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ABSTRACT

Background:

Regular training imposes repeated physiological demands that activate neuroendocrine stress
regulation, with the hypothalamic—pituitary—adrenal (HPA) axis playing a central role. Cortisol
supports metabolic regulation and adaptation to exercise-related stress; however, prolonged
exposure to high training loads combined with insufficient recovery may lead to functional
alterations in HPA axis regulation, potentially affecting exercise capacity and recovery
processes.

Aim:

This narrative review synthesizes current evidence on HPA axis dysregulation in regularly
training individuals, with particular emphasis on its relevance for exercise capacity and
recovery.

Materials and methods:

The review includes peer-reviewed experimental, observational, longitudinal, and sport-

specific studies addressing HPA axis physiology, cortisol secretion dynamics, cortisol


https://orcid.org/0009-0004-8321-6727
https://orcid.org/0009-0000-3046-4701

awakening response (CAR), training load, fatigue, overreaching, overtraining, exercise
capacity, and recovery in physically active populations.

Results:

Available evidence indicates that cumulative training stress is associated with changes in basal
cortisol secretion, diurnal cortisol rhythm, and CAR. Functional alterations in HPA axis activity
may influence metabolic efficiency, neuromuscular function, stress responsiveness, and
performance stability. These responses appear to occur along an adaptive—maladaptive
continuum and are strongly modulated by individual characteristics, training structure, and
recovery adequacy. Importantly, many training-related disturbances of HPA axis function seem
to be time-dependent and at least partially reversible.

Conclusions:

Viewing HPA axis dysregulation as a dynamic and functional process may improve
interpretation of training responses, while longitudinal assessment of cortisol-related markers,
interpreted within the broader training and recovery context, may provide valuable insight into
individual stress adaptability in regularly training individuals.

Key words: hypothalamic—pituitary—adrenal axis, cortisol dynamics, cortisol awakening

response, training stress, exercise capacity, recovery, overreaching, overtraining syndrome

1. Introduction

Regular physical training represents a potent physiological stressor that activates
multiple neuroendocrine pathways involved in the maintenance of homeostasis. Among these
systems, the hypothalamic—pituitary—adrenal (HPA) axis plays a central role in coordinating
the organism’s response to both acute and chronic stressors, including physical exercise.
Activation of the HPA axis leads to the secretion of cortisol, a glucocorticoid hormone essential
for energy mobilization, metabolic regulation, and modulation of immune and inflammatory
processes [1]. In the context of exercise, cortisol release is considered a necessary component
of adaptation, supporting the body’s capacity to cope with increased energetic and mechanical
demands [1,2].

Exercise-induced activation of the HPA axis is not inherently maladaptive. On the
contrary, repeated exposure to training stress can result in favorable neuroendocrine adaptations,
contributing to improved stress tolerance and performance capacity in athletes and physically

active individuals [2,3]. However, when training load exceeds the individual’s ability to recover



adequately, the balance between stress and adaptation may be disrupted. Prolonged or excessive
training stress, insufficient recovery, and cumulative psychosocial demands can lead to
functional alterations in HPA axis activity, reflected in changes in cortisol secretion patterns.
Importantly, such dysregulation should not be equated with clinical endocrine pathology, but
rather understood as a functional disturbance of adaptive stress regulation within the context of
athletic training [1,4].

Growing evidence suggests that alterations in basal cortisol levels, diurnal cortisol
rhythm, and cortisol responsiveness to stress are associated with impaired exercise capacity and
compromised recovery in regularly training individuals [2, 5, 6]. In particular, the cortisol
awakening response (CAR), a distinct component of the circadian cortisol profile, has emerged
as a sensitive marker of HPA axis function and overall stress load [7,8]. Changes in CAR
magnitude and dynamics have been linked to training load, fatigue accumulation, and
overtraining-related conditions, highlighting its relevance for monitoring training adaptation

and recovery status [6,9].

Dysregulation of the HPA axis may have meaningful consequences for athletic
performance. Chronic disturbances in cortisol regulation can affect substrate metabolism,
neuromuscular function, and central fatigue mechanisms, ultimately reducing tolerance to
training loads [6,10]. Moreover, impaired endocrine recovery may delay physiological
restoration processes, limiting the effectiveness of subsequent training stimuli and increasing

vulnerability to performance instability.

Differences in study design and assessment approaches warrant integrative
interpretation of current evidence on HPA axis dysregulation in physically active individuals
[11].

The aim of this narrative review is to examine current evidence on HPA axis
dysregulation in the context of regular physical training, with particular emphasis on its impact

on exercise capacity and recovery.

2. Physiology of the HPA Axis in the Context of Exercise

Understanding the physiological functioning of the hypothalamic—pituitary—adrenal axis is
essential for interpreting endocrine responses to physical training. The HPA axis represents a
highly dynamic regulatory system that integrates neural, hormonal, and metabolic signals in



response to stress [1]. In the context of exercise, its activation reflects a complex interaction
between acute physical demands and longer-term adaptive processes [3,12]. This section
outlines the fundamental mechanisms of HPA axis activation during exercise, the regulation of
cortisol secretion within the circadian rhythm, and the concept of allostatic load as it relates to

chronic training stress [4].

2.1 Mechanisms of HPA Axis Activation during Physical Stress

The hypothalamic—pituitary—adrenal axis constitutes a primary neuroendocrine pathway
through which the body responds to physical stress [1]. Exercise activates this system via both
central and peripheral signals, including neural input from higher brain centers, metabolic
demands, and afferent feedback from working muscles [1,12]. At the hypothalamic level,
physical stress stimulates the release of corticotropin-releasing hormone (CRH), which acts on
the anterior pituitary gland to promote the secretion of adrenocorticotropic hormone (ACTH).

ACTH subsequently triggers cortisol release from the adrenal cortex [1].

Cortisol plays a key role in supporting the acute physiological demands of exercise. It facilitates
glucose availability through gluconeogenesis, promotes lipolysis, and modulates protein
metabolism, thereby contributing to energy supply during prolonged or high-intensity physical
effort [3,12]. In addition, cortisol exerts regulatory effects on immune and inflammatory
responses, which are transiently activated during strenuous exercise [3]. Through negative
feedback mechanisms acting at both the hypothalamic and pituitary levels, cortisol also

contributes to the termination of the stress response once the stimulus subsides [1].

Importantly, the magnitude of HPA axis activation during exercise is influenced by multiple
factors, including exercise intensity, duration, training status, and individual stress sensitivity
[3]. Trained individuals often exhibit attenuated hormonal responses to standardized exercise

bouts, reflecting adaptive modulation of neuroendocrine stress pathways [13].

2.2 Cortisol Secretion, Diurnal Rhythm, and Exercise-Induced Changes

Under resting conditions, cortisol secretion follows a pronounced circadian rhythm
characterized by high concentrations in the early morning and a gradual decline throughout the
day [8]. A prominent feature of this rhythm is the cortisol awakening response, defined as a
rapid increase in cortisol levels occurring within the first 30—45 minutes after waking [7,8].



This pattern is considered an integral component of normal HPA axis functioning and reflects

anticipatory activation of central stress-regulatory mechanisms [7].

Exercise can transiently modify cortisol secretion superimposed on this circadian pattern. Acute
bouts of moderate to high-intensity exercise typically induce a short-term increase in circulating
cortisol, particularly when the exercise stimulus exceeds a certain intensity or duration
threshold [3]. These acute elevations are generally considered adaptive and reversible,
contributing to metabolic regulation and tissue remodeling processes associated with training
[12].

In contrast, chronic exposure to high training loads may lead to alterations in basal cortisol
levels, blunting or exaggeration of diurnal variation, and changes in cortisol responsiveness to
subsequent stressors [5,9]. Such alterations may reflect functional adjustments or maladaptive
changes in HPA axis regulation in response to repeated physiological stress. Distinguishing
between adaptive endocrine modulation and early functional dysregulation remains a central

challenge in exercise endocrinology [14].

2.3 Allostatic Load and Chronic Training Stress

The concept of allostasis describes the process by which physiological systems maintain
stability through change in response to environmental and internal stressors. While acute
activation of the HPA axis supports adaptation to physical demands, repeated or prolonged
activation without sufficient recovery can result in increased allostatic load. In the context of
regular training, excessive allostatic load may emerge when cumulative stress from training,

competition, and non-exercise-related factors exceeds the individual’s adaptive capacity [4].

Chronic training stress may therefore shift the HPA axis from an adaptive to a maladaptive state.
This transition can manifest as altered cortisol secretion patterns, impaired feedback sensitivity,
or reduced hormonal flexibility in response to stress [4,14]. Rather than representing a binary
condition, HPA axis dysregulation is better understood as a continuum, ranging from functional
overreaching to more pronounced maladaptations associated with persistent fatigue and

performance decline [14].

Understanding the balance between beneficial stress-induced adaptation and excessive
allostatic load is essential for interpreting endocrine responses in athletes [2,4]. From this



perspective, changes in cortisol dynamics may serve as indicators of the organism’s capacity to

cope with ongoing training demands, rather than as isolated markers of dysfunction [2].
3. Cortisol and Cortisol Awakening Response as Markers of HPA Axis Function

Assessment of hypothalamic—pituitary—adrenal axis activity in physically active individuals
relies on the use of endocrine markers that reflect both basal hormone secretion and dynamic
stress responsiveness. Among these markers, cortisol and the cortisol awakening response are
most frequently applied due to their physiological relevance and feasibility of measurement.
This section focuses on cortisol and CAR as tools for evaluating HPA axis function, outlining
their biological basis, measurement approaches, and methodological limitations, without

addressing their functional implications for training adaptation or performance [7,8].
3.1 Cortisol as a Biomarker of Training Stress

Cortisol is one of the most frequently assessed hormonal markers in exercise and sports science
due to its central role in the regulation of energy metabolism and stress responses [3,12]. As the
end product of HPA axis activation, cortisol reflects the integrated output of hypothalamic,
pituitary, and adrenal signaling, making it a useful indicator of overall neuroendocrine stress
load [1,12]. Measurements of cortisol concentrations in blood, saliva, or urine are commonly
used to characterize the acute hormonal response to exercise as well as longer-term adaptations

to repeated physical stress [3,12].

The appeal of cortisol as a biomarker lies in its physiological relevance and relative accessibility.
Salivary cortisol assessment, in particular, offers a non-invasive method that reflects the
biologically active free fraction of the hormone [3,5]. This makes it suitable for repeated
measurements and field-based monitoring in physically active populations. Cortisol has
therefore been widely employed as a marker of training stress in both experimental and

observational studies [5,15].

However, cortisol assessment is subject to several limitations that must be considered when
interpreting its values. Cortisol secretion is influenced by numerous factors beyond physical
exercise, including circadian rhythm, sleep patterns, nutritional status, psychological stress, and
individual variability in stress sensitivity [2,8,11]. Consequently, isolated cortisol
measurements may not provide sufficient information about HPA axis functioning unless

contextual factors are carefully controlled [5,15]. These limitations highlight the importance of



standardized measurement protocols and complementary markers when using cortisol to assess

training-related stress [8,15].
3.2 Cortisol Awakening Response: Physiological Background

The cortisol awakening response represents a distinct component of the diurnal cortisol rhythm,
characterized by a rapid increase in cortisol levels within the first 30-45 minutes after
awakening [7,8]. This response is thought to reflect anticipatory activation of the HPA axis in
preparation for the upcoming demands of the day [8]. Unlike basal cortisol concentrations
measured at single time points, CAR provides information about the dynamic responsiveness
of the HPA axis [7,8].

Physiologically, CAR is regulated by central mechanisms involving the hypothalamus and
higher brain centers, and it appears to be partially independent of the cortisol nadir during
nocturnal sleep. The magnitude and pattern of CAR are influenced by sleep—wake timing, light
exposure, and neuroendocrine signaling integrity [8]. As such, CAR has been proposed as a

marker of HPA axis reactivity rather than basal hormone secretion [7,8].

In the context of physical training, CAR functions as a sensitive indicator of cumulative stress
exposure [7,9]. When assessed longitudinally, its dynamic profile enables detection of subtle
alterations in HPA axis regulatory capacity that may not be captured by resting cortisol levels
alone [7,8]. Importantly, CAR reflects regulatory capacity rather than serving as a direct

indicator of performance or recovery outcomes [8].
3.3 Methodological Considerations in CAR Assessment

Accurate assessment of the cortisol awakening response requires strict methodological
standardization. Timing of sample collection is critical, as even small delays after awakening
can substantially affect CAR magnitude. Standard protocols typically involve cortisol sampling
immediately upon awakening, followed by additional samples at fixed intervals, most
commonly 30 and 45 minutes post-awakening. Compliance with these timing requirements is

essential to ensure data validity.

Several methodological factors may influence CAR measurements, including sleep duration,
awakening time, alarm use, and light exposure [8]. Additionally, day-to-day variability in CAR

is common, underscoring the need for repeated measurements to obtain reliable estimates of



individual HPA axis function [8,9]. Failure to account for these sources of variability can lead

to misinterpretation of results [8].

Interpretation of CAR data requires contextualization. Variations in CAR reflect adaptive
regulatory changes, transient stress exposure, or methodological variability rather than
pathological dysregulation [7,8]. For this reason, CAR should be interpreted within the broader
context of hormonal profiles, training load, and recovery status [5,9,15]. Clear separation
between measurement of endocrine markers and interpretation of their functional consequences

is essential to maintain methodological rigor [8].

4. Training Load, Fatigue, and HPA Axis Dysregulation

While cortisol and the cortisol awakening response provide useful markers of HPA axis activity,
their interpretation becomes meaningful only when considered in relation to training load and
fatigue development. In regularly training individuals, the balance between imposed training
stress and recovery capacity determines whether neuroendocrine responses remain adaptive or
shift toward dysregulation [3,15]. This section examines how different forms of training load
influence HPA axis activity and outlines the processes through which repeated stress exposure

may lead to functional disturbances in endocrine regulation.
4.1 Acute and Chronic Training Load

Training load can be conceptualized as the cumulative physiological stress imposed by exercise,
encompassing intensity, volume, frequency, and training density [15]. Acute training load
reflects short-term exposure to physical stress, typically associated with transient activation of
the HPA axis and short-lived elevations in cortisol secretion [3,13]. Such responses are

generally reversible and form an integral part of normal training adaptation.

In contrast, chronic training load represents the accumulation of repeated exercise stress over
time. When sustained without adequate recovery, chronic load has been shown to alter basal
cortisol concentrations in some individuals, attenuate or exaggerate hormonal responsiveness,
and modify diurnal secretion patterns [3,5,13]. These changes may reflect a shift in regulatory
set points within the HPA axis. Importantly, individual variability in stress tolerance means that
similar external training loads may result in markedly different endocrine responses across
athletes [2,15].

10



Distinguishing between adaptive endocrine modulation and early functional dysregulation
remains challenging. Nevertheless, prolonged deviations in cortisol dynamics under conditions
of high chronic load suggest that the HPA axis may progressively lose regulatory flexibility,

setting the stage for fatigue accumulation and impaired adaptation [6,14].

4.2 Functional and Non-Functional Overreaching

Overreaching represents an intentional or unintentional increase in training load beyond
habitual levels and is commonly classified as either functional or non-functional [14].
Functional overreaching is characterized by short-term performance decrement followed by
supercompensation after adequate recovery. During this phase, transient alterations in cortisol

secretion and CAR may occur but typically normalize with rest [9,14].

Non-functional overreaching, however, is associated with prolonged fatigue and delayed
performance recovery. In this state, disturbances in HPA axis regulation become more
pronounced. Altered basal cortisol levels, blunted CAR, or increased day-to-day variability in
hormonal responses have been observed in individuals experiencing sustained training stress
without sufficient recovery [5,6,9]. These endocrine alterations reflect impaired stress

regulation rather than isolated hormonal abnormalities.

The transition from functional to non-functional overreaching is gradual and often difficult to
detect. Importantly, changes in HPA axis markers during this phase may precede overt
performance decline, suggesting that endocrine dysregulation may serve as an early indicator

of maladaptive training responses [6,14].

4.3 Overtraining Syndrome and Endocrine Maladaptation

Overtraining syndrome represents the most severe manifestation of maladaptive responses to
chronic training stress. It is characterized by persistent fatigue, performance impairment, and
altered physiological regulation that may persist for months [14]. From an endocrine
perspective, overtraining syndrome has been associated with profound disturbances in HPA

axis function.

Research describing the endocrine and metabolic responses in overtraining has highlighted
alterations in cortisol secretion patterns and stress responsiveness, leading to the

conceptualization of conditions such as endocrine-related overtraining syndrome [6,14]. In

11



these cases, dysregulation of the HPA axis may manifest as reduced hormonal reactivity,
impaired feedback sensitivity, or abnormal CAR profiles [6,9]. These changes suggest a

compromised capacity to mount appropriate endocrine responses to stress.

Endocrine maladaptation in overtraining syndrome reflects a breakdown in the organism’s
ability to balance stress and recovery. Rather than serving as a marker of acute load, cortisol
dynamics in this context indicate a fundamental disturbance in stress regulation [4,14].
Understanding these processes is essential for differentiating between adaptive fatigue states

and clinically relevant maladaptations in regularly training individuals.
5. Sport-Specific Patterns of HPA Axis Response

Although activation of the HPA axis represents a general physiological response to physical
stress, its manifestation may differ depending on the type of sport and the predominant
characteristics of training and competition. Variations in exercise duration, intensity, metabolic
demand, and psychosocial stressors contribute to sport-specific patterns of endocrine regulation
[3,4]. This section provides a concise overview of HPA axis responses across selected sport
categories, highlighting commonalities and distinctions without overemphasizing discipline-

specific outcomes.
5.1 Endurance Sports

Endurance sports are characterized by prolonged training sessions and sustained metabolic
stress, often resulting in repeated activation of the HPA axis. Acute endurance exercise typically
elicits marked cortisol responses, reflecting increased energy demands and substrate
mobilization [3]. With regular training, adaptive modulation of cortisol secretion may occur,

leading to attenuated hormonal responses to standardized workloads [9].

However, high training volumes sustained over extended periods may alter basal cortisol levels
and diurnal secretion patterns. In endurance athletes, changes in cortisol dynamics have been
reported particularly during phases of intensified training or insufficient recovery [9,16]. These
patterns suggest that prolonged metabolic stress may challenge the regulatory capacity of the
HPA axis when cumulative load exceeds adaptive limits [6]. Evidence from studies examining
hormonal responses under extreme physical stress suggests that cumulative endurance-type
loads are associated with broad alterations in adrenal and peripheral steroid profiles, reflecting
limits of load tolerance rather than isolated hormonal abnormalities [17].

12



5.2 Combat Sports

Combat sports combine high-intensity physical exertion with pronounced psychological and
competitive stress. Training and competition are often intermittent but highly demanding,
resulting in acute activation of neuroendocrine stress pathways. Cortisol responses in this
context reflect both physical load and anticipatory stress associated with competitive situations
[18].

Repeated exposure to such stressors may influence HPA axis responsiveness over time. In
combat athletes, variations in cortisol secretion have been observed across training cycles and
competition phases, indicating dynamic modulation of stress regulation [18,19]. These sport-
specific demands highlight the interaction between physical and psychosocial factors in shaping

endocrine responses [19].
5.3 Resistance Training and Strength-Based Sports

Resistance training is characterized by short-duration, high-intensity bouts that impose
substantial mechanical and neuromuscular demands. Acute resistance exercise can provoke
cortisol responses that depend on training volume, intensity, and rest intervals [3]. Compared

with endurance exercise, hormonal responses tend to be more variable and protocol-dependent.

Chronic exposure to high-volume or high-frequency resistance training may influence basal
cortisol levels and stress responsiveness. In strength-based athletes, alterations in cortisol
dynamics have been reported during periods of intensified training, suggesting that repeated

neuromuscular stress may affect HPA axis regulation when recovery is inadequate [20].
5.4 Team Sports

Team sports involve a complex combination of aerobic and anaerobic demands, technical skills,
and competitive stressors. Training and competition schedules are often irregular, with
fluctuating physical and psychological loads across training weeks and competitive seasons. As

a result, HPA axis responses in team sport athletes may exhibit considerable variability.

Cortisol dynamics in this context reflect the cumulative effects of training sessions, matches,

travel, and competitive pressure. Rather than a single dominant stressor, the endocrine response

13



in team sports appears to be shaped by the interaction of multiple concurrent demands,
underscoring the importance of considering overall load distribution when examining HPA axis
activity [15,21].

Across sport categories, differences in HPA axis responses primarily reflect regulatory
dynamics rather than absolute cortisol concentrations.

6. Impact of HPA Axis Dysregulation on Exercise Capacity

While activation of the hypothalamic—pituitary—adrenal axis is a normal and necessary
component of the physiological response to exercise, persistent alterations in its regulation may
have meaningful consequences for exercise capacity [1,3,4]. Exercise capacity reflects the
integrated function of metabolic, neuromuscular, cardiovascular, and central regulatory
systems, all of which are influenced, directly or indirectly, by cortisol and HPA axis activity
[2,4]. This section examines how functional dysregulation of the HPA axis may affect the
ability to tolerate training loads, sustain performance, and respond effectively to repeated

physical stress [6,14].
6.1 Cortisol Regulation and Metabolic Capacity

Cortisol plays a central role in maintaining metabolic homeostasis during exercise by promoting
glucose availability, mobilizing lipid substrates, and regulating protein turnover [1,3,11]. Under
conditions of appropriate HPA axis regulation, these actions support sustained energy supply
and facilitate adaptation to training demands [2,3]. However, chronic disturbances in cortisol
secretion patterns may compromise metabolic efficiency, particularly during prolonged or high-
intensity exercise [6,14].

Persistently elevated cortisol exposure can promote excessive protein catabolism and impair
muscle glycogen resynthesis, potentially reducing the capacity to sustain repeated bouts of
exercise [1,4]. Conversely, blunted cortisol responses may limit the availability of metabolic
substrates during physical stress, thereby constraining exercise tolerance [6]. These alterations
may represent functional maladaptations of stress regulation in response to cumulative training
load [4,14].

14



6.2 Neuromuscular Function and Central Fatigue

Exercise capacity is not determined solely by peripheral energy supply but also by
neuromuscular coordination and central drive [6,21]. Cortisol influences neuromuscular
function both directly, through its effects on muscle tissue, and indirectly, via central nervous

system pathways involved in motivation, arousal, and fatigue perception [4,6].

Altered HPA axis activity has been associated with changes in neuromuscular performance,
including reductions in force production, altered motor unit recruitment, and increased
perception of effort [6,21]. Chronic dysregulation of cortisol signaling may contribute to central
fatigue mechanisms, reducing the capacity to generate or sustain voluntary muscle activation
during exercise [4,14]. Such effects can manifest as decreased performance consistency or

reduced tolerance to training intensity, even in the absence of overt musculoskeletal injury [21].

6.3 Stress Responsiveness and Performance Stability

A key aspect of exercise capacity is not only peak performance but also the ability to maintain
stable performance across training sessions and competitive demands [14,15]. The HPA axis
plays an important role in coordinating physiological responses to both physical and
psychological stressors, including competition, time pressure, and environmental challenges
[3,4,10].

Functional dysregulation of the HPA axis may impair stress responsiveness, leading to
exaggerated or insufficient hormonal responses to acute demands [6,13]. This reduced
regulatory flexibility can compromise performance stability, increasing variability in exercise
capacity across time [6,14]. From this perspective, exercise intolerance associated with HPA
axis dysregulation reflects diminished adaptability rather than a simple reduction in maximal

performance potential [4].

6.4 Exercise Capacity as an Integrated Outcome of Endocrine Regulation

Importantly, the relationship between HPA axis activity and exercise capacity should be viewed

as bidirectional and dynamic [2,3]. Exercise capacity both influences and is influenced by

15



endocrine stress regulation, with chronic training stress shaping hormonal responsiveness and

hormonal dysregulation, in turn, affecting tolerance to physical load [6,14].

Rather than serving as a single causal factor, HPA axis dysregulation contributes to a broader
network of interacting mechanisms that determine exercise capacity [4,11]. These include
metabolic efficiency, neuromuscular function, central fatigue, and stress adaptability.
Understanding exercise capacity through this integrative lens allows for a more nuanced
interpretation of performance limitations observed in regularly training individuals exposed to
sustained stress [2,6,14].

7. HPA Axis Function and Recovery Processes in Regularly Training Individuals

Recovery represents a critical but often underexplored component of the training—adaptation
cycle. While exercise-induced activation of the hypothalamic—pituitary—adrenal axis is essential
for acute stress regulation, the resolution of this response and the restoration of endocrine
homeostasis are equally important for effective recovery. In the context of regular training,
recovery encompasses a complex set of physiological processes, including metabolic
replenishment, neuromuscular repair, immune regulation, and neuroendocrine normalization
[4,15]. This section examines the role of HPA axis regulation in recovery processes, focusing
on cortisol dynamics, endocrine flexibility, and the temporal characteristics of recovery-related

adaptations.

7.1 Cortisol Dynamics during Post-Exercise Recovery

Following acute exercise, cortisol levels typically decline as the immediate stress stimulus
subsides and negative feedback mechanisms suppress further HPA axis activation [4,12]. This
post-exercise normalization of cortisol is considered an integral component of recovery,
reflecting the organism’s capacity to terminate the stress response efficiently [4]. In well-
adapted individuals, cortisol concentrations return toward baseline within a predictable

timeframe, supporting metabolic restoration and tissue repair processes [5,15].

However, recovery-related cortisol dynamics may vary depending on exercise intensity,
duration, and cumulative training load [15]. Prolonged or repeated high-intensity exercise
sessions can delay cortisol normalization, leading to sustained elevations or altered diurnal
patterns [5,22]. Such responses do not necessarily indicate pathology but may reflect transient
endocrine strain associated with insufficient recovery time between training bouts [15,22].
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Importantly, cortisol dynamics during recovery should be interpreted in relation to baseline
secretion patterns and individual variability [5,8]. Single post-exercise measurements provide
limited insight into recovery status unless considered alongside longitudinal hormonal profiles

and contextual training information [5,15].
7.2 Endocrine Flexibility and Recovery Capacity

Beyond absolute cortisol concentrations, the concept of endocrine flexibility has gained
relevance in understanding recovery processes. Endocrine flexibility refers to the ability of the
HPA axis to appropriately activate in response to stress and subsequently downregulate once
the stressor has resolved. Efficient recovery is therefore characterized not by suppressed

hormonal responses, but by timely and proportionate regulation of cortisol secretion [4].

Reduced endocrine flexibility may manifest as blunted or exaggerated cortisol responses to
subsequent stressors, altered diurnal rhythms, or diminished responsiveness of the cortisol
awakening response [5,6,22]. These patterns may indicate impaired recovery capacity,
particularly when observed consistently over time [5,15]. In regularly training individuals, such
alterations may reflect cumulative stress exposure rather than irreversible dysfunction [6,15].

Assessment of endocrine flexibility provides a nuanced perspective on recovery, emphasizing
regulatory capacity rather than static hormone levels [4]. This approach aligns with
contemporary views of recovery as a dynamic process involving coordinated physiological

regulation across multiple systems [4,15].
7.3 Temporal Characteristics and Reversibility of HPA Axis Dysregulation

Recovery processes unfold over varying timescales, ranging from hours to days or weeks,
depending on the magnitude and duration of training stress [15]. Correspondingly, alterations
in HPA axis function may be transient or persistent, influenced by training load management,
recovery strategies, and individual resilience [14,15]. Short-term deviations in cortisol
dynamics are commonly observed during periods of intensified training and may resolve with

adequate recovery [22,5].

Crucially, functional dysregulation of the HPA axis in the context of training appears to be, at
least partially, time-dependent and reversible [6,14]. Evidence suggests that reductions in

training load, restoration of adequate recovery periods, and normalization of sleep and
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nutritional patterns can facilitate the recovery of typical cortisol secretion profiles [6,14,15].
This temporal reversibility supports the interpretation of HPA axis dysregulation within an
adaptive—maladaptive continuum rather than as a fixed impairment [4,14].

Understanding the time course of endocrine recovery is essential for distinguishing between
adaptive stress responses and maladaptive states associated with prolonged fatigue or
performance decline under conditions of sustained functional dysregulation [14,15]. From this
perspective, recovery should be viewed as an active regulatory process in which restoration of
HPA axis regulatory function plays a central role, consistent with the adaptive framework

outlined in earlier sections of this review [4,14].

8. Practical Implications

Although this review is primarily focused on the physiological mechanisms and consequences
of HPA axis dysregulation, several practical considerations emerge for the monitoring and
management of regularly training individuals. These implications should be interpreted as
supportive tools for understanding training stress and recovery rather than as prescriptive
guidelines.

From a monitoring perspective, repeated assessment of cortisol-related markers, including basal
cortisol levels and the cortisol awakening response, may provide complementary information
on endocrine stress regulation when interpreted longitudinally [8,15]. Such markers are most
informative when combined with training load data, recovery indicators, and contextual factors,

rather than used in isolation.

Individual variability in HPA axis responsiveness highlights the importance of personalized
approaches to training management. Inter-individual differences in cortisol dynamics suggest
that similar training loads may elicit divergent endocrine responses, underscoring the need for
individualized interpretation of physiological markers rather than reliance on universal
thresholds [15].

Finally, the use of endocrine markers in applied settings is subject to methodological and
practical limitations. Factors such as circadian variation, compliance with sampling protocols,
and non-training-related stressors must be carefully considered [8]. Accordingly, cortisol-based
measures should be viewed as one component of a broader monitoring framework, rather than

as standalone indicators of training status or recovery quality [8,15].
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9. Limitations and Future Perspectives

Despite the growing body of research on HPA axis function in the context of physical training,
several limitations should be acknowledged when interpreting the findings summarized in this
review. The available literature is characterized by substantial heterogeneity with respect to
study design, training modalities, participant characteristics, and methods used to assess
cortisol-related markers. Differences in sampling protocols, timing of measurements, and

control of confounding factors may limit direct comparability across studies.

Another important limitation concerns the reliance on cortisol-based markers as proxies of HPA
axis function. While cortisol and the cortisol awakening response provide valuable insight into
endocrine stress regulation, they represent only part of a complex neuroendocrine system.
Interpretation of these markers is further complicated by individual variability and the influence

of non-training-related stressors, such as sleep disturbances or psychosocial load.

Future research would benefit from more standardized methodological approaches, particularly
in longitudinal study designs that integrate endocrine markers with detailed training load,
recovery metrics, and performance outcomes. Greater emphasis on within-subject analyses may
help clarify individual patterns of adaptation and dysregulation. Additionally, expanding
research across diverse athletic populations and training contexts may improve the
generalizability of current findings.

Overall, addressing these limitations may support a more precise understanding of how HPA
axis regulation interacts with exercise capacity and recovery in regularly training individuals.

Finally, some recently published findings have not yet been independently replicated.

10. Conclusions

The hypothalamic—pituitary—adrenal axis represents a central regulatory system linking
physical training stress with physiological adaptation, exercise capacity, and recovery. In
regularly training individuals, activation of the HPA axis and cortisol secretion constitutes a
necessary component of acute stress responses, supporting metabolic demands and adaptive

processes. However, when exposure to training stress becomes excessive or recovery is
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insufficient, functional alterations in HPA axis regulation may emerge under conditions of

sustained training stress.

Current evidence indicates that dysregulation of cortisol dynamics, including changes in basal
secretion, diurnal rhythm, and cortisol awakening response, is associated with impaired
exercise tolerance and compromised recovery capacity. These alterations can be situated within
an adaptive—maladaptive continuum of stress regulation rather than reflecting fixed impairment.
Importantly, the reviewed literature suggests that HPA axis disturbances related to training load
are often time-dependent and at least partially reversible with appropriate recovery and load

management.

Assessment of cortisol-related markers provides valuable insight into endocrine stress
regulation, particularly when interpreted longitudinally and in combination with contextual
training and recovery information. Rather than serving as isolated indicators, these markers
contribute to a broader understanding of individual stress responsiveness and recovery

processes.

Overall, this review highlights the importance of viewing HPA axis function as a dynamic and
integrative component of training adaptation. Recognizing the role of endocrine regulation in
exercise capacity and recovery may support more nuanced interpretation of physiological
responses to training stress and contribute to improved monitoring strategies in physically

active populations.

Viewing HPA axis regulation as a dynamic marker of stress adaptability, rather than a static
indicator of dysfunction, may improve interpretation of training responses in physically active

populations.

Disclosures:

Author’s contribution:
Conceptualization: AG, WP, BP;
Methodology: AG, JAW, MMT, LO;
Software: AP, JP, WP;

Check: NMK, AK, KSB;

Formal analysis: AG, BP, DJG, AP;

20



Investigation: NMK, LO, AK;

Resources: JAW, MMT, KSB, DJG;

Data curation: BP, JP, WP;

Writing-rough preparation: MMT, KSB;

Writing -review and editing: NMK, BP, JAW, DJG;
Visualization: JP, AP, LO; Supervision: AG, AK, WP, MMT;
Project administration: AG, BP, JAW

Funding: The study did not receive external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.
Acknowledgements: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.
All authors have read and agreed with the published version of the manuscript.
Declaration of the use of generative Al and Al-assisted technologies in the writing process:

In preparing this work, the authors used ChatGPT for the purpose of improving language and
readability. After using this tool, the authors have reviewed and edited the content as needed

and accept full responsibility for the substantive content of the publication.

REFERENCES:
1. Herman JP, McKlveen JM, Ghosal S, et al. Regulation of the hypothalamic-pituitary-
adrenocortical ~ stress  response.  Compr  Physiol.  2016;6(2):603-621.
doi:10.1002/cphy.c150015.

2. Moyers SA, Hagger M. Physical activity and cortisol regulation: a meta-analysis. Biol
Psychol. 2023;183:108548. doi:10.1016/j.biopsycho.2023.108548.

3. Athanasiou N, Bogdanis GC, Mastorakos G. Endocrine responses of the stress system

to different types of exercise. Rev Endocr Metab Disord. 2023;24(2):251-266.

21



doi:10.1007/s11154-022-09758-1.

4. McEwen BS. Neurobiological and systemic effects of chronic stress. Physiol Rev.

2017;97(1):313-354. doi:10.1152/physrev.00043.2015.
5. Kallen VL, Strahler J, Aldred S, et al. Day-to-day dynamics of salivary cortisol are
associated with training load, performance and recovery in competitive rowers. BMJ

Open Sport Exerc Med. 2017;3(1):e000235. doi:10.1136/bmjsem-2017-000235.

6. Anderson T, Wideman L, Cadegiani FA, Kater CE. Effects of overtraining status on the

cortisol awakening response: endocrine and metabolic responses in overtraining
syndrome (EROS-CAR). Int J Sports Physiol Perform. 2021:16(7):1061-1070.
doi:10.1123/ijspp.2020-0205.

7. Anderson T, Wideman L. Exercise and the cortisol awakening response: a systematic

review. Sports Med Open. 2017:3:37. doi:10.1186/s40798-017-0102-3.

8. Stalder T, Kirschbaum C, Kudielka BM, Adam EK, Pruessner JC, Wiist S, et al.
Assessment of the cortisol awakening response: expert consensus guidelines.

Psychoneuroendocrinology. 2016;63:414-432. doi:10.1016/j.psyneuen.2015.10.010.

9. Anderson T, Lane AR, Hackney AC. The cortisol awakening response is associated with
training load in endurance runners. Int J Sports Physiol Perform. 2018;13(9):1158-
1163. doi:10.1123/ijspp.2017-0740.

10. Caplin A, Chen FS, Beauchamp MR, Puterman E. The effects of exercise intensity
on the cortisol response to a subsequent acute psychosocial stressor.
Psychoneuroendocrinology. 2021;131:105336.
doi:10.1016/j.psyneuen.2021.105336.

11. Mennitti C, Farina G, D’Ascenzo M, Campanella B, lannuzzi A, Cicalese S, et al.

How does physical activity modulate hormone responses? Biomolecules.

2024;14(11):1418. doi:10.3390/biomolecules14111418.

22



12.

13.

14.

15.

16.

17.

18.

19.

Duclos M, Tabarin A. Exercise and the hypothalamo-pituitary-adrenal axis. Front

Horm Res. 2016;47:12-26. do0i:10.1159/000445149.

Arvidson E, Sjors Dahlman A, Borjesson M, Gullstrand L, Jonsdottir I[H. Effects of
exercise training on hypothalamic-pituitary-adrenal axis reactivity and autonomic
response to acute stress: a randomized controlled study. Trials. 2020;21:903.

doi:10.1186/s13063-020-04803-3.

Meeusen R, Duclos M, Foster C, Fry A, Gleeson M, Nieman D, et al. Prevention,
diagnosis, and treatment of the overtraining syndrome: joint consensus statement of
the European College of Sport Science and the American College of Sports Medicine.
Med Sci Sports Exerc. 2013;45(1):186-205. doi:10.1249/MSS.0b013e318279a10a.

Halson SL. Monitoring training load to understand fatigue in athletes. Sports Med.
2014;44(Suppl 2):S139-S147. doi:10.1007/s40279-014-0253-z.

Ogasawara Y, Sugo T, Tsuchiya H. Changes in cortisol awakening response during
10 days of high-intensity cycling exercise. Life. 2025;15(12):1872.
doi:10.3390/1ife15121872.

Csondor E, Karvaly G, Ligetvari R, Kovacs K, Komka Z, Mora A, etal.

Adrenal, gonadal and peripheral steroid changes in response to extreme physical
stress for characterizing load capacity in athletes. Metabolites. 2022;12(2):91.
doi:10.3390/metabo12020091.

Slimani M, Paravlic A, Chaabene H, Davis P, Chamari K, Cheour F. Hormonal
responses to striking combat sports competition: a systematic review and meta-

analysis. Biol Sport. 2018;35(2):121-136. doi:10.5114/biolsport.2018.71601.

Ostapiuk-Karolczuk J, Dziewiecka H, Bojsa P, Cieslicka M, Zawadka-Kunikowska
M, Kazmierczak W, et al. Biochemical and psychological markers of fatigue and

recovery in mixed martial arts athletes during strength and conditioning training. Sci

Rep. 2025;15(1):24234. doi:10.1038/s41598-025-09719-z.

23



20.

21.

22.

23.

Vollrath S, Bitterlich N, Liidin D, Rothenbiihler A, Hackney AC, Lorenzetti SR, et al.
Acute adrenal suppression following resistance training in elite female athletes: a
comprehensive steroid profile. Sports. 2025;13(12):426.
doi:10.3390/sports13120426.

Crewther BT, Lowe T, Weatherby RP, Gill N, Keogh JWL. Neuromuscular
performance and hormonal responses to an elite-level rugby union training camp. J
Strength Cond Res. 2009;23(6):1667-1676. doi:10.1519/JSC.0b013e3181b3dd38.
Minetto MA, Lanfranco F, Tibaudi A, Baldi M, Termine A, Ghigo E. Changes in
awakening cortisol response and midnight salivary cortisol are sensitive markers of
strenuous training-induced fatigue. J Endocrinol Invest. 2008;31(1):16-24.
doi:10.1007/BF03345561.

24



