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Abstract

Background: Recent evidence suggests that the gut microbiota can influence host metabolism,
immunity, and tissue repair—processes critical for exercise performance and recovery.
Objective: To synthesise human research examining whether modulation of the gut
microbiota—via probiotics, prebiotics, diet, or training—affects physical capacity and post-
exercise recovery.

Methods: A systematic search of PubMed and Scopus (until May 2025) identified peer-
reviewed human studies involving gut-directed interventions or athlete comparisons reporting
on physical performance, fatigue, immune response, or gut integrity. Thirty-five studies met
inclusion criteria and were narratively analysed.

Results: Regular endurance or mixed training increased microbial diversity, SCFA-producing
taxa, and gut-barrier integrity, while excessive loads reduced diversity and increased
permeability. Multi-strain probiotic or synbiotic supplementation (>10'® CFU/day, >4 weeks)
improved endurance, reduced muscle-damage markers, and lowered illness incidence during
intense training. Fibre-rich diets enhanced beneficial taxa and reduced inflammation.
Conclusions: Modulating the gut microbiota is a promising adjunct to training and nutrition
strategies. Periodised probiotic use, sustained fibre intake, and personalised gut-health
monitoring may optimise performance and recovery. Further well-designed, long-term trials are

needed to clarify causality and refine recommendations.

Keywords: Gut microbiota; Exercise performance; Recovery; Probiotics; Prebiotics; Athletes;

Sports nutrition; Short-chain fatty acids (SCFAs); Microbiome modulation; Physical endurance

1. Introduction

Over the past decade, the gut microbiota has emerged as a dynamic and multifaceted component
of human physiology, with far-reaching implications beyond gastrointestinal health. The gut
ecosystem—composed of trillions of bacteria, archaea, viruses, and fungi—plays a pivotal role

in modulating systemic immunity, metabolism, neuroendocrine signaling, and barrier function.



These microbiota-host interactions are increasingly recognized as relevant not only in disease
prevention but also in optimizing physiological performance in healthy individuals, including

athletes [1,3,25].

In the context of sports and physical activity, the concept of the “athletic gut microbiota” has
gained considerable attention. Athletes demonstrate a distinct gut microbial profile compared
to sedentary individuals, characterized by higher microbial diversity, enrichment of short-chain
fatty acid (SCFA)-producing bacteria, and altered metabolic potential [3,28,35]. These
variations are not merely reflective of lifestyle differences but may actively contribute to
exercise-related adaptations such as improved energy utilization, enhanced anti-inflammatory

responses, and more efficient recovery from exertion [3,6,12].

Experimental and translational studies have provided compelling evidence that targeted
modulation of the gut microbiota—via probiotics, dietary strategies, and training stimuli—can
influence endurance, fatigue resistance, immune resilience, and gastrointestinal function in
physically active populations [13,14,17,24,26]. Mechanistically, this may be mediated through
microbial production of SCFAs, regulation of intestinal permeability, and interactions with
muscle metabolism and mitochondrial function [18,20,34]. However, despite this growing body
of knowledge, the translation of these findings into evidence-based interventions for

performance enhancement remains in its infancy.

From a clinical and applied perspective, optimizing gut health may offer a novel avenue to
enhance both acute exercise capacity and post-exercise recovery. This is particularly relevant
in high-performance settings where gastrointestinal disturbances, chronic low-grade
inflammation, and compromised immune function can hinder training continuity and
competitive success [13,21,30]. Probiotic and prebiotic interventions have been explored as
potential strategies to mitigate these issues, with promising results including reduced exercise-
induced muscle damage, attenuated inflammatory markers, and improved maintenance of

intestinal barrier integrity during strenuous activity [14,23,26,31].

Furthermore, inter-individual variability in microbiota composition and functional capacity
introduces the possibility of personalized, microbiome-guided approaches in sports nutrition

and medicine. Precision interventions based on individual microbial profiles—such as tailored



probiotic formulations or fiber-based modulation—could potentially unlock new dimensions of

performance optimization and recovery support [25,27,32].

Given the complexity and novelty of this field, a comprehensive synthesis of the current
evidence derived from human studies is warranted. This systematic review aims to critically
evaluate the role of gut microbiota modulation—through diet, probiotics, and training—on
exercise performance and recovery outcomes in athletes and physically active individuals.
Particular attention is given to the mechanistic underpinnings of gut-muscle and gut—brain axes,

as well as to the translational potential of microbiota-targeted strategies in human sports practice.

2. Methodology

2.1. Search Strategy

This systematic review was conducted in accordance with PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines. A comprehensive search of the
literature was performed using the PubMed and Scopus databases to identify peer-reviewed
studies published up to May 2025. The following keywords and Boolean operators were used
in various combinations: "gut microbiota” OR "intestinal microbiota”" OR "gut flora" AND
"exercise" OR "training"” OR "physical performance” OR "sports" OR "recovery” OR "fatigue"
OR "athletes" AND "probiotics” OR "prebiotics” OR "diet" OR "modulation”. Only English-

language publications were included.

Additional manual searches of reference lists from relevant reviews and position stands were

performed to ensure completeness.
2.2. Inclusion and Exclusion Criteria
Eligible studies met the following inclusion criteria:

e Population: human participants, including athletes and physically active individuals of

any sex or age group;



e Intervention/exposure: any form of gut microbiota modulation, including probi-

otic/prebiotic supplementation, dietary strategies, or structured exercise programs;

e Outcome: changes in exercise performance, physical recovery, fatigue, muscle function,

immune status, or gastrointestinal health;

e Study design: randomized controlled trials (RCTs), cohort studies, cross-sectional stud-

ies, and narrative/systematic reviews relevant to the topic;

e Publication type: peer-reviewed original research or scholarly review articles indexed

in PubMed or Scopus.

Exclusion criteria were:

Animal studies;

e Non-English publications;

e C(Case reports, editorials, commentaries, and conference abstracts;

e Studies focusing exclusively on pathological populations (e.g., inflammatory bowel dis-

ease, cancer) without relevance to athletic performance or exercise recovery.

2.3. Study Selection and Data Extraction

After removal of duplicates, titles and abstracts were screened independently by two reviewers
to identify potentially relevant studies. Full-text versions of the selected articles were then
assessed for eligibility according to the inclusion/exclusion criteria. Discrepancies were

resolved through discussion and consensus.



From each included article, the following data were extracted: authors, year of publication,
study design, population characteristics, type of intervention or exposure, outcomes assessed

(performance, recovery, microbiota-related measures), and main findings.

2.4. Quality Assessment

Although this review included both primary studies and reviews, methodological rigor was
taken into consideration. For interventional studies (RCTs), quality was assessed using a
simplified version of the CONSORT checklist, while observational studies were evaluated
using a modified version of the STROBE criteria. Review articles were appraised based on

relevance, transparency of methodology, and consistency with current evidence.

3.. The Gut—Exercise Axis: Bidirectional Interactions

3.1. Impact of Exercise on Gut Microbiota Composition

Physical activity has emerged as an important modifiable factor capable of influencing the
composition and metabolic functionality of the gut microbiota. Several human studies have
reported that regular exercise is associated with beneficial shifts in microbial diversity, richness,
and functional potential, particularly in athletes and individuals engaging in structured training

regimens [3], [6], [7].

One of the most consistent findings is the enhanced microbial diversity observed in physically
active individuals. Athletes tend to harbor a more complex and functionally enriched gut
microbiota compared to sedentary counterparts [3], [28], [35]. In a cross-sectional study
involving professional rugby players, a significantly higher abundance of short-chain fatty acid
(SCFA)-producing bacteria and amino acid metabolic pathways was identified in the athletic
cohort [35]. Similarly, metagenomic profiling of elite athletes revealed microbial communities
enriched in metabolic pathways associated with energy production, oxidative stress regulation,

and xenobiotic metabolism [29].

Importantly, the type, duration, and intensity of exercise appear to modulate the degree of
microbial response. While acute bouts of physical activity may have minimal or transient effects,
chronic endurance or high-intensity training is more consistently associated with structural and

functional adaptations in the gut microbiota [7], [9]. In endurance-trained individuals, a higher



relative abundance of beneficial genera such as Bifidobacterium and Faecalibacterium has been
reported, suggesting cumulative benefits of long-term physical training on gut microbial

balance [10].

Differences in the composition of the gut microbiota have also been observed across various
sport disciplines. In a multi-cohort study comparing endurance, strength, and mixed-sport
athletes, distinct microbial signatures were associated with each group, suggesting that specific
training modalities elicit differential effects on gut microbial ecology [28]. These differences
were accompanied by variations in markers of systemic inflammation, indicating that the type

of physical stress may shape the gut environment through immune—microbiota interactions [28].

The modulatory effects of exercise on the gut microbiota are further influenced by dietary habits.
Athletes often adhere to diets rich in protein, complex carbohydrates, and dietary fiber—
components known to exert prebiotic effects. Such dietary patterns can synergistically interact
with training-induced physiological changes to promote beneficial bacterial taxa [5, 8, 9]. For
example, sport-specific nutritional strategies have been associated with increased abundance of

Prevotella spp. and other saccharolytic bacteria that support energy metabolism and gut health
[9].

Nonetheless, excessive training or inadequate recovery can impair gut microbial stability. High
training volumes or chronic exertional stress have been linked to reduced microbial diversity,
increased intestinal permeability, and elevated inflammatory markers—potentially leading to
dysbiosis [7, 30]. These disruptions may compromise gut barrier function and immune
homeostasis, particularly in endurance athletes exposed to prolonged physical and

environmental stressors [24, 30].

In summary, exercise exerts a bidirectional influence on the gut microbiota, with well-structured
and sustained training generally promoting a more favorable microbial profile. However, the
effects are context-dependent and modulated by variables such as exercise modality, intensity,
recovery status, and dietary intake. Understanding these interactions provides a basis for

targeted interventions aimed at optimizing gut health in physically active populations.

3.2. Influence of Gut Microbiota on Exercise Capacity and Recovery



Emerging evidence suggests that the gut microbiota is not only shaped by physical activity, but
may itself actively influence host exercise capacity, fatigue resistance, and post-exercise
recovery. These effects appear to be mediated through a variety of mechanisms, including
modulation of energy metabolism, regulation of systemic inflammation, gut—muscle signaling,

and maintenance of intestinal barrier integrity [12, 18, 20].

One of the most compelling mechanistic pathways involves microbial fermentation of dietary
substrates into short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate. These
metabolites play key roles in skeletal muscle energy homeostasis, mitochondrial function, and
anti-inflammatory signaling [18, 34, 35]. Studies have shown that individuals with higher levels
of SCFA-producing bacteria, such as Faecalibacterium prausnitzii and Roseburia spp., exhibit

improved endurance performance and metabolic efficiency [3, 18, 34].

In addition to energy metabolism, gut microbiota may influence glucose utilization and muscle
adaptation. Liu et al. demonstrated that the efficacy of exercise in preventing type 2 diabetes
was partially dependent on the metabolic activity of the gut microbiome, particularly its
capacity for SCFA production and regulation of glucose metabolism [12]. Similarly, other
reports have linked gut-derived metabolites to improved glycogen storage and reduced
oxidative stress in muscle tissue, thereby facilitating exercise performance and recovery [20,

27].

Experimental studies have further suggested that the microbiota contributes to muscle function
through the so-called gut-muscle axis. In physically active individuals, favorable microbial
profiles have been associated with enhanced muscle mass, strength, and contractile efficiency
[16, 20, 25]. Probiotic supplementation has also been shown to attenuate post-exercise
decrements in force production and range of motion, indicating potential benefits for recovery

kinetics [23, 24, 26].

4. Mechanisms Linking Gut Microbiota to Performance and Recovery

4.1. Metabolic Mediation: SCFAs, Lactate, and Mitochondrial Efficiency

A central mechanism by which the gut microbiota may influence physical performance and

recovery involves its capacity to produce bioactive metabolites, particularly short-chain fatty



acids (SCFAs) such as acetate, propionate, and butyrate. These compounds are the result of
microbial fermentation of dietary fibers and other undigested carbohydrates in the colon.
SCFAs have been shown to affect systemic metabolism, improve mitochondrial function, and
modulate immune and inflammatory responses, all of which are relevant to athletic adaptation

and resilience [18, 34, 35].

Acetate, in particular, plays a crucial role in energy metabolism during exercise. It can be
absorbed into the bloodstream and used directly by skeletal muscle and other tissues as a
substrate for oxidative phosphorylation. In animal models, the presence of acetate-producing
microbiota has been linked to enhanced endurance performance, greater mitochondrial
efficiency, and higher glycogen storage [18, 34]. Human athletes with SCFA-rich microbiota
profiles may therefore benefit from improved substrate availability and reduced fatigue during

prolonged exercise efforts [3, 29, 35].

Propionate and butyrate also contribute to performance through distinct but complementary
actions. Propionate supports gluconeogenesis in the liver and can serve as an energy source for
peripheral tissues, while butyrate is particularly relevant to gut epithelial integrity and anti-
inflammatory regulation. By strengthening the gut barrier, butyrate may reduce the systemic
inflammatory load induced by intensive exercise, thereby contributing to faster recovery and

improved adaptation to training stress [18, 26, 30].

Beyond SCFAs, recent studies have highlighted the role of specific bacterial taxa in lactate
metabolism and its implications for exercise performance. For example, Veillonella spp., which
are enriched in the gut microbiota of endurance athletes, have demonstrated the ability to utilize
lactate and convert it into propionate, thus potentially creating a beneficial feedback loop during
high-intensity exertion [3, 35]. This mechanism may contribute to delayed onset of fatigue and

enhanced energy recycling during sustained effort.

Furthermore, gut-derived metabolites influence mitochondrial biogenesis and efficiency, a key
determinant of aerobic performance. Mancin et al. described the gut microbiota—bile acid—
skeletal muscle axis, in which microbiota-modulated bile acids act as signaling molecules that
regulate mitochondrial activity and muscle oxidative capacity [18]. These interactions may

enhance endurance by improving muscle oxygen utilization and reducing lactate accumulation.



The functional integration between gut microbial metabolism and host mitochondrial processes
suggests a complex, yet adaptive, system supporting exercise physiology. Imbalances in
microbial composition—whether due to poor diet, illness, or overtraining—may disrupt this
interplay, leading to suboptimal energy availability, increased oxidative stress, and prolonged

recovery times [20, 30, 34].

In summary, metabolic mediation through SCFA production, lactate utilization, and
mitochondrial signaling represents a foundational mechanism linking the gut microbiota to
exercise performance and recovery. These processes offer potential targets for nutritional or

probiotic interventions aimed at enhancing athletic output and resilience.

4.2. Muscle Function and the Gut—Muscle Axis

The concept of the gut-muscle axis refers to the bidirectional communication between the gut
microbiota and skeletal muscle tissue, mediated by microbial metabolites, immune signaling,
and endocrine factors. Emerging evidence supports the notion that gut microbiota composition
and function play a role in regulating muscle mass, strength, contractility, and recovery—

critical components of physical performance [16, 20, 25].

One of the key pathways involves SCFAs, particularly butyrate, which have been shown to
modulate muscle protein synthesis and mitochondrial function. These metabolites can activate
AMPK and PGC-1la pathways in muscle cells, thereby promoting oxidative capacity and
improving fatigue resistance [18, 20, 34]. In physically active individuals, higher levels of
SCFA-producing bacteria have been associated with enhanced muscular efficiency and

improved adaptation to training [3, 27].

Additionally, gut microbiota may influence muscle function by regulating systemic
inflammation. Chronic low-grade inflammation is known to impair muscle regeneration and
performance. Microbiota-derived anti-inflammatory signals, including those mediated through
regulatory T-cells and IL-10 pathways, may help maintain muscle integrity under stress
conditions [26, 30]. This immunomodulatory effect is particularly relevant in athletes
undergoing intense training cycles, where controlling inflammation is essential for optimal

recovery.
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Probiotic interventions have provided further insight into the gut-muscle connection. Several
clinical trials have demonstrated that supplementation with specific probiotic strains—such as
Bifidobacterium breve and Lactobacillus plantarum—can attenuate exercise-induced muscle
damage, reduce creatine kinase levels, and preserve force-generating capacity after strenuous
activity [23, 24, 26]. These outcomes support the hypothesis that modulating gut microbiota

composition may enhance muscle resilience and functional recovery.

Finally, nutritional strategies aimed at fostering beneficial gut bacteria, including fiber-rich diets
and prebiotic supplementation, may indirectly contribute to muscle health. By promoting the
growth of SCFA-producing taxa and enhancing gut barrier integrity, such interventions may

create a systemic environment conducive to optimal muscle adaptation [5, 10, 25].

Collectively, the available evidence points toward a significant regulatory role of the gut
microbiota in skeletal muscle function. Targeted strategies to support this gut—-muscle axis may

represent a novel frontier in performance optimization and recovery science.

4.3. Modulation of Intestinal Barrier and Inflammation

The integrity of the intestinal barrier plays a crucial role in protecting the host from luminal
pathogens, endotoxins, and immune activation. Intense or prolonged physical exertion,
particularly under conditions of heat stress or inadequate recovery, has been associated with
increased gastrointestinal permeability and low-grade systemic inflammation, both of which

may impair performance and recovery in athletes [30, 33].

Multiple studies have demonstrated that physical stress can compromise the gut epithelial
barrier. Elevated levels of lipopolysaccharide (LPS) and zonulin—markers of intestinal
permeability—have been reported following strenuous exercise, correlating with increased
gastrointestinal symptoms and inflammatory cytokine production [26, 30, 33]. These effects
may be exacerbated in endurance sports or during overtraining, where repetitive mechanical

and thermal stress disrupt mucosal homeostasis [30].

11



Modulation of the gut microbiota through probiotic supplementation has shown promise in
mitigating these exercise-induced alterations. For instance, Shing et al. demonstrated that
supplementation with a multi-strain probiotic for four weeks significantly reduced exercise-
induced increases in plasma LPS and intestinal permeability in trained runners exposed to heat
stress, while also improving time-to-exhaustion performance [26]. Similarly, supplementation
with Bifidobacterium breve and Streptococcus thermophilus was associated with reduced

muscle damage and inflammation following eccentric resistance exercise [23].

Another study involving Bacillus coagulans GBI-30, 6086 showed attenuation of exercise-
induced muscle soreness and lower circulating creatine kinase levels, further suggesting
reduced systemic inflammation and improved post-exercise recovery [24]. These findings
indicate that probiotic interventions may stabilize the gut barrier and attenuate immune

activation following strenuous training.

In addition to probiotics, dietary strategies may also support gut barrier integrity and reduce
exercise-induced inflammation. Diets rich in dietary fiber and plant-based foods have been
associated with a favorable microbiota composition, characterized by increased abundance of
SCFA-producing bacteria such as Faecalibacterium prausnitzii and Bifidobacterium spp. [5, 9,
10]. These taxa are known to contribute to epithelial barrier maintenance and mucosal immune

regulation through butyrate production and anti-inflammatory signaling [18, 25].

Notably, athletes adhering to Mediterranean or sport-specific balanced diets demonstrate lower
levels of gut inflammation and enhanced microbial resilience to stressors such as intensive
training or caloric restriction [9, 10, 25]. In a study by Chen et al., dietary patterns emphasizing
fiber, unsaturated fats, and polyphenols were associated with microbial taxa linked to mucosal
protection and immunomodulation [10]. These effects may act synergistically with probiotic

supplementation to maintain barrier function under high physical load.

Furthermore, modulation of the gut microbiota may reduce systemic inflammatory burden in
overreached or overtrained individuals. Karl et al. observed that prolonged physical and
environmental stress among military personnel was associated with increased intestinal
permeability and shifts in microbial composition toward less favorable profiles [30]. These
findings underscore the relevance of gut barrier protection as a target for performance

maintenance and recovery support in high-stress athletic contexts.
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In conclusion, gut microbiota plays an important role in regulating intestinal permeability and
systemic inflammation during physical stress. Probiotic and dietary interventions that enhance
barrier integrity and reduce endotoxemia may contribute significantly to improved tolerance to

training loads, lower risk of gastrointestinal symptoms, and more efficient recovery.

4.4. Immunity and Infection Prevention in Athletes

Sustained heavy training is often accompanied by transient immunosuppression and an
increased incidence of upper-respiratory and gastrointestinal infections, conditions that can
disrupt training cycles and impair competitive success. The gut microbiota—through its
continuous crosstalk with mucosal and systemic immune compartments—has emerged as a key

modulator of this “open-window” period in athletes’ immunity [3, 6, 30].

Gut-derived metabolites, particularly short-chain fatty acids, promote the differentiation of
regulatory T-cells and enhance secretory IgA production, thereby reinforcing mucosal defenses
against pathogens [18, 34]. Cross-sectional data show that athletes with microbiota profiles
enriched in Bifidobacterium and Faecalibacterium spp. display higher resting salivary IgA

concentrations and a lower self-reported infection burden during competitive seasons [6, 29].

Evidence from probiotic trials synthesized in recent systematic reviews indicates that targeted
bacterial supplementation can further bolster host immunity. Meta-analysis of athlete studies
found that multi-strain preparations containing Lactobacillus and Bifidobacterium species
reduced the incidence or duration of upper-respiratory illness episodes by 20-50 % and
attenuated self-reported gastrointestinal symptoms during intense training blocks [13, 21].
These benefits are accompanied by maintenance of gut barrier integrity—reflected by lower

post-exercise zonulin or LPS concentrations—and preserved mucosal IgA output [6, 13].

The International Society of Sports Nutrition position stand highlights these findings,
concluding that daily probiotic use is a practical strategy to mitigate infection risk and maintain
training continuity in high-performance settings [35]. Collectively, the available literature
supports a model in which a diverse, SCFA-rich gut microbiota—and its purposeful modulation
through probiotic and dietary interventions—contributes to more robust immune surveillance,
fewer illness-related training interruptions, and, ultimately, better performance consistency in

athletes [6, 13, 21, 35].
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5. Probiotic and Prebiotic Interventions in Athletes
5.1. Clinical Evidence for Performance Enhancement

Targeted modulation of the gut microbiota through probiotic or synbiotic supplementation has
been investigated as a means to augment athletic performance. A recent systematic review that
pooled data from 25 human trials reported significant improvements in time-to-exhaustion tests,
maximal aerobic power, and subjective fatigue scores after multi-strain probiotic use, with
Lactobacillus and Bifidobacterium species featuring most prominently in efficacious
formulations [13]. These findings are echoed by the International Society of Sports Nutrition
position stand, which concludes that daily probiotic intake can yield meaningful gains in

endurance capacity, particularly under conditions of heat or high training load [36].

Proof-of-concept work in elite cohorts provides further support. Supplementation with a
Lactobacillus consortium isolated from high-performing athletes improved sleep quality
indices and extended cycling time-to-fatigue in both elite and recreational subjects, suggesting
a microbiota-mediated link between recovery, circadian regulation, and performance output
[24]. Similar benefits have been noted in narrative syntheses, where probiotics delivering at
least 1010 CFU day' over >4 weeks consistently enhanced VO.max, peak power, or
intermittent sprint performance, while also reducing ratings of perceived exertion during

exhaustive trials [23, 25].

Protein-based interventions can exert parallel microbiota effects. A randomized, double-blind
pilot study in endurance athletes demonstrated that a whey-protein supplement enriched with
prebiotic peptides increased Bifidobacterium abundance and SCFA production, coinciding with
maintenance of lean mass and stable inflammatory markers across a heavy training phase [14].
Collectively, these human data underscore the ergogenic potential of microbiota-directed
strategies when delivered in doses, strains, and durations sufficient to induce measurable

compositional shifts.

Beyond improvements in time-to-exhaustion and aerobic indices, several trials indicate that
probiotic or synbiotic supplementation can accelerate post-exercise recovery by attenuating
muscle damage and systemic inflammation. The most recent systematic review dedicated to

athletes reported consistent reductions in creatine-kinase excursions, perceived muscle soreness,

14



and inflammatory cytokines when multi-strain preparations were consumed for >4 weeks
during heavy training blocks [13]. Comparable observations were synthesised in an earlier
clinical-evidence summary, which highlighted Bifidobacterium- and Lactobacillus-containing
formulas as the most robust for limiting exercise-induced oxidative stress and supporting

muscular function [17].
Mechanistic explanations converge on three inter-related pathways:

1. SCFA-mediated anti-inflammation and muscle energetics. Enhanced abundance of
butyrate-producing taxa augments epithelial tight-junction expression and dampens cy-
tokine release, thereby lowering systemic inflammatory load and facilitating contractile

recovery [18, 34].

2. Modulation of intestinal permeability. Probiotic-induced enrichment of Bifidobacte-
rium spp. and Lactobacillus spp. is associated with lower circulating lipopolysaccharide
and zonulin concentrations after strenuous exercise, indicating a more resilient barrier

and reduced endotoxin-driven fatigue [26, 30].

3. Lactate shuttling and mitochondrial efficiency. Enrichment of lactate-utilising bac-
teria such as Veillonella spp. may convert accumulated lactate into propionate, providing
a gluconeogenic substrate and buffering acidosis during repeated high-intensity efforts

[35].

Real-world data lend further credibility. A proof-of-concept trial in elite and recreational cohorts
showed that a Lactobacillus consortium, originally isolated from Olympic athletes, improved
Pittsburgh Sleep Quality Index scores and extended cycling time-to-fatigue by ~8 %—an effect
accompanied by greater relative abundance of Veillonella and higher faecal SCFA
concentrations [24]. Likewise, a double-blind pilot study demonstrated that a protein
supplement enriched with prebiotic peptides promoted Bifidobacterium expansion and
preserved lean mass across a competitive season, suggesting synergistic benefits of combined

macronutrient and microbiota modulation for recovery support [14].

15



Taken together, the clinical evidence indicates that microbiota-targeted strategies can confer
dual benefits—enhancing performance outputs and accelerating physiological restitution.
These findings underpin the consensus position of the International Society of Sports Nutrition,
which advocates daily probiotic use (>10'° CFU, multi-strain, >4 weeks) as a pragmatic tool to

bolster both performance and recovery in high-level sport [36].

5.2. Gut Microbiota Modulation and Post-Exercise Recovery

Efficient restoration of physiological function after strenuous training is essential for sustaining
performance and avoiding maladaptation. Evidence drawn from athlete-specific trials and
systematic syntheses indicates that targeted manipulation of the gut microbiota can shorten the
recovery window by attenuating muscle damage, preserving epithelial integrity, and supporting

neuromuscular restitution [13, 23, 24].

Reduction of muscle damage and soreness.

A recent systematic review of probiotic interventions in athletes found consistent decreases in
post-exercise creatine-kinase excursions and subjective muscle-soreness scores when multi-
strain preparations were consumed for >4 weeks during heavy training blocks [13]. Narrative
analyses published in 2025 confirmed these findings, highlighting Lactobacillus- and
Bifidobacterium-based formulations as the most effective for limiting exercise-induced
oxidative stress while maintaining force-generating capacity [23]. These benefits appear to be
mediated through dampening of systemic cytokine release and enhancement of short-chain-

fatty-acid (SCFA) availability—both factors known to accelerate myofibrillar repair [18, 34].

Maintenance of gut barrier integrity.

Exercise-induced gastrointestinal permeability is a recognised driver of systemic inflammation
and delayed recovery. Multi-strain supplementation containing Lactobacillus and
Bifidobacterium species reduced post-exercise plasma lipopolysaccharide and zonulin
concentrations in runners exposed to thermal stress, indicating superior barrier preservation
[26]. Similar effects were observed after four weeks of probiotic use in resistance-trained
subjects, where lower endotoxaemia coincided with faster restoration of range-of-motion and

reduced perceived soreness [24].

16



Nutritional synergies.

Adjunct dietary strategies can potentiate microbial-mediated recovery. A double-blind pilot
study showed that a whey-protein supplement enriched with prebiotic peptides increased
Bifidobacterium abundance and preserved lean mass across an endurance-training phase, while
inflammatory markers remained stable [14]. In single-case longitudinal work, month-long
supplementation with a high-fibre complex drastically remodelled the gut microbiota of a young
rower and coincided with improved metabolic flexibility during subsequent high-volume
sessions [34]. Collectively, these data suggest that combining targeted macronutrient support

with prebiotic or synbiotic approaches may maximise post-exercise restitution.

Sleep, circadian regulation, and recovery quality.

A Lactobacillus-dominant consortium isolated from elite athletes improved Pittsburgh Sleep
Quality Index scores and enhanced next-day cycling time-to-fatigue by =8 %, underscoring a
microbiota—sleep—performance nexus with direct relevance to recovery kinetics [24].
Mechanistic links may involve microbial modulation of serotonin and GABA pathways,

although these remain to be elucidated in controlled trials.

Summary.

Across diverse study designs, microbiota-directed interventions consistently shorten recovery
time by mitigating muscle damage, stabilising the intestinal barrier, reducing systemic
inflammation, and improving sleep quality. The convergence of findings from controlled trials,
systematic reviews, and mechanistic studies strengthens the rationale for integrating probiotic
or synbiotic strategies into evidence-based recovery programmes for athletes and physically

active individuals [13, 14, 23, 24, 26, 34].

5.3. Diet—Microbiota Interactions

Diet constitutes the primary substrate pool for colonic fermentation and therefore exerts a
dominant influence on gut-microbiota structure. Cross-sectional and observational data
consistently show that habitual dietary choices of athletes shape the abundance of health-

associated taxa and metabolic pathways that may, in turn, support performance outcomes.
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Athletes adhering to plant-forward or fibre-enriched diets display markedly higher proportions
of Prevotella spp. and other saccharolytic bacteria, alongside elevated faecal short-chain fatty
acids (SCFAs) [8, 9, 10]. In a cohort of Olympic-level endurance and strength athletes, the
combination of sport participation and a sport-specific, carbohydrate-rich diet explained a
significant share of the variance in microbial B-diversity, independent of training volume [9].
Similar trends have been reported in narrative syntheses, in which high-fibre, polyphenol-dense
eating patterns correlate with greater microbial richness and a metabolic profile conducive to
butyrate production—features repeatedly linked to improved intestinal integrity and recovery

kinetics in athletes [10, 25, 32].

Conversely, dietary regimes high in saturated fat and low in complex carbohydrates are
associated with a loss of SCFA producers and an expansion of pro-inflammatory taxa,
potentially predisposing athletes to increased gut permeability and systemic inflammation
during intensive training cycles [2, 5]. Lifestyle-based analyses in ageing but still physically
active adults illustrate that a nutrient-dense diet rich in plant polysaccharides and unsaturated
fats offsets age-related declines in microbial diversity and supports muscle function,

underscoring the relevance of diet quality across the athletic lifespan [5].

High-quality protein and prebiotic-fortified supplements.

Randomized data in endurance athletes show that a whey-protein supplement fortified with
prebiotic peptides increased Bifidobacterium abundance, elevated faecal SCFA concentrations,
and helped maintain lean mass during a heavy training phase [14]. These findings suggest that
combining rapidly digestible protein with selective fermentable substrates can support both
anabolic requirements and a performance-conducive microbiota. Narrative updates likewise
highlight that protein intakes >1.6 gkg™ day !, provided largely by dairy, eggs, and plant blends,

do not adversely affect microbial diversity when accompanied by adequate fibre [23, 32].

Complex carbohydrates and training glycogen.

Strategic inclusion of resistant starches, B-glucans, and in-season fruits supplies substrates for
saccharolytic taxa such as Prevotella spp., thereby enhancing SCFA output and supporting
hepatic glycogen repletion between sessions [9, 25]. A sport-specific carbohydrate-rich diet in

elite athletes was independently associated with greater B-diversity and enrichment of genes
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involved in propionate synthesis—changes linked to improved high-intensity performance

metrics [9].

Dietary fibre and gut resilience.

Single-case longitudinal work in a young rower illustrated that a month-long high-fibre
supplement (inulin, pectin, resistant maltodextrin) produced a pronounced rise in
Bifidobacterium and Faecalibacterium spp., alongside improved metabolic flexibility during
subsequent endurance blocks [34]. These observations, together with systematic analyses in
ageing yet active adults, emphasise that >25-30 g day' of mixed soluble and insoluble fibre
supports microbial richness, intestinal integrity, and muscle function across the athletic lifespan

[5, 34].

Plant-forward and vegan approaches.

Cross-sectional data in healthy adults indicate that vegan diets markedly increase saccharolytic
and butyrate-producing genera, while lowering pathobiont abundance [8]. When adapted to
meet athlete energy and protein demands, such patterns may synergise with training-induced
microbial shifts to sustain gut-derived anti-inflammatory signalling—though careful attention

to leucine availability and total caloric intake remains essential [8, 32].

Practical integration.

Current athlete-focused position statements recommend:

1. Daily fibre target of >14 g per 1,000 kcal, emphasising whole grains, legumes, nuts,
and colourful produce [25, 32].

2. Protein distribution of 0.3-0.4 g kg™ per meal across 4-5 feedings, with at least one
serving paired with fermentable fibres or polyphenol-rich fruit to promote co-fermenta-

tion [14, 32].

3. Periodic probiotic or synbiotic blocks (>10'° CFU day!, >4 weeks) around competi-

tion phases to reinforce barrier integrity and attenuate inflammatory load [13, 36].
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Collectively, these targeted macronutrient and supplement strategies align dietary supply with
microbial demand, fostering a gut ecosystem that supports training adaptation, immune

vigilance, and efficient recovery [14, 23, 25, 32, 34].

6. Differences Between Athletes and Sedentary Individuals

Marked contrasts in gut-microbiota architecture have been documented between highly trained
athletes and less active or sedentary adults. Across cross-sectional metagenomic surveys,
athletes consistently display greater a-diversity, a higher relative abundance of short-chain-
fatty-acid (SCFA) producers (e.g., Akkermansia, Faecalibacterium, Prevotella), and an
enrichment of metabolic pathways linked to energy harvest and xenobiotic degradation [29, 35].
In professional rugby players, for example, gene functions involved in branched-chain-amino-
acid biosynthesis and oxidative phosphorylation were significantly over-represented versus
non-athletic controls, suggesting a microbiome primed to support intense metabolic demand

[35].

Multi-cohort comparisons spanning endurance, strength, and mixed-sport disciplines reveal
sport-specific microbial signatures. Endurance athletes show the highest prevalence of
Veillonella spp.—taxa capable of converting exercise-derived lactate into propionate—whereas
strength athletes are relatively enriched in Dialister and protein-fermenting genera [28]. These
compositional differences mirror distinct inflammatory and metabolic phenotypes: endurance
cohorts present lower C-reactive-protein levels and higher fecal SCFAs, while strength athletes
exhibit greater fecal branched-chain-fatty-acid output, reflecting higher dietary protein intake
[28].

Longitudinal evidence indicates that sustained fitness improvement can remodel the
microbiome toward an athlete-like profile even in previously sedentary adults. Over a 26-week
supervised training programme, progressive gains in cardiorespiratory fitness coincided with
stepwise increases in Ruminococcus and Bifidobacterium spp., together with functional gene
enrichment for butyrate synthesis and carbohydrate metabolism [31]. Conversely, detraining or
reductions in physical activity are associated with partial regression toward a lower-diversity,

pro-inflammatory configuration [31].
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Not all exercise produces beneficial shifts. Overreaching and cumulative stress—particularly
in military or ultra-endurance contexts—can precipitate diversity loss, increased intestinal
permeability, and expansion of endotoxin-producing taxa, underscoring the need for balanced
load management [30]. Similarly, obesity attenuates the positive microbial adaptations
normally observed with moderate training, highlighting a modulatory effect of baseline

metabolic status [7].

Collectively, these data support a model in which regular, well-periodised training promotes a
resilient, metabolically versatile microbiome, whereas inactivity—or excessive, poorly
recovered training—predisposes to dysbiosis. These distinctions establish a rationale for
microbiota-informed, sport-specific nutrition and recovery strategies aimed at preserving

the beneficial microbial traits characteristic of highly trained populations [29, 30, 35].
7. Practical Applications in Sports Nutrition and Medicine
7.1. Microbiota-Guided Probiotic Supplementation

Randomised trials and meta-analyses demonstrate that daily ingestion of multi-strain
preparations providing >10'® CFU for at least four weeks can (i) extend time-to-exhaustion in
heat or high-load training, (i1) blunt rises in creatine kinase and inflammatory cytokines, and

(ii1) lower the incidence or duration of upper-respiratory illness episodes [13, 21, 26, 36].

Applied recommendation: introduce a four- to eight-week probiotic “loading” phase before
major competition blocks, favouring blends dominated by Lactobacillus plantarum,
Lactobacillus casei, Bifidobacterium breve and Bifidobacterium longum—strains repeatedly

linked to performance or recovery gains [23, 24, 26].
7.2. Precision Prebiotic and Dietary Strategies

A plant-forward diet delivering >14 g fibre - 1 000 kcal ™! supports growth of saccharolytic and
butyrate-producing taxa, enhances epithelial tight-junction expression, and reduces exercise-

induced endotoxaemia [5, 8, 9, 10].

Applied recommendation: anchor each meal in complex carbohydrates (whole grains,

legumes, root vegetables) and colourful produce; pair protein feedings (0.3—0.4 g - kg body
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mass) with fermentable fibres or polyphenol-rich fruit to promote co-fermentation and SCFA
generation [ 14, 32]. Resistant starch supplements or inulin/pectin blends can be deployed during

high-travel or caloric-restriction periods to maintain microbial resilience [34].

7.3. Periodisation Within Training Cycles and Extreme Environments

Evidence from endurance and military cohorts shows that cumulative stress, heat, or hypoxia

elevates gut permeability and suppresses microbial diversity [30, 33].

Applied recommendation:

e Build-up phase: pair incremental load increases with probiotic or synbiotic use to re-

inforce barrier integrity.

o Competition/heat blocks: ensure twice-daily dosing (morning/bedtime) of a proven
probiotic; emphasise rapidly digestible, low-FODMAP carbohydrates around exercise

to minimise GI distress.

e Deload/recovery weeks: increase soluble-fibre intake to >30 g - day' and diversify

polyphenol sources to re-expand SCFA producers [10, 25].

7.4. Monitoring and Personalised Microbiome Analytics

Shotgun metagenomics has revealed athlete-specific signatures—e.g., enrichment of Veillonella

spp. in endurance disciplines and Dialister spp. in strength sports [28, 29].

Applied recommendation: integrate quarterly stool sequencing or SCFA profiling into

performance-medicine reviews to:

1. Identify loss of diversity or pathogenic overgrowth signalling overreaching;
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2. Tailor probiotic strain selection (e.g., lactate-utilising Veillonella boosters for long-dis-

tance athletes);

3. Track response to dietary interventions and adjust fibre/polyphenol targets accordingly

[25, 29].

By aligning probiotic timing, fibre quality, and load management with individual microbiome
data, practitioners can translate the mechanistic insights of the gut—exercise axis into actionable
protocols that support sustained performance, quicker recovery, and year-round athlete

availability [13, 24, 26, 32, 36].

8. Limitations and Future Research

Despite steadily expanding evidence, current knowledge on gut-microbiota modulation in sport

is constrained by several methodological and conceptual gaps.

Heterogeneity of study designs and interventions.

Trials vary widely in population (elite vs. recreational athletes), sport discipline, probiotic
strains, dose, and duration, complicating cross-study comparisons and meta-analytic synthesis
[6, 13, 23]. Standardisation of supplementation protocols—including viability testing, CFU
disclosure, and post-intervention washout periods—remains a priority for future randomised

controlled trials (RCTs).

Small sample sizes and limited longitudinal data.

The majority of human studies enrol <40 participants and follow them for <12 weeks, limiting
statistical power to detect performance or health outcomes and precluding assessment of long-
term safety or sustained efficacy [14, 24, 26, 31]. Well-powered, season-long or multi-season

RCTs are required to establish durability of microbiota-mediated benefits.

Under-representation of female athletes and diverse ethnicities.

Most cohorts comprise male or mixed-sex groups in which women constitute <30 % of
participants [3, 10]. Given sex-specific differences in microbiota composition and immune
responses, dedicated studies in female populations are essential for truly generalisable

recommendations.
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Inadequate control of confounding variables.

Dietary intake, sleep, psychological stress, and travel can each influence the gut ecosystem yet
are often reported superficially or not controlled experimentally [5, 9, 30]. Future work should
incorporate rigorous dietary standardisation or validated food-frequency instruments and

include objective sleep-tracking and stress-monitoring metrics.

Limited mechanistic resolution.

While associations between short-chain-fatty-acid producers and performance are repeatedly
observed [18, 34, 35], causal pathways remain speculative. Multi-omics approaches—
integrating metagenomics, transcriptomics, metabolomics, and host epigenetics—will clarify
how specific microbial metabolites influence mitochondrial signalling, neuromuscular fatigue,

and anabolic recovery [12, 18, 20].

Inter-individual variability and personalised responses.
Probiotic efficacy appears modulated by baseline microbiota composition and host phenotype
[24, 28]. Adaptive trial designs and n-of-1 crossover studies could delineate responder profiles

and guide precision supplementation strategies.

Extreme-load and special-environment scenarios.

Data from overreached, military, or ultra-endurance contexts show pronounced permeability
and dysbiosis [26, 30, 33], yet interventional evidence in these high-risk settings is sparse.
Field-based RCTs that combine probiotic, prebiotic, and periodised nutrition strategies are

warranted to mitigate gut disruption under thermal, hypoxic, or multi-stage race stress.

Emerging directions.

— Synbiotic and postbiotic formulations combining targeted fibres with next-generation
strains (e.g., Akkermansia muciniphila) merit exploration [8, 25].

— Strain-engineered or consortia-based approaches that exploit lactate-to-propionate
conversion (Veillonella spp.) could benefit endurance athletes [35].

— Non-invasive biomarker panels (faccal SCFAs, breath volatile organic compounds) may

enable real-time monitoring of microbiota-derived performance indicators [29, 31].
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Addressing these gaps will require multidisciplinary collaboration, harmonised outcome
measures, and transparent data-sharing to translate gut-microbiota science into reproducible,

athlete-centred practice.

9. Discussion

This review synthesises evidence from thirty-five human studies indicating that modulation of
the gut microbiota is both a consequence of habitual training and a potential lever for enhancing
exercise capacity and recovery. Collectively, the data support a bidirectional gut—exercise axis
in which physical activity promotes a more diverse, metabolically versatile microbiome, while
a microbiota rich in short-chain-fatty-acid (SCFA) producers, lactate utilisers and barrier-

protective taxa feeds back to improve host energetics, immune vigilance and tissue repair.
9.1. Integration of Key Findings

Endurance and mixed-modal athletes display greater a-diversity and enrichment of
Akkermansia, Faecalibacterium, Prevotella and Veillonella than sedentary adults, alongside
over-representation of gene pathways for SCFA synthesis, branched-chain-amino-acid
biosynthesis and oxidative phosphorylation [3, 28, 29, 35]. Longitudinal data confirm that
progressive fitness gains in previously inactive individuals are paralleled by stepwise increases
in saccharolytic genera and butyrate-producing functions [31]. Conversely, periods of
cumulative stress or inadequate recovery—whether in ultra-endurance events or military
training—erode diversity and elevate intestinal permeability, underscoring the fragility of these

adaptations [30, 33].

Interventional evidence shows that multi-strain probiotics (=10 CFU day !, >4 weeks) extend
time-to-exhaustion, attenuate creatine-kinase excursions, and reduce the incidence or duration
of upper-respiratory illness episodes during heavy training blocks [13, 21, 24, 26, 36]. Dietary
strategies that deliver >14 g fibre - 1000 kcal '—especially from whole grains, legumes and
polyphenol-rich produce—support growth of SCFA producers, strengthen epithelial tight
junctions and dampen inflammatory cytokine release after strenuous exercise [5, 8, 9, 10, 25,
32]. Protein supplements fortified with prebiotic peptides achieve similar compositional shifts

while preserving lean mass in endurance athletes [14].
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9.2. Mechanistic Convergence
Three interlocking pathways appear central:

1. SCFA signalling. Higher concentrations of acetate, propionate and butyrate correlate
with improved mitochondrial efficiency, enhanced AMPK—PGC-1a activation and re-

duced oxidative stress in skeletal muscle [18, 20, 34].

2. Lactate-propionate shuttle. Veillonella spp. convert exercise-derived lactate into pro-
pionate, supplying an additional gluconeogenic substrate that may prolong high-inten-

sity work [3, 35].

3. Barrier integrity and immune modulation. Probiotics and fibre increase Bifidobacte-
rium and mucus-degrading Akkermansia, lowering post-exercise lipopolysaccharide
and zonulin levels, which in turn blunts cytokinaemia and preserves force-generating

capacity [23, 24, 26, 30].

These pathways are mutually reinforcing: a robust epithelial barrier limits endotoxin ingress,
allowing SCFAs and bile-acid derivatives to signal unimpeded to muscle and immune tissues,
while efficient substrate cycling (e.g., lactate — propionate) further supports energy

homeostasis.
9.3. Clinical Translation and Personalisation

Applied recommendations emerging from this corpus include a loading phase of multi-strain
probiotics before competition, sustained high-fibre, polyphenol-rich nutrition, and load-
appropriate periodisation of carbohydrate and protein sources [13, 25, 32, 36]. Inter-individual
variability, however, is substantial. Baseline microbiota composition, habitual diet, sex and
metabolic phenotype all modulate responsiveness to supplementation [24, 28]. Personalised
strategies—guided by stool metagenomics or SCFA profiling—may therefore yield greater
returns than universal protocols, particularly in elite settings where marginal gains translate into

tangible competitive advantage.
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9.4. Areas of Contention

Not all studies report performance benefits. Null findings often coincide with low probiotic
viability, inadequate strain selection, or short intervention windows (<3 weeks) [6, 17].
Discrepancies may also reflect sport-specific demands; endurance athletes appear more
responsive to lactate-utilising consortia, whereas strength athletes may benefit from
formulations targeting protein fermentation and ammonia detoxification [28]. Standardising
dose, duration and strain combinations—and matching them to the athlete’s discipline—

remains an urgent research priority.
9.5. Future Directions

Season-long, well-powered RCTs incorporating multi-omics will be needed to (i) confirm
causal links between microbial metabolites and host signalling pathways, (ii) delineate
responder phenotypes, and (iii) evaluate safety and efficacy of next-generation synbiotics (e.g.,
Akkermansia muciniphila plus inulin) [8, 18, 25]. Field trials in extreme-load scenarios—ultra-
marathons, stage racing, military deployments—could establish whether microbiota-targeted
protocols mitigate gut permeability, systemic inflammation and performance decrements under

maximal stress [26, 30].
9.6. Synthesis

Taken together, the data position the gut microbiota as an actionable pillar of sports nutrition
and medicine. While further mechanistic granularity and personalised frameworks are required,
current evidence justifies integrating microbiota-friendly dietary patterns and evidence-based
probiotic regimens into holistic performance and recovery programmes for athletes and

physically active individuals.

10. Conclusion

This systematic review consolidates evidence that the gut microbiota is both a dynamic
responder to habitual training and a feasible target for enhancing exercise performance and
recovery. Regular, well-periodised physical activity consistently promotes a more diverse,
metabolically versatile microbial community, characterised by greater production of short-

chain fatty acids, superior epithelial integrity, and improved immune vigilance. Conversely,
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extreme or poorly recovered training loads erode these benefits, underscoring the importance

of balanced load management.

Interventional studies demonstrate that multi-strain probiotic or synbiotic supplementation can
extend time-to-exhaustion, attenuate muscle-damage biomarkers, and reduce training-related
illness rates, provided that dosing, strain viability, and intervention length are adequate.
Complementary dietary strategies—marked by high fibre density, polyphenol diversity, and
tailored protein distribution—further support a microbiome profile conducive to metabolic

flexibility and rapid restitution.

Collectively, the available data position gut-microbiota modulation as a viable adjunct to
established nutritional and training paradigms. Practitioners are encouraged to integrate
probiotic “loading” phases before peak training periods, maintain consistent fibre targets
relative to energy intake, and monitor gastrointestinal health as part of routine performance-
medicine reviews. Future research should emphasise season-long, well-powered trials, include
a wider representation of female and ethnically diverse athletes, and employ multi-omics

approaches to clarify causal pathways and identify responder phenotypes.

In summary, cultivating a resilient, functionally enriched gut microbiota represents a promising

avenue to optimise athletic output, accelerate recovery, and safeguard long-term athlete health.
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