glucocorticoid cortisol) as critical
to the positive adaptation to stress. Regrettably in recent
years, some researchers in the exercise sciences, as well
as some sports enthusiasts, have proposed that cortisol
has a counter-productive role in exercise and can lead to
amal-adaptation to the exercise training process (i.e., its
catabolic nature) [4]. Most certainly cortisol has catabolic
actions in the human body; however, in many respects
these actions can be beneficial and productive in the
response to the stress of exercise and exercise training
[5]. The view by some exercise specialists that increases
in cortisol can lead to a predominance of catabolism in
the body, which results in undesirable aspects within
the adaptation of athletes in sports training, is an over-
simplification of the hormonal actions of cortisol. This
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simplified and incomplete notion regarding the role-
action of cortisol during exercise training has even
resulted in the development of nutritional-pharmaceutical
supplements and dietary strategies which attempt to
suppress cortisol levels at rest and in response to exercise
[5, 6, 7]. Such actions may in fact actually compromise
the ability of select physiological systems to respond and
adapt to the stress of exercise.

Viru and Viru have postulated that this misconception
of the role of cortisol seems rooted in the research
focusing upon the testosterone/cortisol ratio and how
it changes in response to exercise training [7]. In
the 1980s, Adlercreutz and associates were the first
to focus attention on the testosterone/cortisol ratio,
proposing its use as an indication of excessive stress
in athletes during their training [8]. It is important to
note that these authors suggested the use of the ratio
based upon free testosterone, not total testosterone,
to cortisol. This latter fact seems to have been lost to
some researchers who have calculated the ratio using
the alternative testosterone value as reported by some
investigators [5, 7, 9]. Adlercreutz [8] proposed that
a free testosterone/cortisol ratio decrease of more than
30% (or an absolute decrease to the 0.35:107 level or
below) would be critical alteration in the hormonal status.
Changes of this magnitude were projected as reflective
of an extreme imbalance in the anabolic (represented
hormonally by testosterone levels) and catabolic status
of the body due to an excessive stress level from exercise
training. Interestingly, Adlercreutz et al. were studying
“overreaching training”, and not “overtraining” per se,
but the use of the ratio has been extensively applied with
respect to the latter form. For an excellent discussion
on the distinction between overreaching training and
overtraining, the reader is directed to the review article
by Kuipers and Kiezer [9].

With the above in mind, the intent of this article is
to present an overview and to offer commentary on
the necessary and critically important functions of
glucocorticoids-cortisol in exercise, and in the adaptation
process associated with exercise training. This is being
done to specifically correct several of the misconceptions
and misunderstandings that are portrayed within some
literature (in particular on the Internet) regarding
endocrine responses to exercise and exercise training.
For the purpose of organization, this manuscript has
been structured into four sections: (a) explanation of
the physiological roles of cortisol; (b) cortisol response
during exercise; (c) aspects of the cortisol response to
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exercise — (i) rest and recovery; and (i7) during exercise;
and (d) excessive responses and exercise.

Physiological Roles of Cortisol

The hormone cortisol is a steroid hormone (IUPAC

systematic name; 11,17,21-trihydroxy-(11-beta)-pregn-

4-ene-3,20-dione [10] produced by the zona fasciculata
of the adrenal cortex in the adrenal gland and is the
major glucocorticoid in men and women. It is one of the
hormones that is referred to as a glucocorticoid. In humans
the other glucocorticoid produced is corticosterone,
which is relatively weak in its actions relative to the
more potent cortisol. The name glucocorticoid derives
from early research interpretations that these hormones
were involved primarily with glucose metabolism.

Cortisol plays such a role physiologically by stimulating

several processes that are instrumental to increasing

and/or maintaining a euglycemia state for blood glucose

[11, 12, 13]. These processes include:

— Stimulation of gluconeogenesis particularly in hepatic
tissue. This pathway results in the synthesis of glucose
from non-carbohydrate substrates such as amino acids
and glycerol from triglyceride breakdown.

— Enhancing the expression of enzymes involved in the
gluconeogenesis pathway, which is a key metabolic
function of glucocorticoids.

— Mobilization of amino acids from extra-hepatic
tissues: These serve as substrates for gluconeogenesis
(see later discussion on the free amino acid pool).

— Inhibition of glucose uptake in muscle and adipocytes
as a glucose and glycogen sparing action.

— Stimulation of lipolysis in adipocytes. The hydrolysis
of triglycerides and the resulting fatty acid release
provide substrate for the production of energy via the
Beta-oxidation pathway in tissues like muscle, leading
to a sparing of glucose utilization.

Physiologically glucocorticoids are also known to be

potent anti-inflammatory and immunosuppressive

agents. These actions, however, are typically far more
robust in effect when glucocorticoids are administered
at pharmacological dosage levels, as opposed to the
levels seen in the normal physiologic range [13]. For
this reason, glucocorticoids are widely used as drugs
to treat inflammatory conditions such as arthritis and
dermatitis, and as an adjuvant therapy for autoimmune
diseases. Excessive glucocorticoid levels resulting from
either endogenous or exogenous sources have effects
on many physiological systems; including inhibition
of bone formation, suppression of calcium absorption,

December 2013



HORMONAL ADAPTATION AND THE STRESS OF EXERCISE TRAINING: THE ROLE OF GLUCOCORTICOIDS

delayed wound healing, muscle weakness, increased risk
of infection, and negative psycho-neurological impacts
[6, 13].

The regulation of cortisol (and other glucocorticoid)
levels in the blood involves a straight-forward negative
feedback-based system. In response to a stimulus (e.g.,
stress, such as hypoglycemia), the hypothalamus secretes
corticotropin releasing hormone (CRH). In turn, CRH
stimulates the release of adrenocorticotropic hormone
(ACTH) from the anterior pituitary, which stimulates the
release of cortisol from the adrenal cortex [13]. Elevated
circulating cortisol levels signal the anterior pituitary to
decrease ACTH secretion. Conversely, increased levels of
ACTH and/or cortisol can also signal the hypothalamus
to decrease CRH secretion. This interconnected feedback
loop of regulation is referred to as the hypothalamic-
pituitary-adrenocortical (HPA) axis and is illustrated
in Figure 1. Additionally, cytokine agents such as

interleukin-6 (IL-6) have been linked to stimulating
HPA responses and promoting increases in circulating
cortisol [14, 15]; this seems especially the case for IL-6
emanating from skeletal muscle [5, 14, 15].

Cortisol Response to Exercise
The intent of this section is to provide only a brief
overview and summary of the cortisol responses to
exercise. For a more in-depth discussion of this topic the
reader is directed to references Kjaer and McMurray and
Hackney [16, 17].
During short-term exercise such as an incremental
maximal oxygen uptake (VO,max) test, the blood level
of cortisol increases in proportion to exercise intensity
once the workload is above a critical threshold (50-60%
VO,max) [17, 18]. This threshold intensity does however
increase slightly as an individual becomes more exercise
trained. Thus at the same absolute exercise intensity,
the cortisol response may be lower following

Stress e.g.,
Hypoglycemia

an exercise training program. During supra-
maximal exercise, the cortisol response can be
extremely pronounced, but this increase may not
be displayed until recovery from the activity, due
to the short duration of such activity [2, 3, 16].
During sub-maximal exercise, cortisol responses
are more variable and are influenced by several
external factors. If the sub-maximal exercise is
below the critical threshold intensity then cortisol
levels may not increase above resting levels, or
they may actually become reduced [19]. If such
low intensity exercise is prolonged enough in
duration, levels may gradually increase over
time above resting values. If the sub-maximal
exercise is above the critical threshold intensity,
then cortisol levels will initially increase and
subsequently plateau, provided the exercise is
steady-state [17, 18, 20]. The level of the plateau
is proportional to the intensity of the exercise
conducted, but if the exercise is prolonged enough
in duration, hormone levels will gradually begin
to increase again over time [3, 21]. Consumption of
a low carbohydrate diet for several days can
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augment the subsequent cortisol response to sub-
maximal exercise [16, 22]. Furthermore, ambient
environmental temperatures can dramatically
influence the cortisol response to sub-maximal
exercise. Extremely hot or cold temperatures

Figure 1. The hypothalamic-pituitary-adrenal (HPA) axis responsible

for regulating the levels of cortisol in the blood
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can augment the cortisol response to an exercise
session [17, 22]. Finally the more exercise trained
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a person, typically the more blunted the cortisol response
to nearly any level of sub-maximal exercise condition
(3, 18, 20].

Aspects of the Cortisol Response to Exercise

Rest and Recovery

The background information above on the physiological
actions of cortisol illustrates that, when released in
normal amounts, cortisol (like the other glucocorticoid
agent corticosterone) has widespread actions, which
include restoring homeostasis of the body after exposure
to a stress such as exercise. Most certainly the metabolic
influence of cortisol does involve activation of catabolic
processes and anti-anabolic actions at the cellular level
in many tissues of the body [11]. However, these actions
are critical to the promotion of protein synthesis, which
is necessary for the adaptation process in response to
a stressful situation [4, 11, 12, 21]. For example, these
actions lead to a significant increase in the free amino
acid pool. Damaged or disrupted protein structures are
degraded and their constituent amino acids are placed
in the fluids of cells and tissues [4, 12, 23]. These free
amino acids are available as recyclable components or
“building blocks” for the synthesis of new proteins, and
an expansion of the pool advances this action. Cellular

control of protein synthesis essentially occurs at three
levels; pre-translation (transcription), translation, and
post-translation [13, 23]. The impact of cortisol upon
the free amino acid pool is influential at the translation
level, which consists of constructing and adjusting the
number of protein molecules necessary to the need
of cells [11, 23]. Such actions, in combination with
anabolic endocrine agents, can result in enhanced
enzymatic and structural proteins in a variety of tissues;
i.e., an adaptation response, in which a prime target is
skeletal muscle tissue. The ability of the human body to
undergo an adaptation in shape, size or characteristic
when subjected to a stress exceeding a particular
prior “normal” level is referred to as the property of
“plasticity” [12]. The human body has a remarkable
degree of plasticity in response to exercise training; this
is especially true within skeletal muscle tissue (i.e., the
myoplasticity adaptation process of the tissue). Figure 2
is a schematic illustration representative of the proposed
model for factors that influence the myoplasticity in
human skeletal muscle [12]. The hormonal inter-play of
such endocrine factors as glucocorticoids (cortisol) and
anabolic hormones (insulin, testosterone, and insulin-like
growth factor 1) are critical and necessary to bring about
and maximize the myoplasticity response in skeletal
muscle in response to exercise training [24].
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Figure 2. A schematic representation of the plasticity model of adaptation and the critical components which
influence skeletal muscle myoplasticity (modified from Brooks etal. [12])

168 TRENDS IN SPORT SCIENCES

December 2013



HORMONAL ADAPTATION AND THE STRESS OF EXERCISE TRAINING: THE ROLE OF GLUCOCORTICOIDS

During Exercise

The increases in cortisol seen during exercise are critical
to the control and regulation of energy metabolism
and thus exercise performance capacity [3, 5, 18,
21]. This point is well documented in human studies,
but is eloquently illustrated in animal-based studies
where cortisol responses can be either mitigated
through removal of the adrenal gland, or modulated
through pharmaceutical implants (it is important to
note the principal and most potent glucocorticoid in
rodents is corticosterone). For example, Sellers et al.
demonstrated in adrenalectomized rats that the absence
of a glucocorticoid response during prolonged exercise
resulted in a more rapid onset of fatigue and muscular
exhaustion, perhaps through a dysregulation of hormonal
control of energy substrate mobilization [25]. During
exercise, such adrenalectomized rats also displayed
suppressed muscle and hepatic alanine-aminotransferase
activity (a key enzyme in protein metabolism function)
as well as reduced urea production and elimination
[21, 26]. Furthermore, due to an overall decrease in
hepatic gluconeogenesis capacity, glucose output is
reduced in such animals, thus leading to hypoglycemia
during exercise, which is a potent cause of fatigue [27].
Duclos et al. eloquently demonstrated that by modifying
glucocorticoid levels in rats (i.e., implants), there was a
direct and positive dose response effect upon prolonged
exercise capacity [0].

An important role of glucocorticoids is the induction of
the enzymes associated with catecholamine production,
principally the synthesis of phenyl-ethanolamine-
N-methyl transferase. This enzyme catalyzes the
methylation of norepinephrine to epinephrine
[28]. Animal research supports that the absence of
a glucocorticoid response during exercise results in
suppressed catecholamine levels throughout exercise,
which causes a compromised regulation of several critical
physiological systems [29]. There also appears to be
areciprocal effect between the catecholamine and cortisol
interactions. Evidence demonstrates that by blocking
the actions of the catecholamines (adrenergic receptor
blockage), there is suppression of cortisol release [28].
Viru and associates showed such blockage in humans
suppresses the cortisol response to strenuous exercise,
significantly compromising exercise performance [30].
Besides direct actions, glucocorticoids can exert
permissive and supportive effects on some metabolic
events occurring during exercise. For example,
glucocorticoids appear to influence the calcium fluxes
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in cells and can have inhibitory action on the synthesis
of cAMP-phosphodiesterase [5]. These actions in-turn
promote a greater metabolic action for epinephrine,
leading to and accentuating the fatty acid release from
adipocytes and accelerating lipolysis during exercise
[27, 31, 32, 33]. Additionally during exercise, Na+, K+
pump enzyme (ATPase) activity is increased in the
sarcolemma of muscle; i.e., allowing increased rates
of membrane depolarization-repolarization [34]. The
elevation in cortisol levels during exercise promotes
epinephrine formation, thus activating Na+, K+ pumps
(see above) [34, 35].

Even though the catabolic actions of cortisol lead to
an expanded free amino acid pool, evidence suggest
that enhanced contractile activity during exercise may
actually defend muscle tissue from an exaggerated
level of catabolism and spare some skeletal proteins
from degradation [4, 36, 37, 38]. Furthermore, Hickson
et al. demonstrated that during exercise training, the
affinity of muscle androgen receptors for glucocorticoids
decreases [39]. This in turn allows testosterone to
facilitate receptor action and thus reduces glucocorticoid
catabolic action. It is important to note that at the receptor
level, a competition can exist between structurally alike
hormones (such as testosterone and cortisol) for binding
sites on receptors. The competition between cortisol
and testosterone for glucocorticoid-binding sites is
a determinant of the anti-catabolic action of testosterone
and the anti-anabolic action of cortisol [40].

Excessive Responses and Exercise

Most certainly cortisol and the other glucocorticoids
have deleterious effects on the body when excessive
levels are reached [13, 36]. Some of the greatest
elevations of cortisol are seen in the medical condition
known as Cushing’s Syndrome [13, 41]. Patients with
this condition experience many of the health problems
(negative physiological changes) mentioned earlier
which are promoted by excessive levels of cortisol.
Some individuals have speculated that exercise results
in a hypercortisolemic state, either as a transient
occurrence due to acute exercise or chronically due to
overtraining, and this state can induce some of these
deleterious physiological effects in athletes [5]. However,
Duclos et al. [6] noted in a recent review article that
there is no evidence to support such claims in normally
trained or even overtrained athletes who are a risk for
developing the Overtraining Syndrome. Furthermore,
Daly and Hackney [41] compared the levels of cortisol
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in response to intensive prolonged exercise to those
found in Cushing’s Syndrome patients. The levels in the
Cushing’s patients far exceeded any of those found in the
individuals who exercised. Even patients with anxiety
disorders or excessive psychological stress are found
to have cortisol levels that typically exceed those found
in response to exercise [42]. Additionally, Hackney and
Viru [43] as well as Kern et al. [44] have demonstrated
that in response to transient elevations in cortisol during
daytime exercise, there is a substantial and persistent
nocturnal suppression in the hormone levels.

Conclusions

Glucocorticoids, specifically cortisol, are considered
stress response hormones, which in an overly simplified
view, are often portrayed as being entirely negative
in their influence on physiological function. The
glucocorticoids are in fact vital hormones in the normal
physiological functioning of humans, and they are
necessary in dealing with different stress challenges to
the body. With respect to exercise, they play an important
regulatory role in metabolic responses [45]. Additionally,
the regulation of protein turnover during the recovery
from exercise, which is instrumental to the myoplasticity
response of skeletal muscle in training, is dependent
upon appropriate glucocorticoid actions. In other words,
cortisol and the other glucocorticoids are not the “bad
guys” of exercise endocrinology as some have made
them out to be. Researchers, athletes and sports coaches
need to be aware of the critical nature of glucocorticoids
to normal health and development, especially relative to
exercise training adaptations.
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