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�The HPA Axis

�Introduction

Over the last decades, important discoveries have 
allowed exercise science to bloom as a research 
field. Practical applications in kinesiology influ-
ence a wide range of populations including indi-
viduals with diverse degrees of disabilities to 
high-performance athletes. Important advances 
include the optimization of training techniques, 
biomechanics, motor skills, periodization, and 
injury prevention. Sports psychology is another 
emerging discipline recognized to have a pro-
found impact on active individuals in terms of 
adherence and compliance to a training program 
as well as physical improvements and raw perfor-
mance. As for injury prevention, it is now gener-
ally accepted that physical activity must be 
performed in an equilibrated way in order to 
maximize the desire to pursue while reducing the 
risks of nonadherence, of non-compliance, and of 
developing psychological disorders. Since its 
discovery, the hypothalamic-pituitary-adrenal 

(HPA) axis was shown to play a major role in the 
control of anxiogenic and depressive behaviors. 
A growing evidence indicate that exercise exerts 
acute and chronic effects on the HPA axis. 
However, the mechanisms through which it influ-
ences the HPA axis, and vice versa, remain to be 
clarified. To add to the complexity, a wide range 
of HPA axis responses are reported in different 
populations. These are generally proposed to 
depend on the type of physical activity, the inten-
sity, and the volume at which it is achieved. 
Hence, overtraining and the dynamic progression 
of performance could also influence the relation-
ship between exercise and the HPA axis. The 
present chapter will review the current state of 
knowledge to clarify how exercise influences the 
HPA axis.

�Defining the HPA Axis

The HPA axis consists of three structurally inde-
pendent components including the hypothala-
mus, the anterior pituitary, and the adrenal cortex 
(see Fig.  3.1). These structures are intimately 
interacting through the release of neuroendo-
crine messengers. In the medial parvocellular 
and the magnocellular parts of the paraventricu-
lar nucleus of the hypothalamus (PVH), 
corticotropin-releasing factor [CRF, a 41-amino 
acid (aa) peptide] and arginine vasopressin (AVP, 
expressed in approximately half of the CRF neu-
rons) are synthesized [1]. CRF neurons project 
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to the exterior layer of the median eminence and 
release CRF into the portal circulation until they 
subsequently reach corticotroph cells from the 
anterior pituitary to stimulate the secretion of 
adrenocorticotropic hormone (ACTH). In turn, 
ACTH is released and transported via the gen-
eral circulation to activate the adrenal secretion 
of glucocorticoids. Importantly, it is known that 
glucocorticoids negatively control pituitary cor-
ticotrophs and PVH CRF neurons through direct 
or hippocampus-mediated feedback inhibition 
mechanisms [2, 3].

In mammals, the CRF system is not limited to 
PVH CRF neurons. The system also comprises 
two CRF receptor types (CRF-R1 and CRF-R2) 
[4], a CRF-binding protein [5] and endogenous 
CRF receptor ligands, that include mammalian 
peptides CRF [6], urocortin (UCN) [7], UCN II 
[8, 9], and UCN III [9, 10]. In the brain, the broad 

distribution of CRFergic cells, UCNergic neu-
rons, and CRF receptors is compatible with the 
main functions attributed to the CRF system [11]. 
Central administration of CRF evokes autonomic 
responses [2, 3], general arousal [12], as well as 
anxiety-like behaviors [3, 13]. Furthermore, cen-
tral CRF injections also activate the sympathetic 
while inhibiting the parasympathetic branches of 
the autonomic nervous system by stimulating 
cardiorespiratory functions [14] and reducing the 
activity of the digestive system [15]. Because of 
their selectivity for CRF-R2, UCN II and UCN 
III [10] (also referred to stresscopin in humans) 
have been described as “stress-coping” peptides 
capable of exerting anxiolytic effects [9].

AVP is a 9-amino acid (aa) peptide with a 
disulfide bridge that is mainly secreted from the 
magnocellular cells of the supraoptic nucleus and 
the PVH and transported to the circulation to 
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exert its effects on kidneys and blood vessels [16, 
17]. In addition, AVP’s expression is also reported 
in the parvocellular neurons of the bed nucleus of 
the stria terminalis, the medial amygdala, the 
suprachiasmatic nucleus, and the PVH [18–20]. 
Three major types of AVP receptors are known: 
AVPR1a, AVPR1b, and AVPR2 [21, 22]. The 
activation of AVPR1b in the anterior pituitary 
stimulates the release of ACTH [23], while 
AVPR1a and AVPR2 are mainly expressed in the 
kidneys and blood vessels [24].

ACTH is a 39 aa peptide derived from the pro-
teolytic cleavage of the proopiomelanocortin 
(POMC) gene [25–27]. The expression of ACTH 
is modulated positively by CRF and AVP, nalox-
one, interleukins (IL) IL-1 and IL-6, as well as 
leukemia inhibitory factor (LIF), but negatively 
by glucocorticoids [28–32]. However, other fac-
tors such as pituitary adenylate cyclase-activating 
peptide (PACAP), catecholamines, ghrelin, nitric 
oxide synthase (NOS), dihydroxyphenylalanine 
(DOPA), serotonin, and γ-aminobutyric acid 
(GABA) are also suspected to influence ACTH 
secretion through still ill-defined mechanisms 
[33–35]. ACTH is released in a pulsatile manner 
and has been shown to be regulated through a 
calcium-dependent mechanism [36]. It is subse-
quently transported in the circulation to activate 
the melanocortin type 2 receptor (MC2R) from 
the adrenal glands [37, 38] and, ultimately, stim-
ulate species-specific glucocorticoid (either cor-
tisol in human, nonhuman primates, pigs, and 
dogs or corticosterone in laboratory rodents such 
as rats and mice) synthesis and secretion [39]. In 
a matter of seconds to minutes, the release of glu-
cocorticoids from adrenal glands will activate 
glucocorticoid receptors (GR), stimulate annexin 
1 (ANXA1) production, and, consequently, block 
CRF-induced ACTH secretion [40, 41]. It is how-
ever suggested that the level of complexity of the 
direct and indirect mechanisms through which 
glucocorticoids exert their repressive effects on 
the HPA is much higher than what was antici-
pated during the 1980s [1].

Other mediators of the HPA axis were identi-
fied over the last decades. For instance, the gut 
microbiota is now proposed to influence anxio-
genic and depressive behaviors via its effects on 

the HPA axis. Germ-free (absence of gut micro-
biota) chronically restrained mice display anti-
anxiety behaviors but increased CRF, ACTH, 
cortisol, and aldosterone levels in hypothalamic 
tissues compared to specific pathogen-free 
microbiota mice [42–45]. Although the microbial 
mechanisms influencing these effects remain ill-
defined, it is proposed to regulate glucocorticoid 
receptor sensitivity (Fkbp5), steroidogenesis 
(MC2R, StaR, Cyp11a1), and catecholamine 
synthesis (TH, PNMT) [46]. Hence, colon 
expression of 11-β hydroxysteroid dehydroge-
nase 1 (11HSD-1), CRF, urocortin II and its 
receptor, and CRFR2 as well as cytokines TNFα, 
INFγ, IL-4, IL-5, IL-6, IL-10, IL-13, and IL-17 is 
also reported to be modulated by the microbiota.

As recently evidenced, there is an intimate 
link between the regulation of the HPA axis and 
inflammatory cytokines [47]. For instance, inter-
leukin 1β (IL-1β) is reported to influence the 
release of CRF in the hypothalamus, ACTH in 
the pituitary, and glucocorticoids in the adrenal 
cortex [48–53]. It was also reviewed that IL-6 
and TNF-α promote the activation of the HPA 
axis [54]. Some of these effects are mediated 
through the activation of cyclooxygenase 
enzymes (prostaglandins) as well as by brain 
nitric oxide, noradrenaline, and serotonin pro-
duction [55]. Interestingly, the translocation of 
endotoxins (derived from Gram-negative micro-
bial components such as lipopolysaccharides/
LPS and others) was previously shown to activate 
the HPA axis through the release of IL-1, IL-6, 
and TNF-α [56]. This reinforces the existence of 
an intimate relation between the gut (and the 
microbiota) and the brain for the regulation of the 
HPA axis.

Brain-derived neurotrophic factor (BDNF) is 
another factor with an influence on the HPA axis. 
For example, a single bout of exercise was shown 
to stimulate hippocampal BDNF expression in 
mice [57]. In humans, carriers of the Val66Met 
BDNF allele (prevalence of up to 50% and 32% 
in Asians and Caucasians, respectively [58]) 
were shown to display increased HPA axis activ-
ity through a higher cortisol response to stress 
[59, 60]. Expression of BDNF is co-localized 
with CRF and AVP in the PVH and the lateral 

3  The Effect of Exercise on the Hypothalamic-Pituitary-Adrenal Axis



44

ventricle [61]. Hence, BDNF administrations 
increased the expression of CRF while exerting 
the opposite effect on AVP in the parvocellular 
and magnocellular PVH portions. Hence this 
treatment was likely to promote CRF secretion 
since its levels were decreased, while those of 
AVP were higher in the hypothalamus. This 
hypothesis is supported by the fact that the 
administration of BDNF also upregulated ACTH 
and corticosterone plasma concentrations.

�The HPA Axis and Exercise

�Endurance Training

The effect of endurance training on the activation 
of the HPA axis has been investigated extensively 
in animal and human models. In pigs submitted 
to a high-fat diet, a 200% increase in free fatty 
acid (FFA) levels is related to a 40% decrease in 
ACTH concentrations in response to stress [62]. 
In the same study, pigs submitted to an endurance 
training program displayed a 60% increase in 
ACTH following a stress challenge; this effect 
was associated with a 56% decrease in FFA with-
out other changes in body composition and insu-
lin sensitivity. In another study, rats confined to a 
cage that allowed voluntary wheel running, corti-
costerone responses to various stimulatory chal-
lenges of the HPA axis were shown to be 
significantly higher than in untrained animals 
[63, 64]. Interestingly, this enhanced adrenal sen-
sitivity to ACTH was completely restored to nor-
mal following 5–8 weeks of exercise training. In 
an ovine model, ACTH levels were found to rise 
in response to exercise, even though the animals 
had been previously submitted to a CRF infusion 
[65]. The latter suggests that ACTH release could 
be stimulated by other factor than CRF, and the 
authors suggested AVP as a plausible candidate. 
Endurance training upregulated mRNA expres-
sion of BDNF and its receptor TrkB in the hip-
pocampus, midbrain, and striatum while 
increasing BDNF levels in the hippocampus and 
striatum in rats [66]. On the other hand, sprint 
interval training was more effective to enhance 
BDNF brain content than intensive endurance 

training in rats [67]. These increased BDNF lev-
els in the brain were also shown to be associated 
with reduced anxiety- and depression-like behav-
iors in tested animals.

In human studies, the activation of the HPA 
axis in response to physical activity has been 
abundantly reported. For instance, individuals 
submitted to chronic endurance training dis-
played higher hair cortisol [68]. In endurance-
trained men, after a day without physical exercise, 
ACTH and cortisol concentrations were similar 
to those of untrained controls [69]. For most of 
these athletes, dexamethasone (a synthetic ago-
nist of the glucocorticoid receptor) was not found 
to influence the activity of the HPA axis; how-
ever, in contrast to untrained subjects, a subse-
quent administration of CRF was shown to 
increase cortisol levels. On the other hand, obese 
adolescents submitted to a chronic physical activ-
ity program displayed a marginal decrease in glu-
cocorticoid sensitivity and increased levels of 
glucocorticoid receptor-α (GR-α) expression in 
blood mononuclear cells [70]. In young men who 
were previously undergoing a strength training 
program, cortisol responses were significantly 
increased when submitted to higher frequencies 
of endurance training [71]. Twenty weeks of 
endurance training were also shown to decrease 
basal cortisol levels [72]. Hence, the magnitude 
of the reduction in cortisol levels was signifi-
cantly associated with increases in local skeletal 
muscle endurance. As observed in animals, 
endurance training also significantly upregulated 
basal BDNF circulating levels in healthy seden-
tary or physically active males, and the authors 
suggest that this effect could promote brain health 
in these populations [73, 74].

The influence of an acute bout of endurance 
exercise on HPA axis activity has also been inves-
tigated in a multitude of studies. In response to a 
walk on a treadmill until exhaustion at 40 °C, cir-
culating levels of cortisol were higher in trained 
than in untrained individuals, while those of 
ACTH were not different [75]. Interestingly, in 
response to the same challenge in trained and 
untrained individuals, ACTH, norepinephrine, 
and dehydroepiandrosterone-sulfate (DHEA-S) 
levels were significantly increased, while those 
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of growth hormones (GHs), aldosterone and epi-
nephrine, were initially elevated but reached a 
maximal value (plateau) at 38.5  °C.  In athletes 
submitted to a strenuous exercise, CRF and corti-
sol responses to HPA activation were not blunted 
by physiological endogenous hypercortisolism, 
and this suggests that pituitary sensitivity is 
decreased in response to the feedback inhibition 
induced by cortisol [76]. As noted, acute physical 
activity has been reported to influence HPA axis 
activity; however, the relevance of considering 
other physiological conditions should not be 
neglected. In fasting subjects submitted to physi-
cal exhaustion, ACTH and cortisol levels signifi-
cantly increased in hypoglycemic conditions, but 
this effect was abolished when pretest glycemic 
levels were maintained [77]. This also suggests 
the relevance of further examining the HPA axis 
activation under hypoglycemia.

While the abovementioned information indi-
cates that HPA axis activity is modulated by 
chronic and acute training, it is also important to 
evaluate the effect of a recuperation phase. In 
runners, it has been observed that cortisol and 
ACTH levels are significantly lower 2 days fol-
lowing a marathon, while whole body 11β-HSD-1 
and ghrelin levels are upregulated [78]. Also, the 
suppression of cortisol in response to a dexa-
methasone challenge is strongly increased after 
6 weeks of reduced training.

�Resistance Training

Although the effect of endurance training on the 
activation of the HPA axis is abundantly 
described, fewer studies have evaluated the 
effect of resistance training. Resistance training 
can be defined as any exercise program using 
one or multiple training strategies (own body 
mass, free weights, or diverse exercising 
machines), to enhance health, fitness, and per-
formance [79]. In healthy untrained men submit-
ted to acute resistance training, cortisol 
concentrations were not modulated [80]. 
However, in the same subjects, catecholamines, 
lactate, TNF-α, IL-2, and epidermal growth fac-
tor (EGF) levels increased, while monocyte che-

motactic protein-1 (MCP-1) concentrations 
decreased. Furthermore, a positive correlation 
was observed between the concentrations of cor-
tisol and TNF-α. Interestingly, the type and the 
intensity at which resistance training is per-
formed are suggested to influence the HPA axis. 
In competitive athletes performing in muscular 
power disciplines (alpine ski, bodybuilding, and 
volleyball), an isokinetic exercise induced higher 
acute increases in ACTH, cortisol, and lactate 
than in endurance athletes (marathon, triathlon, 
cross-country skiing, and rowing) [81]. However, 
this effect was not observed during the recovery 
period. The type of training is reported to influ-
ence the activation of the HPA axis; however the 
effects of the intensity and volume of resistance 
training needed to be clarified. Interestingly, sig-
nificantly lower cortisol levels were measured 
after a single bout of high-intensity resistance 
training (HIT) then after performing a traditional 
3-set protocol in male college students [82].

Age, gender, circadian rhythm, and body com-
position are other factors that are often reported 
to influence hormonal secretions (see Copeland, 
Chap. 23 in this book). Studies were conducted to 
clarify the effects of age, gender, circadian 
rhythm, and body composition on the activation 
of the HPA axis. Young and middle-aged men 
were submitted to an 8-week resistance training 
program which was shown to decrease both basal 
cortisol and ACTH levels [83]. However, age did 
not have a significant influence on the results. In 
contrast, 9  weeks of combined endurance and 
resistance training was shown to increase cortisol 
levels by 23% in young sedentary women, but 
this effect was not observed in their male coun-
terparts [84]. This suggested that women under-
going physical training are more sensitive to the 
activation of the HPA axis than males. To deter-
mine the role of the circadian rhythm on the acti-
vation of the HPA axis, trained subjects were 
instructed to perform the same resistance training 
session at three time periods over different days. 
Cortisol levels were higher in the morning but 
decreased 3 min and up to 48 h after performing 
their bout of exercise [85]. This indicated the 
importance of considering the time at which 
blood samples are collected before, during, and 
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after undergoing a session of resistance training. 
Contrastingly, after submitting untrained young 
males to 11 weeks of resistance training, the time 
of the day at which exercises were performed did 
not influence the levels of hormones of the HPA 
axis [86]. However, the same authors reported 
that postexercise cortisol levels were lower than 
basal concentrations. To determine the effects of 
body composition on the activation of the HPA 
axis, normal weight and obese individuals were 
submitted to resistance training. Cortisol levels 
were significantly different between normal 
weight and obese individuals [87]. This sug-
gested that body composition may also modulate 
the HPA axis.

Different types of resistance training promote 
skeletal muscle hypertrophy or strength. 
Untrained young male and female adults were 
recruited to clarify the different effects of the two 
types of resistance training on the HPA axis. 
While performing the experimental protocol, sig-
nificantly higher BDNF levels were measured 
during the exercise designed to promote hyper-
trophy than the one intended to increase strength 
[88]. In trained men, BDNF levels increased sim-
ilarly in response to the different intensity and 
volume levels of resistance training [89]. In older 
adults submitted to various loads of resistance 
training, BDNF levels increased in male partici-
pants, while no effects could be detected in 
female individuals [90]. These data support the 
hypothesis that the HPA axis activation might be 
influenced by the type of training, the intensity, 
the post-training period, and body mass but not 
by age or the time of the day at which it is per-
formed. These latter issues are in need of further 
investigations to clarify aspects of the contradic-
tory results.

�Intensity of Physical Activity and HPA 
Axis Activation

It is profusely reported that the HPA axis is acti-
vated in response to physical activity, and differ-
ent levels of exercise intensity were also shown to 
have an important impact. In mice submitted to 
acute psychological stress, high-intensity physi-

cal activity increased cortisol, IL-1β, IL-2, and 
IL-6 while decreasing ACTH-positive cells in the 
pituitary [91]. Although collected in animals, 
these results indicated the relevance of consider-
ing the intensity of physical activity, and this was 
also investigated in human models. For instance, 
it was initially proposed that cortisol levels are 
increased by 60 min of running on a treadmill at 
a threshold intensity of 60% of the VO2max [92]. 
Moderately trained men also displayed a signifi-
cant increase in cortisol after performing 30 min 
of exercise at 60% and 80% of their VO2max, while 
ACTH levels were only elevated at the highest 
intensity [93]. In endurance-trained males, 
30 min of exercise on a cycle ergometer, signifi-
cant increases in cortisol were only observed at 
80% of the VO2max both in saliva serum [94]. 
Interestingly, the same authors observed that 
peak cortisol levels were only monitored 30 min 
after the cessation of the physical activity. When 
compared to low-intensity, high-intensity cycling 
caused similar increases in BDNF and cortisol 
levels in both participants with or without depres-
sion [95]. In trained athletes submitted to a pro-
longed high-intensity exercise, increased plasma 
concentrations of cortisol, ACTH, CRF, and AVP 
were observed [96]. It was also reported that the 
rise in osmolality observed during exercise cor-
relates with increases in plasma AVP. Furthermore, 
for a given type of physical activity, high-intensity 
and prolonged duration respectively increased 
AVP and CRF levels. In healthy participants 
administered with dexamethasone (4  mg), per-
forming physical activity at the highest intensity 
(90% vs. 100% maximal aerobic capacity) caused 
a significant raise in ACTH, cortisol, and AVP 
circulating levels [97]. Interestingly, this response 
was shown to be amplified in women with regard 
to the one observed in men. Interestingly, high-
intensity interval training was shown to increase 
BDNF levels to a higher magnitude than continu-
ous moderate-intensity exercises in obese indi-
viduals [98]. This suggests that short and intense 
bouts of exercise could exert beneficial effects to 
individuals intending to design and/or perform 
physical activity programs.

While the effect of exercise intensity was eval-
uated in response to distinct physical activities, 
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another group compared occupational differ-
ences between workers performing high-intensity 
duties (slaughterhouse workers) and others 
achieving low-intensity tasks (office workers) 
[99]. Slaughterhouse workers displayed higher 
levels of ACTH, total peroxides, antioxidant 
capacity, oxidative stress index, and c-reactive 
protein (CRP), while their levels of endogenous 
peroxidase activity, polyphenols, and BDNF 
were reduced. These results were even affected 
by the duration of the work shifts in slaughter-
house workers since higher CRP and lower 
BDNF levels were measured after completing 
12 h vs. 8 h shifts.

Results presented in this section clearly indi-
cate that the intensity and the volume of a physi-
cal activity, the fitness level, and the type of 
exercise performed by an individual have a direct 
impact on the activation of the HPA axis. In turn, 
this should be taken into consideration when 
elaborating training programs.

�Highly Trained and Elite Athletes

Overall, the increased activity of the HPA axis in 
highly trained athletes could have important 
implications on their somatic and mental health. 
During a progressive stress test until exhaustion 
on a treadmill, cortisol levels were higher from 
baseline to the initiation of recuperation in pro-
fessional athletes than in controls [100]. 
Interestingly, hormonal levels were regularized 
over the recuperation period. In ultramarathon 
runners, cortisol levels were at their highest at the 
completion of a 622  km race, and levels were 
only normalized after 6 days of recovery [101]. 
In highly trained athletes, the morning surge in 
ACTH and cortisol was observed earlier, and 
ACTH levels were significantly higher than in 
normal individuals [102]. In addition, the stimu-
lation of CRF and ACTH release was more pro-
nounced in highly trained athletes than in 
untrained individuals following the administra-
tion of the nonselective opioid receptor antago-
nist naloxone [32]. Altered HPA axis functions 
were also observed in elite athletes. For instance, 
artistic gymnasts competing at the European 

Championships displayed higher salivary cortisol 
concentrations and more important levels of psy-
chological stress than controls [103]. In addition, 
higher psychological stress and saliva cortisol 
levels were also observed in female vs. male ath-
letes. In elite junior soccer players, nonfunctional 
overreaching performances were associated with 
higher scores of depression and angriness, 
whereas resting GH and ACTH concentrations 
after maximal effort were diminished [104]. 
These observations could be associated with the 
decreased expression of GR-α mRNA in highly 
trained individuals and with lower increases in 
atrial natriuretic peptide (ANP) and brain natri-
uretic peptide (BNP) levels in response to exer-
cise [105–110]. These elements suggest the 
influence of the HPA axis on stress and emotional 
status. Ultimately these factors could also have a 
major incidence on sportive performances in elite 
athletes.

�Overtraining

The available information regarding altered HPA 
axis functions in athletes suggests the relevance 
of considering potentially for pathological con-
ditions such as overtraining. In rats submitted to 
daily swimming bouts of 45 min 5 days per week 
for 2, 4, or 6  weeks, corticosterone gradually 
increased. In parallel both basal ACTH and cor-
ticosterone plasma levels increased until they 
reached a plateau after 6  weeks of swimming 
[111]. Hence, in the PVN and the pituitary of the 
same animals, mRNA expression of the gluco-
corticoid receptor decreased, while the one of 
CRF transiently increased. While these results 
are interesting, it is difficult to determine whether 
the important volume of exercise to which rats 
were submitted can be considered as overtrain-
ing. These results raise important questions since 
cortisol levels were significantly below normal 
in overtrained Standardbred racehorses [112, 
113]. Interestingly, these discrepancies may be 
species-specific or be related to the duration 
overtraining in the animals. In other words, rats 
submitted to swimming may still have the capac-
ity to produce corticosterone, while Standardbred 
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racehorses may have been submitted to a chronic 
overactivation of the HPA axis which led to 
impairments in their capacities to secrete cortisol 
before being diagnosed. In different populations 
of human athletes, several alternative methods 
such as a CRF stimulation test (evaluation of 
basal ACTH concentrations and GH pulsatility), 
free testosterone over cortisol concentrations, 
low basal cortisol levels, as well as HPA 
responses to two standardized exercise tests 
were proposed for the diagnostic of overtraining 
[114–116]. For instance, in response to two 
acute bouts of exercise, increased prolactin 
(PRL) levels and decreased ACTH concentra-
tions are reported in overtrained athletes [117–
119]. These effects could be mediated by the 
repetitive occurrence of muscle and skeletal 
trauma resulting in local inflammation and, con-
sequently, in a systemic inflammatory responses 
which, in turn, could yield to impairments of 
athletic performances [115].

�Postexercise Recuperation

Depending on the type of physical activity and its 
intensity and volume, it is critical to allow the 
body to recuperate, replenish its energy reserves, 
and resynthesize injured tissues in order to 
improve athletic performance. Recuperation is 
well-characterized in nutrition and physiology; 
however, it is another factor to take into consider-
ation when considering the effects of exercise on 
the HPA axis. For instance, it was shown that the 
carbohydrate/electrolyte consumption right after 
performing a bout of high-intensity physical 
activity significantly reduced blood cortisol lev-
els in male athletes [120]. However, the hydra-
tion status, per se, was not associated with an 
alteration of circulating cortisol concentrations 
[121]. In rugby players submitted to a magne-
sium supplementation, significantly higher 
ACTH but decreased cortisol levels were 
observed compared to the same type of partici-
pants given a placebo [122]. In addition, magne-
sium supplementation abolished the post-game 
increase in IL-6 while reducing the increase in 
neutrophil/lymphocyte ratio.

�Memory, Defeat, Fear, and Cognitive 
Functions

During a physical activity, the capacity to remem-
ber how to optimally perform an exercise as well 
as the bad feelings and the fear of defeat or mis-
haps occurring during the event may have pro-
found effects on an individual’s performance. 
Because of obvious ethical reasons, this is diffi-
cult to investigate in humans. However, rodent 
models were used to investigate the effect of the 
HPA axis on memory, defeat, and fear. In rats 
administered with metyrapone (a corticosterone 
synthesis disruptor), impaired traces of fear con-
ditioning have been observed [123]. A number of 
studies also evaluated the effects of CRF on 
defeat conditioning as well as on memory. The 
central administration of anti-sauvagine-30 (a 
CRF-R2 receptor antagonist) reduced submissive 
and defensive behaviors induced by territorial 
aggression conditioning in Syrian hamsters 
[124]. However this effect was not observed in 
response to neither metyrapone nor CP-154,526 
(a CRF-R1 antagonist) administrations in the lat-
eral ventricle of rats increased spatial memory 
through a β-adrenergic-dependent mechanism 
[125]. Also, central administrations of NBI30775 
(CRF-R1 antagonist) prevented stress-induced 
hippocampal dendritic spine loss while restoring 
stress-impaired cognitive functions [126]. This 
suggests that stress-induced central effects are 
mediated through the activation of CRF-R1. 
These discoveries are important since they could 
allow the implementation of targeted interven-
tions or pharmacological treatments to reduce the 
fear of defeat or the occurring of an injury in indi-
viduals or athletes who previously encountered 
such negative experiences. In turn, this would 
allow preventing the adverse outcomes on their 
athletic performances.

�Conclusion

The last paragraphs have underlined the impor-
tance of the HPA axis on the regulation of moods 
and behaviors in animals and humans undergoing 
physical activity. Depending on the population of 
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interest and the objectives to be reached, it is 
critical to adapt training programs to maximize 
their benefits while minimizing the risk of devel-
oping anxiety and depression. This has to be 
applied to athletes as well as other populations 
with different levels of fitness and/or degrees of 
disabilities. For instance, professional or Olympic 
athletes are particularly at risk of overtraining, 
and their moods, cognitive functions, and confi-
dence levels have an important impact on their 
performances. Physical activity is also an impor-
tant element of a healthy lifestyle to prevent and/
or counteract the dreadful effects of obesity and 
ensuing metabolic dysfunctions that have reached 
epidemic levels in North American populations. 
In obese individuals, adherence and compliance 
to training programs remain major obstacles. For 
athletes or obese individuals, a better understand-
ing on how exercise modulates the HPA axis will 
provide essential tools to develop novel training 
approaches. As one consequence of this, it will be 
essential to exhaustively characterize individuals 
undergoing an exercise program in order to deter-
mine their levels of fitness; the type, intensity, 
and volume of physical activity required; as well 
as the window of time over which objectives need 
to be achieved. It is also important to constantly 
monitor exercising individuals since adaptation 
to the training planification will be required as 
soon as anxiogenic or depressive behaviors will 
be present. Hence, distinct factors of the HPA 
axis may be used as sensitive biomarkers to 
detect disorders before clinical symptoms can be 
detected. Globally, this indicates the relevance of 
including parameters of the HPA axis as modula-
tors of anxiety and depressive behaviors in exer-
cising individuals. In sum, while it remains a 
precarious equilibrium, it suggests that elements 
of the HPA axis must be taken into consideration 
along with the assessment of an individual’s 
physical capacities when designing a training 
program. Consequently, while the planification 
and periodization must be optimized, it is impor-
tant to adapt the program accordingly in function 
of early signs of anxiogenic or depressive behav-
iors. Ultimately, this will be more effective at 
yielding improvements in athletic performance 
and health benefits than the simple addition of 

strenuous exercises that could provoke the pre-
mature interruption or to slow down physical 
training program for various clinical reasons.

Our current knowledge of the relationship 
between the HPA axis and physical exercise 
reviewed in the above paragraphs clearly high-
lights the importance of adequate preparation for 
exercise. Also, a number of data indicate that 
complex molecular and cellular mechanisms 
intervene in highly trained athletes that do not 
occur in normal individuals. As a whole, the 
above information suggests that the HPA axis 
importantly influences stress-induced functions 
and that the intensity of HPA axis activation is 
intimately related to the type of training, the 
intensity, and the volume at which it is per-
formed. This strongly suggests the relevance of 
considering the impact of the HPA axis when 
elaborating training programs in different types 
of individuals.
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