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Abstract

Elite athletic performance requires high training loads, but insufficient recovery in the context
of accumulated stress may contribute to the development of overtraining syndrome (OTS).
Current models associate OTS with neuroendocrine, immune, and inflammatory disturbances;
however, these frameworks do not fully explain why individual athletes demonstrate different

susceptibilities to impaired recovery.

The gastrointestinal tract represents a dynamic interface connecting physical stress, immune
responses, and metabolic changes with skeletal muscle adaptation. At the centre of this
interaction is the gut-immune—muscle axis, a framework that describes the continuous dialogue

between intestinal microbes, epithelial barrier integrity, and skeletal muscle function.

Microbe-derived metabolites may act as important signalling molecules that contribute to
metabolic regulation during exercise adaptation. However, when high training demands are
considered, this finely balanced system may become disrupted. Reduced intestinal barrier
integrity can then contribute to systemic inflammatory responses, providing a potential link

between gastrointestinal stress, immune activation, and impaired recovery.

Increased intestinal permeability may facilitate the translocation of microbial-derived
components, thereby activating systemic inflammatory signalling. During strenuous exercise,
physiological stress on the gastrointestinal tract may further compromise epithelial barrier
integrity, potentially amplifying these immune responses, thereby interfering with skeletal

muscle remodelling and recovery processes.

In this review, the gut-immune—muscle axis is proposed as a framework connecting intestinal
dysfunction, immune alterations, and exercise maladaptation. Gut-related mechanisms are
unlikely to represent a direct cause of OTS; rather, they may function as important biological
modifiers that influence an athlete’s capacity to tolerate and recover from excessive training

stress.
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Introduction

Sustaining elite athletic performance hinges on a delicate equilibrium between physical exertion

and rest. While structured exercise drives positive adaptations—such as enhanced muscle



function, metabolic efficiency, and immune regulation—an unresolved imbalance triggers a
downward spiral. When training outpaces recovery, athletes risk developing overtraining
syndrome (OTS). This state is marked by chronic performance drops, exhaustion, mood shifts,
and sleep disruptions that persist even after shedding the training workload

[1-3].

Diagnosing overtraining syndrome (OTS) remains a major challenge in sports medicine, as no
single validated biomarker is currently available. Existing models emphasize the combined
contribution of excessive training load, insufficient recovery, neuroendocrine alterations, and
immune dysregulation. However, these frameworks do not fully account for why individual
athletes display markedly different responses to comparable workloads, with some developing

prolonged maladaptation while others successfully adapt and recover [1, 4, 5].

Early perspectives on OTS pathogenesis focused primarily on disruptions within hormonal and
immune regulatory systems. These concepts contributed to the development of the cytokine
hypothesis, which proposed that repeated exposure to excessive training stress may promote
persistent inflammatory signalling and impair recovery processes. Although research has
demonstrated associations between overtraining states and altered immune responses, the
complexity of OTS suggests that endocrine and immune mechanisms represent only one part
of a broader physiological network. This has encouraged exploration of additional regulatory

pathways that may influence individual susceptibility to maladaptation [6—8].

he gut does far more than just process food; it is a major regulatory organ linking physical stress
to host metabolism and immunity. This connection relies heavily on the intestinal microbiota.
Through specialized metabolites, these microbes communicate directly with host tissues and
may influence processes involved in exercise adaptation. Yet, this ecosystem is highly
vulnerable. Chronic training loads, coupled with poor nutrition and failed recovery, may disrupt

this balance, contributing to microbial imbalance and impaired intestinal function [9-11].

The gut-muscle axis facilitates a continuous, bidirectional dialogue between intestinal microbes
and skeletal tissue. Bacterial metabolites—notably short-chain fatty acids and bile acid
derivatives—can influence mitochondrial function, energy metabolism, and processes involved
in muscle remodelling. Moreover, the dynamic cross-talk between microbial signals and
muscle-derived myokines highlights that athletic adaptation is a systemic process involving

communication across multiple organs [12—14].



Systemic inflammatory responses during strenuous exercise may be influenced by intestinal
barrier disruption. Heavy and prolonged training can reduce gastrointestinal blood flow,
contributing to epithelial stress and increased intestinal permeability [15, 16]. When barrier
integrity is compromised, microbial-derived components such as lipopolysaccharide (LPS) may
translocate into circulation, contributing to innate immune activation and inflammatory

signalling [17].

Acute inflammation is an essential component of muscle repair and exercise adaptation.
However, when recovery is insufficient, prolonged immune activation may contribute to
chronic low-grade inflammation. The gut-immune—muscle axis provides an additional
perspective on this interaction by highlighting how intestinal barrier alterations and microbial-
derived signals may influence systemic immune regulation. Exercise-induced disruption of
intestinal barrier function may represent one pathway linking gastrointestinal stress with
inflammatory responses during periods of high physiological demand [18]. Persistent
alterations in immune regulation may, in turn, contribute to impaired recovery and

maladaptation associated with excessive training stress [19].

The gut-immune—muscle axis introduced here serves as a holistic model tying together
microbial shifts, barrier disruption, and immune responses with their downstream effects on
skeletal tissue during extreme training. Crucially, we do not argue that intestinal failure alone
causes OTS. Instead, our framework positions the gastrointestinal tract as a key biological
modifier that may help explain why some athletes develop overtraining-related maladaptation,

while others continue to adapt and recover despite similar training demands.

This review follows a mechanistic progression from microbial regulation to exercise
maladaptation. First, the role of the gut microbiota as a dynamic regulator of metabolic and
immune processes during exercise adaptation is discussed. Subsequently, exercise-induced
alterations in intestinal barrier function are examined as a potential interface between
gastrointestinal stress and systemic responses. The following sections explore how microbial-
derived signals and immune activation may influence skeletal muscle adaptation through the
gut-immune—muscle axis. Finally, the preceding biological mechanisms are integrated within
the conceptual framework of the gut-immune-muscle axis to examine their potential

contribution to exercise maladaptation and overtraining syndrome.



The Athletic Gut Microbiota: Composition, Diversity, and Functional Adaptation

The gut microbiota is a living ecosystem that actively tunes host metabolism and immunity. For
athletes, this microbial community is shaped by several shifting forces: training volume,
exercise intensity, diet, and recovery status. This means the athletic microbiome works both
ways. It is not just a consequence of physical training. Instead, it operates as a major biological

engine driving adaptation to chronic exercise stress. [9, 20].

Comparative studies show that regular exercise yields greater microbial diversity and distinct
functional shifts compared to sedentary baselines. This heightened diversity acts as a buffer,
ensuring ecosystem stability and functional resilience while driving the synthesis of compounds
vital for host adaptation. Evidence from elite cohorts confirms these deep-seated differences in
taxonomy and metabolic pathways, pointing to a specialized, exercise-associated microbiome
with functional characteristics that may support adaptation to high energy demands and

repeated physical stress [10, 21].

Diet acts as a primary conductor of the exercise—microbiota interaction. The availability of
dietary fibre, carbohydrates, and protein, alongside overall energy balance, directly dictates
microbial metabolism and the resulting metabolite pool. Consequently, performance-focused
nutritional strategies shape bacterial function in elite cohorts. On the flip side, chronic energy
deficiencies, restrictive eating habits, or neglected recovery nutrition dismantle this microbial

equilibrium, eroding intestinal resilience [9, 11].

Microbial production of bioactive metabolites represents a foundational mechanism governing
exercise adaptation. Chief among these are short-chain fatty acids (SCFAs)—specifically
acetate, propionate, and butyrate—synthesized via the fermentation of nondigestible
carbohydrates. Rather than merely supporting the gut, SCFAs actively preserve barrier integrity,
modulate immune signalling, and fuel host energy pathways. In skeletal tissue, these molecules
cross into circulation to regulate mitochondrial biogenesis, substrate utilization, insulin
sensitivity, and localized inflammation, effectively forging a molecular bridge between the

microbiome and muscle plasticity [12, 14].

Beyond short-chain fatty acids, the microbiota-mediated biotransformation of bile acids
represents another crucial signalling axis. Gut microorganisms biochemically convert primary
bile acids into secondary metabolites, which serve as potent ligands for host receptors. Through

these precise interactions, modified bile acids directly modulate systemic energy metabolism,



mitochondrial biogenesis, and the signalling cascades that govern skeletal muscle responses to

training stress [22].

Systematic communication within this network relies on deeply interconnected immune,
metabolic, and endocrine pathways. During physical exertion, contracting skeletal tissue
releases myokines that orchestrate metabolic shifts, resolve inflammation, and drive tissue
remodelling. Concurrently, circulating microbial signals fine-tune systemic immunity and host
energy metabolism. This intense, two-way dialogue reinforces the paradigm that athletic
adaptation is a systemic property born from integrated multi-organ cross-talk, rather than an

isolated tissue response [13, 23].

The paradigm in microbiome research is rapidly moving past individual bacterial taxa to decode
the actual functional machinery of microbial populations. Meta-omic evaluations of elite
cohorts highlight distinct metabolic networks associated with physical stress, most notably the
metabolic clearance of systemic lactate by targeted gut microorganisms. These functional
signatures may provide greater insight than static taxonomic data, offering a clearer
understanding of the biological cross-talk governing exercise adaptation and post-effort

recovery [24].

Crucially, the interaction between physical activity and the gut microbiota is strictly dose-
dependent. While moderate, well-regulated training fortifies microbial stability, functional
capacity, and immune balance, extreme conditioning outpaces this adaptive threshold. When
heavy training volumes clash with poor recovery, the system shifts toward microbial dysbiosis,

functional degradation, and a disruption of intestinal homeostasis [20, 21].

Viewing the gut-immune—muscle axis as a cohesive system means that microbial shifts cannot
be treated as an isolated trigger for performance drops or overtraining syndrome. Rather, these
bacterial changes are just one facet of a larger physiological network that encompasses gut
barrier efficiency, immune surveillance, metabolic pathways, and muscular remodelling.
Consequently, the shift from beneficial microbial adaptation toward dysbiosis may represent a
critical transition point, potentially affecting an athlete's recovery capacity when exposed to

unrelenting training stress.

In summary, the gastrointestinal microbiome functions as a plastic, highly integrated element
of training adaptation. While maintaining microbial homeostasis underpins long-term

biological resilience and recovery, structural shifts toward dysbiosis may compromise these



protective mechanisms. These alterations may increase susceptibility to chronic physiological

stress and contribute to the development of overtraining-related symptoms.

Exercise-Induced Intestinal Barrier Dysfunction: From Physiological Adaptation to

Maladaptive Responses

The intestinal barrier forms the interface between the gut lumen and the host, where it regulates
interactions between the gut microbiota, immune system, and metabolic processes. In athletes,
maintaining intestinal barrier integrity is especially important because repeated exposure to
intensive training, prolonged endurance exercise, environmental stress, and nutritional
challenges may disturb gastrointestinal homeostasis. Although regular moderate exercise is
generally associated with beneficial adaptations, prolonged or excessive exercise may impair
barrier function, increase intestinal permeability, and contribute to systemic inflammatory

responses [18, 25].

Exercise-induced gastrointestinal dysfunction is common among endurance athletes,
particularly during prolonged and high-intensity exercise. Frequently reported symptoms
include nausea, abdominal discomfort, diarrhoea, and impaired nutrient absorption. These
manifestations reflect a combination of physiological changes, including reduced
gastrointestinal blood flow, epithelial injury, increased intestinal permeability, and activation of

immune pathways [18, 26].

Redistribution of blood flow is considered a key mechanism underlying exercise-induced
intestinal dysfunction. During strenuous exercise, increased oxygen demand by active skeletal
muscles and thermoregulatory processes reduce splanchnic perfusion, resulting in intestinal
hypoperfusion. Exercise-induced splanchnic hypoperfusion has been associated with
measurable small intestinal injury, with the extent of injury correlating with transient increases

in intestinal permeability, indicating temporary impairment of gut barrier function [16].

Exercise intensity and duration are key factors influencing intestinal barrier function. While
moderate exercise may promote beneficial adaptations within the gastrointestinal tract,
prolonged high-intensity exercise can overwhelm these adaptive responses and impair epithelial
integrity. Studies in endurance athletes have shown that greater exercise intensity is associated
with more pronounced changes in intestinal permeability, suggesting a relationship between

exercise load and the development of gastrointestinal dysfunction [15].



Intestinal barrier integrity depends on the coordinated function of epithelial cells and tight
junction proteins, which regulate selective transport across the intestinal wall. Excessive
exercise stress may impair intestinal barrier function, increasing permeability and facilitating
the translocation of luminal molecules and microbial components into the circulation. This
phenomenon, commonly referred to as increased intestinal permeability or “leaky gut,”
represents a potential link between local intestinal disturbances and systemic immune activation

[18, 25].

Environmental conditions may further influence the susceptibility of athletes to intestinal
dysfunction. Heat stress, dehydration, and prolonged exercise performed under challenging
conditions increase cardiovascular strain and may exacerbate reductions in gastrointestinal
blood flow. Recent studies suggest that exercising in hot environments can affect markers of
intestinal integrity, indicating that environmental stress may contribute to greater vulnerability

of the gut barrier in athletes [27, 28].

Increased intestinal permeability may facilitate the passage of microbial-derived molecules,
including lipopolysaccharide (LPS), beyond the intestinal barrier, potentially activating innate
immune pathways and inflammatory responses [17]. Studies in endurance athletes have
demonstrated associations between prolonged exercise, intestinal stress, transient endotoxemia,
and increased inflammatory cytokine responses. These findings suggest that excessive
physiological stress during endurance exercise may contribute to systemic inflammatory

activation [18, 29].

Intestinal barrier dysfunction should not necessarily be interpreted as a pathological response
in all circumstances. A transient increase in intestinal permeability following strenuous exercise
may reflect a physiological adaptation involved in immune monitoring and communication
between the gut and other tissues. However, repeated episodes of barrier disruption combined
with inadequate recovery may contribute to long-term disturbances in intestinal homeostasis

and a greater inflammatory load [18, 25].

The interaction between intestinal barrier function and the gut microbiota is reciprocal.
Microbial-derived metabolites, particularly short-chain fatty acids such as butyrate, contribute
to the maintenance of epithelial integrity and modulation of immune responses. In contrast,
disturbances in the gut microbiota caused by excessive training load, inadequate nutritional
intake, or insufficient recovery may impair barrier function, potentially reinforcing the

relationship between dysbiosis and intestinal dysfunction [11, 12].



Within the gut-immune—muscle axis framework, intestinal barrier dysfunction may represent a
potential link between excessive exercise stress and systemic physiological disturbances.
Increased intestinal permeability may facilitate microbial translocation and immune activation,
contributing to inflammatory responses that could influence skeletal muscle metabolism,

remodelling processes, and recovery capacity [14, 30].

Therefore, intestinal integrity may serve as an important marker reflecting the balance between
physiological adaptation and excessive exercise stress. Although current evidence does not
support the view that intestinal barrier dysfunction alone is sufficient to cause overtraining
syndrome, alterations in barrier function may represent one contributing factor within a broader
network involving the gut microbiota, immune responses, metabolism, and skeletal muscle

adaptation.

Gut-Immune—Muscle Axis: Microbial Translocation, Immune Activation, and Skeletal

Muscle Adaptation

The intestinal barrier serves as a critical interface between the gut microbiota and the host
immune system, forming an essential component of the gut-immune—muscle axis. Under
physiological conditions, this barrier enables controlled communication between microbial
communities and immune pathways, supporting metabolic homeostasis and tissue adaptation.
However, excessive exercise stress may disrupt this balance by increasing intestinal
permeability and enhancing the passage of microbial-derived molecules beyond the intestinal
environment. These processes may contribute to systemic inflammatory signalling and provide
a mechanistic link between intestinal dysfunction and altered skeletal muscle responses

following strenuous exercise [17, 18].

A potential consequence of impaired intestinal barrier function is microbial translocation,
during which bacterial components may interact with host immune pathways.
Lipopolysaccharide (LPS), derived from Gram-negative bacteria, can activate innate immune
signalling through pattern recognition receptors, including Toll-like receptor 4 (TLR4).
Activation of these pathways promotes inflammatory mediator production and represents one
mechanism through which intestinal disturbances may influence systemic immune responses

[17,31,32].

Studies investigating strenuous endurance exercise have demonstrated transient endotoxemia,
increased inflammatory cytokine responses, and activation of acute-phase pathways following

prolonged physiological stress. Early research showed that exhaustive exercise may increase
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circulating endotoxin concentrations, while subsequent studies reported associations between
gastrointestinal symptoms, endotoxemia, and systemic inflammatory activation in endurance

athletes [29, 33, 34].

The extent of microbial translocation is influenced by multiple interacting factors, including
exercise intensity and duration, environmental conditions, hydration status, nutritional
availability, and individual susceptibility. Repeated exposure to high training loads may
therefore promote recurrent episodes of intestinal stress, potentially contributing to a greater

inflammatory burden when recovery is inadequate [18, 27].

Innate immune activation following exercise is not inherently harmful. Acute inflammatory
signalling represents an important component of skeletal muscle repair, remodelling, and
adaptation. Exercise-induced increases in inflammatory mediators such as interleukin-6 (IL-6)
are part of the normal physiological response to muscle stress and may contribute to tissue

recovery and adaptation processes [35, 36].

However, persistent activation of inflammatory pathways may contribute to maladaptation.
Repeated exposure to excessive physiological stress can shift immune responses from adaptive
regulation toward chronic low-grade activation. Such alterations may negatively influence
recovery capacity, energy metabolism, and exercise tolerance, particularly when high training

loads are combined with insufficient recovery [1, 6, 19].

Therefore, intestinal dysfunction may represent one of the factors influencing skeletal muscle
physiology during periods of excessive exercise stress. Systemic inflammatory mediators may
affect muscle protein metabolism, mitochondrial function, oxidative balance, and tissue
remodelling processes. Consequently, alterations in intestinal function may contribute to
impaired skeletal muscle adaptation when physiological stress exceeds recovery capacity

[14, 30].

The relationship between the gut and skeletal muscle is considered bidirectional. Exercise-
induced myokines contribute to immune and metabolic regulation, whereas microbial-derived
signals may influence inflammatory pathways, energy metabolism, and tissue function.
Disruption of this communication network may impair the ability of skeletal muscle to adapt

effectively to repeated exercise stimuli [13, 23].

From the perspective of overtraining syndrome, gut-related inflammatory processes may

represent one factor contributing to differences in individual responses to similar external
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training loads. Variations in microbiota composition, intestinal resilience, nutritional status, and
immune regulation may influence the balance between successful adaptation and maladaptive
responses to repeated exercise stress. Importantly, current evidence does not support the view
that microbial translocation or intestinal inflammation alone is sufficient to cause OTS. Instead,
these processes should be considered as potential components of a broader physiological
network involving training stress, recovery capacity, neuroendocrine regulation, immune
responses, and skeletal muscle adaptation. Within this framework, the gut-immune—muscle axis
may represent an additional pathway contributing to impaired recovery and increased

susceptibility to overtraining-related symptoms [1, 5].

In summary, gut-derived inflammatory signalling may represent an important mechanistic link
between exercise-induced intestinal dysfunction and systemic physiological responses. The
balance between transient adaptive inflammation and prolonged immune activation may
influence whether exercise promotes beneficial adaptation or contributes to maladaptive

responses associated with overtraining syndrome.

The Gut-Immune—Muscle Axis in Overtraining Syndrome: From Biological Mechanisms

to Maladaptation

Overtraining syndrome (OTS) represents a complex condition associated with persistent
fatigue, impaired performance capacity, and prolonged disturbances in recovery despite
adequate rest. Although excessive training stress is considered an important factor contributing
to OTS development, current evidence indicates that no single mechanism or biomarker is
sufficient to explain its occurrence. Instead, OTS is likely the result of interactions between
multiple physiological systems, including neuroendocrine regulation, immune responses,

metabolic processes, and skeletal muscle adaptation [1, 2, 5].

Within this multifactorial framework, the gut-immune—muscle axis may represent an additional
pathway involved in the transition from successful adaptation toward maladaptation. Exercise-
induced alterations in intestinal barrier function, microbial activity, and immune regulation may
influence systemic responses to repeated physiological stress. However, these processes should

be considered as potential modifying factors rather than independent causes of OTS [17, 18].

Athletes exposed to high training loads may experience repeated disturbances in intestinal
homeostasis, particularly when intensive exercise is combined with insufficient recovery,
nutritional limitations, or environmental stress. Although transient changes in intestinal

permeability and immune activity may form part of normal exercise adaptation, repeated
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disruption of these processes may contribute to an imbalance between physiological stress and
recovery capacity. Such alterations may increase susceptibility to maladaptive responses when

excessive training stress exceeds recovery capacity [1, 37].

The gut microbiota may further influence individual responses to exercise stress through
regulation of epithelial integrity, immune homeostasis, and production of microbial metabolites.
Short-chain fatty acids and bile acid derivatives have been proposed as important mediators of
communication between the gut and peripheral tissues, including skeletal muscle. Changes in
microbial composition or function associated with training load, dietary factors, or inadequate
recovery may therefore modify metabolic and inflammatory responses relevant to exercise

adaptation [12, 14, 22].

An important implication of the gut-immune—muscle axis model is its potential to explain why
athletes exposed to similar external training loads may experience different outcomes.
Individual differences in microbiota composition, intestinal resilience, nutritional status,
immune regulation, and recovery strategies may influence whether physiological stress results

in successful adaptation or contributes to maladaptation [9, 11].

At the level of skeletal muscle, prolonged inflammatory activation and altered metabolic
signalling may affect processes involved in recovery, remodelling, and adaptation. However,
the available evidence does not currently demonstrate a direct causal relationship between gut
dysfunction and OTS development. Most studies have investigated intestinal responses,
inflammation, or microbiome alterations separately, and longitudinal evidence directly

connecting these mechanisms with clinically defined OTS remains limited [5, 38].

Therefore, the gut-immune—muscle axis should be viewed as a complementary model that
expands current understanding of overtraining-related maladaptation. Rather than representing
a single cause of OTS, gut-derived mechanisms may act as part of a broader biological network
in which training stress, recovery capacity, immune regulation, nutrition, and skeletal muscle

responses interact to determine individual adaptation outcomes.

Future research should focus on longitudinal studies that integrate microbiome analysis,
intestinal permeability markers, inflammatory profiles, metabolic measurements, and
performance monitoring throughout training cycles. Such studies may help identify whether
gut-related indicators can contribute to earlier recognition of impaired recovery and support

more individualized strategies for athlete management.
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In conclusion, the gut-immune-muscle axis provides a promising perspective for
understanding the complexity of OTS. By integrating gastrointestinal, immune, metabolic, and
muscular responses, this model may help explain the transition from effective adaptation to
maladaptation while highlighting the need for further research before gut-related mechanisms

can be considered for routine monitoring of athlete health and performance.
Conclusions and Limitations

The gut-immune—muscle axis provides an emerging integrative framework for understanding
the complex biological mechanisms involved in exercise adaptation, impaired recovery, and
overtraining syndrome (OTS). Although traditional models of OTS emphasize excessive
training stress, neuroendocrine disturbances, immune dysfunction, and inflammatory
imbalance, these mechanisms do not fully explain individual variability in athletes’ responses

to similar training demands [1, 2].

Current evidence suggests that the gastrointestinal tract and gut microbiota may represent
important regulatory components linking exercise stress with systemic physiological responses.
Exercise-induced alterations in intestinal barrier function may facilitate microbial translocation
and activate innate immune pathways, contributing to inflammatory signalling and impaired

recovery processes [17, 18].

Microbiota-derived metabolites, including short-chain fatty acids and bile acid derivatives, may
influence skeletal muscle metabolism, mitochondrial function, immune regulation, and tissue
adaptation. Therefore, microbial function and intestinal integrity may represent potential
modifiers of the balance between beneficial adaptation and maladaptive responses during

periods of excessive physiological stress [12, 14, 22].

The proposed gut-immune—muscle axis model does not suggest that microbiota disruption or
intestinal dysfunction independently causes OTS. Instead, it identifies gut-related mechanisms
as components of a broader biological network involving training load, recovery capacity,
nutrition, immune regulation, and skeletal muscle adaptation. This perspective may help explain

differences in individual susceptibility to overtraining-related maladaptation.

Future research should prioritize longitudinal studies that integrate microbiome analysis,
intestinal permeability markers, inflammatory profiles, and performance monitoring. Such
approaches may contribute to the identification of early indicators of impaired recovery and

support individualized strategies for maintaining athlete health and performance.
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Several limitations should be considered when interpreting the proposed model. First, direct
evidence linking gut microbiota alterations and intestinal barrier dysfunction specifically to
overtraining syndrome remains limited. Most available studies investigate exercise-induced
gastrointestinal responses, inflammation, or microbiome changes separately rather than within

a unified longitudinal framework.

Second, the human gut microbiome is highly variable and influenced by multiple factors,
including dietary habits, genetic background, training history, environmental exposure,
medication use, and lifestyle factors. Therefore, distinguishing exercise-specific effects from

broader determinants of microbial variation remains challenging [9, 11].

Third, current evidence is largely based on observational studies, acute exercise interventions,
or mechanistic research models. Although these studies provide biological plausibility, causal
relationships between gut dysfunction, immune activation, and OTS development remain to be

established.

Finally, microbiome-based biomarkers and potential interventions require further validation
before routine application in athlete monitoring. Future investigations should focus on
standardized methodologies, repeated measurements over training cycles, and integration of

microbial, immune, metabolic, and performance-related outcomes.

Despite these limitations, the gut-immune—muscle axis represents a valuable framework for
expanding current understanding of overtraining-related maladaptation. By integrating
gastrointestinal, immune, and muscular responses, this model may help identify new research
priorities focused on recovery monitoring, prevention strategies, and individualized approaches

to athlete management.
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