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ABSTRACT

This systematic literature review assessed whether nutritional supplement, dietary and exercise interventions influence gut
microbiota and subsequent exercise performance. Following Preferred Reporting Items for Systematic Reviews and Meta-Analy-
ses guidelines, a comprehensive search was conducted across five databases (Ovid MEDLINE, EMBASE, CINAHL Complete, Web
of Science and Scopus) up to February 2025. Included studies involved healthy, active adults undergoing nutrient supplemen-
tation, dietary and/or exercise interventions with a control or placebo comparator. Outcomes included faecal bacterial compo-
sition (a-diversity, relative abundance), short-chain fatty acids, in adjunct with exercise performance (i.e., time-trial, time to
exhaustion, maximal strength). Eighteen studies met the inclusion criteria. Due to methodological heterogeneity, a descriptive
synthesis was performed. Changes in faecal microbiota diversity and composition were highly variable and largely minimal.
Short-chain fatty acid outcomes were infrequently assessed; only one study reported a significant increase in faecal acetate
concentration following yoghurt supplementation containing Bifidobacterium animalis subsp. lactis BL-99. Only seven studies
examined the relationship between changes in faecal bacterial profile and performance outcomes, with limited or inconclusive
findings. No consistent performance benefits were observed in relation to microbiota changes. Risk of bias and methodological
limitations were common, including variation in interventions, outcome measures and microbiota analysis methods. Taken
together, the current evidence base remains too limited and heterogeneous to draw firm conclusions about the efficacy of mi-
crobiota-targeted interventions for enhancing exercise performance in healthy, active adults. Future studies employing stand-
ardised methods, mechanistic outcome measures and longitudinal designs may help clarify the potential of microbiota modu-
lation as a performance-enhancing strategy.
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Athlete-specific microbial profiles

This bacterial distribution is similarly observed in athletes, with Bacil-
lota (62-74 %), Bacteroidota (10-34 %), Actinomycetota (1-3 %) and

The gut microbiome comprises approximately 40 trillion microor-
ganisms, including bacteria, viruses, archaea and fungi. Of these,
bacteria are the most abundant, residing throughout the gastro-
intestinal tract, with the highest density in the large intestine and
lowest in the stomach.-2 This distribution reflects compositional
differences between sections of the gastrointestinal tract.3 The
human gut microbiota plays essential roles inimmunomodulation,
food digestion, nutrient absorption, metabolite production and
vitamin metabolism, and the maintenance of intestinal epitheli-
um integrity.4-6 Most gut bacteria in humans belong to four dom-
inant phyla: Bacillota (previously Firmicutes), Bacteroidota (previ-
ously Bacteroidetes), Actinomycetota (previously Actinobacteria)
and Pseudomonadota (previously Proteobacteria),® according to
the International Code of Nomenclature of Prokaryotes (ICNP).
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Pseudomonadota (1-9 %) consistently reported as predominant
phyla. At the family level, Lachnospiraceae (25-33 %), Ruminococ-
caceae (20-34 %), Bacteroidaceae (5-20 %) and Prevotellaceae
(5-10%) are the most prevalent.”-10 However, considerable variation
exists at the genus and potentially species levels (e.g., Bacteroides,
Alistipes, Blautia, Agathobacter, Faecalibacterium, Phascolarctobacteri-
um, Prevotella, Roseburia, Subdoligranulum), with limited consistency
across studies despite comparable experimental designs and at-
tempts to control for key confounders.”-10 This variability compli-
cates the interpretation of microbial profiles in athletic cohorts.

Influences on gut microbiota and rationale for
interventions

The human gut microbiota, defined as the collective genomes of
microorganisms residing within the gut microbiome, is influenced
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by numerous factors, including age, medication, early-life expo-
sures, diet, supplementation, pharmaceuticals, psychological stress,
exercise and disease or illness.’ Although relatively stable over
time,'2it remains responsive to external factors, with nutrient sup-
plementation, diet and exercise recognised as primary modula-
tors.13-17 These alterations may, in turn, influence host metabolic
and immune functions, potentially contributing to enhanced exer-
cise performance, as suggested by Di Dio et al.,'8 Jarrett et al.,'® Patel
et al.,20 and Santibanez-Gutirrrez et al.2! Despite growing interest
in this area, a gap remains in the scientific literature regarding the
effects of intervention-induced changes in gut microbiota on direct
exercise performance outcomes. These outcomes include time to
exhaustion (TTE), time-trial (TT), Cooper’s test, strength and anaer-
obic performance, as well as functional performance measures, such
as balance, flexibility and muscular endurance, as well as physiolog-
ical indicators like VO OF VOzpeak. These outcomes are variably
assessed across studies included in this review.22-40

Short-chain fatty acids and proposed mechanistic
links

Growing interest in the role of the gut microbiota in physical per-
formance has prompted exploration of both its compositional and
functional attributes.# Research has proposed that characteristics
of the gut microbiota, such as microbial diversity (e.g., a-diversi-
ty) and the abundance of short-chain fatty acid (SCFA) producing
commensal bacterial species, differ between physically active in-
dividuals, including athletes, and their sedentary or non-athlete
counterparts.*2 Exploratory studies have reported that SCFA-pro-
ducing commensal bacteria (e.g., Faecalibacterium prausnitzii, Rose-
buria hominis, Akkermansia muciniphila), microbial metabolic path-
ways (e.g., amino acid and carbohydrate metabolism) and faecal
metabolites (e.g., SCFAs such as acetate, butyrate and propionate)
are positively correlated with physical activity. In some studies,
physical activity was objectively measured using accelerome-
ter-derived activity counts to distinguish sedentary, light and mod-
erate-to-vigorous intensities,*3 whereas others classified partici-
pants by training status or activity level using self-reported ques-
tionnaires.*4 4> Additionally, total exercise volume has been
positively associated with a greater abundance of Prevotella, which
in turn correlates with amino acid and carbohydrate metabolic
pathways.*6 Sport-specific differences have also been reported; for
example, genera such as Faecalibacterium, Sutterella, Clostridium,
Haemophilus and Eisenbergiella have been observed in higher abun-
dance in bodybuilders compared with sedentary controls and dis-
tance runners.#

Animal studies have proposed mechanistic links between spe-
cific bacterial taxa and performance outcomes.*3:49 For instance,
provision of Veillonella atypica improved treadmill performance in
mice, potentially due to its capacity to metabolise lactate into pro-
pionate, a SCFA-linked hypothesis to influence performance. How-
ever, the precise mechanisms remain unclear.2 While Veillonella
has been identified in the faecal samples of highly trained endur-
ance athletes compared with sedentary controls,'2its abundance
has not been consistently observed across other exploratory stud-
ies in endurance athletes.”-2.44-46 The proposal that Veillonella in-
creases exercise performance has been contested. Notably, the
control group in the Veillonella study received L. delbrueckii subsp.
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bulgaricus, a lactate-producing bacterium, which may have con-
founded the performance outcomes.>?

More broadly, the hypothesis that propionate, or SCFAs more
generally, enhances exercise performance in humans is not strong-
ly supported. Forinstance, increases in faecal or plasma SCFAs (i.e.,
acetate, butyrate and/or propionate) following high FODMAP in-
takes in endurance-trained individuals have not translated to im-
proved performance outcomes, though they may offer some pro-
tection against disturbances to gastrointestinal integrity associat-
ed with exercise-induced gastrointestinal syndrome.8-31.52 SCFAs
are critical to host energy metabolism and may influence skeletal
muscle activity>3 via enhanced carbohydrate uptake, lipid metab-
olism and fatty acid oxidation,>* processes associated with im-
proved exercise performance.’> Nonetheless, it remains uncertain
whether performance improvements observed in animal or human
studies are directly attributable to changes in gut microbiota com-
position, SCFA production or the intervention itself.

Biotics and microbiota-targeted strategies

Prebiotics, probiotics and synbiotics, collectively referred to as bi-
otics, are well-studied functional food strategies for modifying the
gut microbiota.>> Prebiotics are non-digestible substrates that are
fermented by gut bacteria >°; probiotics are live microorganisms
that, when consumed in sufficient quantities, confer health benefits
to the host 37; and synbiotics are combinations of the two, pro-
posed to confer beneficial effects on gastrointestinal health >8. Fol-
lowing the 2019 consensus definition, postbiotics, preparations
containing inactivated microorganisms and/or their components
that confer health benefits to the host, have also gained attention
in scientific research and commercial applications.>® In sport and
exercise contexts, biotics are of interest both for managing gastro-
intestinal issues among athletes and for potentially enhancing per-
formance.% Proposed mechanisms include improved nutrient ab-
sorption and gastrointestinal integrity, modulation of immune
function via strengthening of the gut barrier, increased production
of antimicrobial proteins (e.g., B-defensin, IgA) and regulation of
cytokine secretion via NFkB and MAPK pathways.>5-57.61.62 Collec-
tively, these mechanisms may contribute to enhanced physiolog-
ical resilience and nutrient availability.”-53.63-66 However, there re-
mains a lack of systematic reviews assessing whether observed
performance benefits are specifically linked to microbiota chang-
es and whether methodological confounders such as diet, training
load and study design are adequately addressed.

Other dietary and exercise interventions

In addition to biotics, other strategies have been explored for their
microbiota-modulating potential and possible effects on exercise
performance. These include a-cyclodextrin (aCD), a non-digestible
carbohydrate with selective microbial effects and links to relevant
metabolic pathways.%7-70 High-carbohydrate diets, particularly
those rich in fermentable substrates like FODMAPs, have also been
shown to modulate bacterial composition and increase SCFA pro-
duction, potentially supporting gastrointestinal integrity and fuel
availability during exercise.® > Physical activity itself, including both
aerobic and resistance training, can independently modulate gut
microbial diversity and metabolite profiles, with possible implica-
tions for host physiology and training adaptations.20-44.45.55
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Aim and objectives

Despite growing interest and emerging evidence that both sup-
port and challenge the performance benefits of gut microbio-
ta-targeted interventions, a systematic and comprehensive syn-
thesis of the literature is lacking. This systematic literature review
aims to critically evaluate current evidence to determine whether
exercise performance can be improved through microbiota mod-
ulation via nutritional supplementation, dietary modification or
exercise interventions. The review will also highlight methodolog-
ical limitations and propose directions for future research in this
evolving area.

Materials and methods

This systematic review was conducted following the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines”! and registered with PROSPERO (CRD42024551751)
(http://www.crd.york.ac.uk/PROSPERO).

Search strategy

A three-step search strategy was developed in consultation with
an academic librarian to identify relevant English-language stud-
ies. Searches were conducted across five electronic databases, Ovid
MEDLINE, EMBASE, CINAHL Complete, Web of Science and Scopus
from inception to February 2025. Reference lists of included stud-
ies and additional sources known to the authors were screened to
identify missed publications. The keywords applied in the litera-
ture search are shown in Table 1. Search terms were tailored to
each database’s structure (e.g., CINAHL complete, Scopus and Web
of Science) to ensure comprehensive retrieval of relevant litera-
ture. Keyword selection was guided by an a priori gold set of known
eligible articles and refined iteratively to maximise sensitivity and
specificity. Athlete-related terms (e.g., triathlete, cyclist, badmin-
ton player) were included based on terms found in this gold set,
while broader terms such as athlete, sports and exercise ensured
inclusion of other athletic populations not explicitly named.

International Journal of Sports Medicine

Eligibility criteria

Eligibility criteria were established using the Participant Interven-
tion Comparator Outcomes Study design (PICOS) framework
(Table 2). Studies were included if they met the following PICOS
criteria: population: healthy, active adults; intervention: exercise/
physical training, and/or diet, and/or nutrient supplementation;
comparator: control or placebo groups; outcomes: quantified gut
microbiome measures and exercise performance metrics; and
study design: original human research studies. Exclusion criteria
included sedentary individuals, those with disease states or estab-
lished gastrointestinal disorders, populations undergoing uncon-
trolled dietary, exercise or supplementation modifications and
studies lacking a control or placebo group.

Study selection

Search results were imported into Endnote for deduplication be-
fore being uploaded to Covidence for study selection. Two inde-
pendent reviewers (SKG and IGM) screened titles and abstract for
eligibility, with full-text assessment conducted for studies meet-
ing inclusion criteria. A third reviewer (RC) resolved conflicts when
consensus was not reached.

Data extraction

Two reviewers (SKG and IGM) independently extracted study data
using a standardised data extraction table, with verification by a
third reviewer (RC). Extracted variables included study character-
istics, such as sample size, age, biological sex and training status,
as well as details of the intervention, including duration, type, dose,
and bacterial species or strain. Microbiome-related outcomes, such
as microbial relative abundance, a-diversity and SCFA concentra-
tions, were recorded alongside exercise performance outcomes,
including time-trial, time to exhaustion and maximal strength
measures. Data extraction focused on interpretable numerical re-
sults, with graphical data digitised using WebPlotDigitizer,”2 where
applicable. Studies that presented results in non-extractable for-
mats, such as heat mapping or unclear data visualisations, were
excluded from analysis. Any discrepancies in data extraction were
resolved by discussion and consensus, in accordance with the third
reviewer (RC). Given the heterogeneity of interventions, method-
ologies, outcome measures and varying degrees of meeting best

Table 1 General search strategy for the systematic literature review on the effect of nutritional supplements, diet and/or exercise interventions on inducing
alterations of the gut microbiota and its effects on exercise performance in a healthy active adult population

Field one (combine with OR):

population and comparison

Field two (combine with OR): intervention

Field three (combine with OR): outcome

Keywords: athlete?, athletes, walking, AND Keywords: short-chain fatty acids, SCFA,
microbial composition, microbiome,
microbiota, microflora, intestine flora,
gastrointestinal microbiome, Lactobacillus
plantarum, Bacillus coagulan, Lactobacillus
paracasei PS23, Bacillus subtilis, Bifidobacterium
longum, ((Lacticaseribacillus or Lactobacillus)

sports, triathlete?, run?, race walker?,
sportspeople, exercise?, cyclist, cycling,
((badminton or basketball) adj2
(player?), ((physical or recreational or
elite or competitive or endurance) adj2
(exercise or activity or performance))
adj2 (casei))

AND Keywords: athletic performance, training, aerobic,
fitness, physical fitness, skeletal muscle, isokinetic,
isometric, neuromuscular, force, torque, power,
strength, max@ voluntary contraction, ((exercise
or athletic or physical or endurance or sport or
muscular) adj2 (performance)), ((time) adj2 (trial
or exhaustion)), ((aerobic or anaerobic) adj2
(capacity))

aUsed to retrieve unlimited suffix variations.
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Table 2 PICOS table, showing the inclusion and exclusion criteria for the study population, intervention, comparator, outcome/s and study design

PICOS

Inclusion

Exclusion

Population

Human.

Animals and in vitro studies.

Recreational and competitive active adults (218 yr).

Infants or children.

Male and female biological sex.

Pregnancy or lactating.

Sedentary individuals (i.e., no adherence to exercise or structured physical
activity programs). Diagnosed disease or syndrome states (i.e., all clinical
populations; gastrointestinal disease/disorders (e.g., irritable bowel syndrome,

inflammatory bowel disease, coeliac disease or any other functional
gastrointestinal disorder/infections). Population adhering to dietary
modifications and/or dietary supplementation, including pre-/pro-/syn-biotics
in the 3 mo before experimental protocols. Antibiotic and/or other drugs
intake (e.g., non-steroidal anti-inflammatory or stool-altering medications)
within 1 mo of experimental protocols.

Intervention  Exercise and/or physical training OR diet OR nutrient
supplementation OR prebiotic/s, probiotic/s and

No exercise and/or physical training OR dietary modification OR nutrient
supplementation OR provisions of prebiotic/s, probiotic/s and symbiotic

symbiotic/s blends (i.e., prebiotic + probiotic, with or blends.

without other nutrient inclusion) (e.g., vitamins, minerals,
lipids, phytochemicals and/or volatiles).

Comparator  Placebo group or control group.

No placebo or control.

Outcome
or OTU) including a-diversity and relative abundance,
bacterial functional markers including SCFA concentration
(e.g., butyrate, propionate and/or acetate).

AND

Exercise performance: e.g., time to exhaustion, time trial,
maximal strength.

Gastrointestinal microbiota: e.g., bacterial taxonomy (ASV Failure to meet outcome criteria.

Study design  RCT or randomised crossover trial.

All other study designs.

ASV, amplicon sequence variant; OTU, operational taxonomic units; RCT, randomised control trial; SCFA, short-chain fatty acid.

practice guidelines and recommendations checklist in exercise gas-
troenterology research thatincluded experimental control of con-
founding factors for primary variables explored in this systematic
literature review,”3 a meta-analysis was not feasible and results
were synthesised descriptively.

Risk of bias assessment

Risk of bias was independently assessed by two reviewers (SKG and
IGM) using the Cochrane Risk-of-Bias Tool (RoB 2),74 following es-
tablished criteria. Discrepancies were resolved through discussion
and consensus. The overall risk of bias rating for each study reflects
the highest level of risk across any domain, in accordance with RoB
2 guidance. No studies were excluded based on their risk of ratings;
however, these assessments were integral to our interpretation of
findings. Studies with a higher risk of bias, particularly due to inad-
equate blinding and important methodological limitations such
as insufficient dietary or exercise control, were interpreted with
caution when considering their reported performance outcomes.
While industry funding and author affiliations were noted as part
of the study context, they were not used as direct indicators of
study reliability. Throughout the results and discussion, risk of bias
concerns and methodological limitations were explicitly highlight-
ed to provide a nuanced understanding of the evidence, acknowl-
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edging that these factors contributed to heterogeneity and uncer-
tainty in the overall conclusions.

Results

Search results

Results of the literature search are shown in Fig. 1. A total of 3,779
non-duplicate studies, including those identified via citation
searching, were screened. After title and abstract screening, 3,750
were excluded. Of the 29 studies sought for retrieval (26 from da-
tabases and registers and 3 from other sources), 27 full-text arti-
cles were successfully retrieved and assessed for eligibility. Studies
were excluded due to wrong study design (n=2), wrong study pop-
ulation (n=3) and wrong outcomes (n=4), resulting in 18 studies
being included in the final review (Fig. 1).

Study characteristics

Outcomes are reported from a total of 588 participants. The ma-
jority were male (67 %), with participant ages ranging from 19 to
69 years. The populations studied included n=5 active adults,22:33.38
n=1 active elderly,26 n=2 football players (semi-professional and
professional soccer; Tier 2-3),29-32n =1 triathletes (described as
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Identification of studies via other methods

Records identified from*:
Databases (n = 6749)
Medline = 1131
Embase = 1576
CINAHL Complete = 257
Web of Science = 2029
Scopus = 1756

Records removed before
screening:
Duplicate records removed
(n=2972)

Records identified from:
Citation searching (n = 3)

 J

Records screened
(n=3776)

Records excluded
(n=3750)

4

Reports sought for retrieval

Reports not retrieved

Reports sought for retrieval

Reports not retrieved
(n=0)

Reports excluded:
(n=0)

= (n=26) (n=2) (n=3)
=
[
! .
i Report: luded
eports excluded:
Reports assessed for eligibility N Reports assessed for eligibility
(n=24 —_—p YXrSr%g); study design no3)
Wrong study population
(n=3)
Wrong outcomes
(n=4)
_
— .
E Studies included in review
< (n=18)
T Reports of included studies
= (n=18)

Fig. 1 PRISMA diagram illustrating the systematic review process and the inclusion and exclusion of research papers. 7!

elite but lacking sufficient detail to classify by Tier),23n=1 nation-
al level cross-country skiers (Tier 3),28 n=1 cyclists (Tier 2),37n=1
well trained MMA (Tier 2),3*n=4 runners (Tier 2-3)25.27.30.36 apd
n=1race walkers (Tier 4).31

Interventions included n=11 probiotic and/or postbiotic trials
(n=8single strain, n =3 multi-strain);22-23.25.28,30,32,34,36-38,40 gnd
n=2 using other nutritional supplements containing a-Cyclodex-
trin.33.39 Other interventions included n=3 dietary modifications:
(1) a high protein diet (40 % protein/30 % carbohydrate/ 30 % fat)
or a high carbohydrate diet (60 % carbohydrate/10 % protein/30 %
fat)?7; (2) a ketogenic Mediterranean diet with phytoextracts (<30
g/d carbohydrate, comprising <10 % of total energy intake, 25—
30 % of energy from protein, with fat consumed ad libitum and
three herbal extracts)2?; and (3) high-carbohydrate (HCHO) diet
(60 % carbohydrate/16 % protein/20 % fat) and periodised carbo-
hydrate (PCHO) diet (same macronutrient composition as HCHO,
but periodised across days/sessions).3! Additionally, a low-carbo-
hydrate, high-fat (LCHF) diet was employed, consisting of 78 % fat,
17 % protein and <50 g/d carbohydrate, comprising approximate-
ly 3.5% of total energy intake. Furthermore, n=1 exercise inter-
vention was included, which involved a 60-minute exercise pro-
gram performed four times per week. The program comprised a
10-minute warm-up, 20 minutes of aerobic exercise, 25 minutes
of resistance exercise and a 5-minute cool-down.2¢

Among the probiotic and/or postbiotic interventions, delivery
formats included capsules (n=7),22:23.25.30.37.38,40 tablets (n=1),34
sachets (n=1),3% yoghurt (n=1)28 and kefir (n=1).32 Intervention
durations ranged from 2 to 11 weeks. Outcomes assessed across

Gaskell SK et al. 2026; 47: 255-286 doi: 10.1055/a-2705-2210

studies included direct exercise performance measures such as
TTE, TT, distance test, vertical jump height, strength assessments
(i.e., knee extensor/flexor, grip and isometric quadriceps), peak
power output, fatigue index, single leg standing with eyes closed
and the 2-minute step test. In addition, physiological indicators of
aerobic capacity, such as VO,may, Were also reported in several
studies.

Due to the heterogeneity of study designs, interventions and
outcome measures, results are presented descriptively in Table 3
(study characteristics) and Table 4 (study outcomes); expanded
outcome data corresponding to Table 4 are provided in Supple-
mentary Table S1 (available in the online version only). Wu et al.38
conducted a post hoc analysis of data from Lee et al.,2* and Mur-
taza et al.3? performed a post-hoc analysis of data originally pub-
lished by Burke et al.”> Przewtdcka et al.3#3% reported different per-
formance outcomes from the same trial in two separate publica-
tions.

Risk of bias assessment

Results of the risk of bias assessment are presented in Table 5. Sev-
eral studies did not explicitly state their blinding or randomisation
procedures, or blinding was not possible due to the nature of the
intervention. These studies were therefore assessed as having
‘some concerns’ or ‘high risk’ in certain domains.23.23.31.32,40 Most
included studies, however, had an overall low risk of bias. More
than half were either directly funded by, received supplementa-
tion and/or placebo products from or included authors affiliated
with, commercial product manufacturers (i.e., probiotic, herbal or
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Table 5 Risk of bias assessment

International Journal of Sports Medicine

Deviations from

Reference Randomisation

Deviations from
intended interventions — intended interventions —

Missing outcome data Measurement of Selection of the Overall risk of bias

process effect of assignment of effect of adhering to outcome reported result
Period and intervention intervention
carryover effects

Furber et al. [27] [J N/A [J [J [J ] [J ]
Gross etal. [22] [ ] [ ] [ ] [ [ ] [ ] [ ] [ ]
Huang et al. [23] ° NA ° ° ° ° ° °
Lee et al. [40] ° NA ° ° ° ° ° °
Li etal. [28] ° NA ° ° ° ° ° °
Lin ct al. [25] ° NA ° ° ° ° ° °
Mancin et al. [29] ° N/A ° ° . ° ° °
McDermott et al. L] N/A L] o L] L] o [ ]
30

Morita et al. [39] ° N/A ° ° ° ° ° °
Murtaza et al. [31] ° N/A ° ° ° ° ° °
Ones et al. [32] ° N/A ° ° ° ° ° °
Onishi et al. [33] [ J N/A ] ° ] [ L] [
Przewlocka et al. L] N/A L] ° ] L] ° [ ]
1351

Przewlécka et al. L4 N/A ° L] o [ ] [ ] ]
[34]

Wang et al. [36] [ 4 N/A [ (4 [ ] [ J [ J [ J
West et al. [37] ° N/A ° ° ° ° ° °
Wu et al. [38] L[] N/A [ ] ° [ ] ° [ ] [ ]
Zhong et al. [26] ° N/A [ ° [ [J [J [J

® Low risk of bias, ® High risk of bias, ® Indicates some concern

dietary products) (Table 3).22.25.27,29,30,33-35,37-40 \|ost studies
included in this review did not adhere to best practice guidelines
for exercise-gastroenterology research,’3 which emphasises rigor-
ous methodology and control of confounding variables, especially
those related to diet and exercise (Table 3).

Dietary monitoring and control

Dietary monitoring and control strategies varied widely, with in-
consistent implementation across studies. The majority (n=13)
did not provide participants with food; three studies partially pro-
vided meals,2>2%:33 and only two implemented fully controlled di-
etary interventions.31-36 Most trials monitored dietary intake to
some extent rather than supplying all meals. In studies investigat-
ing single-strain probiotics or postbiotics, dietary monitoring was
often reported, but comprehensive control and detailed reporting
were uncommon. For instance, Gross et al.22 used 2-day food and
fluid logs and required participants to replicate intake before each
study visit and fast overnight. Despite this dietary control method
within the experimental procedures being inappropriate,’3 macro-
nutrient intake was reported, but fibre and FODMAPs were not.
Huang et al.23 asked participants to avoid fermented foods, preb-
iotics, probiotics and antibiotics and analysed dietary records; yet,
detailed results were not reported. Lee et al.* required cessation
of supplements two weeks prior to intervention and recorded base-
line energy intake, but did not monitor fibre or FODMAPs. Similar-
ly, Li et al.28 reported no between-group differences in energy or
macronutrients using 2-day weighed food diaries, but did not in-
clude fibre or FODMAP data. Lin et al.2> employed a dietitian to pre-
scribe a diet and provide the same meal, while restricting probiot-
ic- and antibiotic-containing foods; however, no dietary intake data
were reported. West et al.37 used 4-d food diaries and instructed
participants to maintain habitual diets while avoiding probiotic
foods, reporting no between-group differences in energy, macro-
nutrients or fibre intake. Wu et al.38 collected 3-day food diaries
with photographic records and reported no significant differences
between or within groups, although diets were not otherwise con-
trolled. McDermott et al.3? standardised pre-trial breakfasts and

Gaskell SK et al. 2026; 47: 255-286 doi: 10.1055/a-2705-2210

evaluated dietary habits at baseline and post-intervention, report-
ing no changes in fibre or diet quality.

Among multi-strain probiotic studies, dietary control and re-
porting were similarly limited. Przewt6cka et al.34.3% assessed die-
tary intake using a 3-day interview and food frequency question-
naire and standardised the pre-exercise breakfast, but did not re-
port nutrient data. Wang et al.36 prescribed an ‘assigned diet” and
restricted supplements, fermented foods and alcohol, yet provid-
ed no dietary details. Ones et al.32 used dietitian-quided 3-day food
records across training phases but again did not report nutritional
composition. In nutrient-based intervention studies, dietary
control varied. Morita et al.3? asked participants to maintain their
usual diets while avoiding functional foods and supplements but
did not report dietary composition. Onishi et al.33 provided partic-
ipants with a prescribed dinner the day prior and a prescribed
breakfast on the day of the clinic visit. Outside of this, participants
were instructed to maintain their usual diet. Daily meal intake was
recorded, though nutrient composition was not analysed. In con-
trast, Furber et al.,2” Murtaza et al.3" and Mancin et al.2? imple-
mented tightly controlled diets with detailed dietary analysis, more
closely aligning with methodological best practice.”? In the sole
exercise-only study, Zhong et al.2 did not monitor or report die-
tary intake, representing a significant limitation given the influence
of diet on gut microbiota outcomes. Overall, while many studies
incorporated some level of dietary monitoring, such as food dia-
ries, exclusion criteria or standardised meals, few provided detailed
nutrient data, especially on fibre and FODMAP intake, which are
key confounding nutrients to gut microbiota change. Only a mi-
nority provided food directly to participants. These inconsisten-
cies limit the interpretability of intervention effects (e.g., any pos-
itive outcome could simply be due to artefact subsequent to the
experimental design) and underscore the need forimproved meth-
odological rigour, as recommended by Costa et al.”3

Exercise monitoring and control

Exercise control and reporting were similarly variable (Table 3).
Most studies provided only general instructions, such as maintain-
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ing a regular lifestyle and avoiding strenuous exercise, with some
specifying a restriction period of 1-3 days before testing. Howev-
er, n=3 studies?3-38.40 did not monitor or record participants’ phys-
ical activity levels at all. Eleven studies?2-23.25.27.29,32,36-40 |acked
detailed exercise data, while five studies28.30.31.33.35 provided over-
all comprehensive information. Given the influence of physical ac-
tivity on gut microbiota, this lack of standardisation limits result
interpretation (e.g., any positive outcome could simply be due to
an artefact subsequent to the experimental design).

Stool sample collection and storage

Seventeen studies assessed microbial composition in stool sam-
ples during the intervention period, reflecting changes in luminal
microbiota. However, collection protocols varied considerably,
complicating direct comparison across studies (Table 3). In probi-
otic and postbiotic interventions, Gross et al.,22 participants used
kits containing preservation reagents (RNA Later and OMNIgene);
samples were initially stored at —20°C, transported onice and then
stored at - 80°C. Lin et al.2> used DNA/RNA Shield tubes for
self-collection, with storage at - 80°C. McDermott et al.3? em-
ployed a commode system and nucleic acid preservation tubes,
storing samples at —80°C. In contrast, West et al.37 used sealable
plastic bags frozen at —20°C, although the interval between col-
lection and lab delivery was not reported. Wu et al.38 preserved
fresh samples in 95 % ethanol prior to transport and stored them
at —-80°C. Lietal.,28 Huang et al.23 and Lee et al.*0 collected fresh
stool samples but did not describe collection and handling proto-
cols. In multi-strain probiotic studies, Przewtdcka et al.34 used
standardised containers with immediate freezing at — 80 °C, while
Wang et al.3 used freeze-dried collection tubes with similar freez-
ing procedures. Ones et al.32 did not report their collection or stor-
age methods. Of the two other nutritional supplement studies,
Morita et al.39 and Onishi et al.33 provided Sarstedt containers for
home collection, instructing participants to freeze samples at ap-
proximately —30°C before transport to the clinic. Dietary inter-
vention protocols also employed varied approaches. Furber et al.2’
collected the first stool of the day, freezing samples at - 80 °C with-
in 2 hours. Mancin et al.2% used sterile swab tubes containing pre-
servative, stored at —20°C. Murtaza et al.3! used OMNIgene kits
for samples collected before and after the training-diet interven-
tion in athletes. In the sole exercise-only intervention, Zhong et
al.,26 stool samples were pre- and post-intervention, but the col-
lection and storage protocols were not described.

Microbial, a-diversity, and SCFA techniques

Most probiotic and postbiotic interventions used 16S rRNA gene
amplicon sequencing, targeting different hypervariable regions:
V1-V3,23V3-V425.32.38.40 3nd V4.36 Shannon index was common-
ly used to assess a-diversity,23.28.32.38.40 sometimes alongside
Chao1,32:38 Inverted Simpson, ACE and others.34 Two studies em-
ployed alternative sequencing: Gross et al.22 used shotgun
metagenomic (Shannon entropy) and Li et al.2 used DNB-seq with
combinatorial probe-anchor synthesis. West et al.37 used denatur-
ing gradient gel electrophoresis (DGGE) and qPCR and McDermott
et al.3% used real-time qPCR, though a-diversity was not reported
in either. Of the two other nutritional supplement studies, Morita
etal.3?and Onishi et al.33 used 16S rRNA gene amplicon sequenc-
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ing, targeting the V4 region and employed species-specific gPCR
to quantify Bacteroides uniformis. Morita et al.3° also used Shan-
non, Chao1 and phylogenetic distance indices, but SCFA concen-
trations were not measured in either study.

SCFA quantification methods varied and were inconsistently re-
ported. They included gas chromatography-mass spectrometry
(GC-MS),2 high-performance liquid chromatography (HPLC),40 ul-
tra-performance liquid chromatography tandem mass spectrom-
etry (UPLC-MS/MS),38 and gas chromatography with flame ionisa-
tion detection (GC-FID),34while several studies did not report SCFA
analysis.22.25.30,32,36-37

Diet-based interventions applied 16S rRNA gene amplicon se-
quencing, targeting V3-V4,29V6-V8,3" and V4.27 Furber et al.%’
also included ITS1-1TS2 sequencing for fungal taxa and viral
metagenomics. Reported diversity metrics included Fisher’s
alpha,?” Shannon’s effective number of species (ENS) and opera-
tional taxonomic units (OTUs)2? and Shannon and Simpson indi-
ces.?’ None of the dietary studies assessed SCFA concentrations.
In the sole exercise-only intervention, Zhong et al.26 employed 16S
rRNA gene amplicon sequencing (V3-V4), with multiple a-diver-
sity metrics reported: Sobs, Chao1, ACE, Shannon and Simpson.
SCFA concentrations were not reported.

Faecal microbial composition and diversity

Two probiotic studies showed increased levels of supplemented
bacterial species: B. longum subsp. longum?> and Limosilactobacil-
lus fermentum VRI-003 PCC.37 Przewtdcka et al.34 found increases
in Bacteroides fluxus and Roseburia inulinivorans after 4 weeks of a
multi-strain probiotic with vitamin D3. No other significant spe-
cies-level changes were found.22 25.28,32,36,38,40 McDermott et al.30
detected Lactobacillus helveticus Lafti L10in 57.1 % of participants
post-intervention, though without statistical group comparisons.

At the phylum level, Lin et al.25> noted an increase in Actinomy-
cetota and Bacillota and a reduction in Pseudomonadota follow-
ing Bifidobacterium longum subsp. longum supplementation, al-
though significance was not stated. Gross et al.22 found no chang-
es in Veillonella abundance after Veillonella atypica FB0O054
supplementation. Huang et al.23 reported reductions in several
bacterial groups (e.g., Anaerotruncus, Caproiciproducens, Coproba-
cillus, Desulfovibrio, Dielma, Family_XIll_UCG_001, Holdemania and
Oxalobacter) and increases in Akkermansia, Bifidobacterium, Butyr-
icimonas and Lactobacillus, though no baseline data were report-
ed. Wang et al.36 noted increases in Bacteroidota, Bacillota, Pseu-
domonadota, and Actinomycetota, after 5 weeks of Lactobacillus ac-
idophilus and Bifidobacterium longum supplementation but
statistical significance was not reported.

At the family and class levels, Przewtdcka et al.34 found reduc-
tions in the families Lachnospiraceae, Peptostreptococcaceae and
Lactobacillaceae, all within the phylum Bacillota, alongside an in-
crease in the class Negativicutes and an overall reduction in Bacil-
lota abundance. No further faecal sample bacterial taxa changes
were observed with probiotic supplementation. At the genus level,
Lin et al.2> showed significant increases in Bifidobacterium and
members of the Lactobacillaceae family, including genera former-
ly classified under Lactobacillus. Wu et al.38 found Lacticaseibacillus
paracasei PS23 supplementation led to increases in the genera Lac-
ticaseibacillus, Streptococcus, Blautia and other members of the Lac-
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tobacillaceae family (formerly grouped under Lactobacillus), along-
side a decrease in Prevotella. Postbiotic supplementation with heat-
killed Lacticaseibacillus paracasei PS23 led to an increase in the
genera Lacticaseibacillus and Collinsella; however, baseline micro-
biota data were not reported.38 Przewtdcka et al.34 reported an in-
crease in the genera Faecalibacterium and Prevotella and a decrease
in Collinsella and Bacteroides after supplementation with a mul-
ti-bacterial formulation. Wang et al.3® noted increases in the gen-
era Lacticaseibacillus, Olsenella, Weissella and Anaerostipes and de-
creases in Cloacibacillus and Alphaproteobacteria_unclassified.

Seven studies reported no significant changes in o-diversity fol-
lowing probiotic supplementation 22.28.32.34.37.38,40 apd two re-
ported no significant B-diversity shifts.22.28 However, three studies
observed significant B-diversity shifts following probiotic use.32:38.40
Lee et al.*0 reported differences in B-diversity between groups re-
ceiving heat-killed Lactiplantibacillus plantarum TWK10 and con-
trols and between live and heat-killed TWK10. Wu et al.38 found
significant B-diversity changes after 6 weeks of Lacticaseibacillus
paracasei PS23 supplementation compared to placebo. Finally,
Ones et al.32 observed significant B-diversity differences following
kefir supplementation over four weeks. Of the two other nutrition-
al supplement studies, one examined both a- and B-diversity and
reported no significant differences between groups following 9
weeks of supplementation with flaxseed lignans, aCD or a place-
bo.3? Additionally, no significant changes in species-level relative
abundance were reported.33.39

Among the three dietary studies, two assessed a-diversity and
found no significant differences between dietary intervention
groups.29-31 At the phylum level, Mancin et al.2° reported a de-
crease in the abundance of Actinomycetota following adherence
to the KEMEPHY ketogenic Mediterranean diet (KDP) compared to
a Western diet over 30 days. Carbohydrate intake was negatively
correlated with the genus, Odoribacter, and fat intake was nega-
tively associated with Fusicatenibacter. Murtaza et al.3" identified
three dominant gut microbiota profiles at baseline: Prevotella pre-
dominant, Bacteroides dominant and a profile dominated by mem-
bers of the phylum Bacillota in one participant. These profiles re-
mained relatively stable after participants adhered to one of three
prescribed diets (high carbohydrate, protein carbohydrate and low
carbohydrate).

Furber et al.?” did not compare a- or B-diversity between inter-
vention groups (high protein diet vs. high carbohydrate diet), in-
stead focusing on within-group changes over time. The high pro-
tein diet was associated with a significant reduction in Fisher-a di-
versity of inducible viruses, which did not return to baseline levels
post-intervention. Significant shifts were observed in both free
viral particles and inducible virus communities. The high-carbohy-
drate diet appeared to have a greater impact on bacterial commu-
nity composition than on the viral community; however, these
shifts were not statistically significant. Notably, the high carbohy-
drate diet was associated with increased relative abundance in Leu-
conostoc, Lactococcus and Collinsella, while Streptococcus decreased.

In the sole exercise-only intervention, Zhong et al.2 reported
no significant changes in a-diversity between intervention and
control groups. At the class level, the exercise intervention was as-
sociated with an increase in Bacilli and a decrease in Betaproteobac-
teria. At the order level, Lactobacillales increased while Burkholderi-
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ales decreased. At the family level, reductions were noted in Sut-
terellaceae and Bacteroidaceae. At the genus level, the intervention
resulted in a decreased abundance of Holdemania, Anaerostipes and
Bacteroides.

Faecal SCFA concentration

Faecal SCFA concentrations were assessed pre- and post-interven-
tion in n=4 studies (Table 4), all of which investigated probiotic
and/or postbiotic supplementation.28.34.38.40 One additional
study?3 reported only post-intervention SCFA values. Significant
increases in faecal acetate concentrations were observed follow-
ing 6 weeks of supplementation with L. plantarum or heat-killed L.
plantarum (formerly Lactobacillus plantarum). No significant chang-
es were detected in the control group, and no significant be-
tween-group differences were reported.4? Huang et al.23 observed
higher post-intervention concentrations of acetic acid, propionic
acid and butyric acid in the probiotic group (L. plantarum PS128)
compared to placebo; however, the absence of baseline data lim-
its the ability to attribute these changes to the intervention. Li
et al.28 reported a 4.5-fold increase in faecal acetate following 8
weeks of yoghurt supplementation containing Bifidobacterium an-
imalis subsp. lactis BL-99 compared to control. In contrast, two
studies3#38 found no significant post-intervention changes in fae-
cal SCFA concentrations.

None of the studies assessing SCFA outcomes adhered to best
practice guidelines for the control of experimental confoundersin
exercise-gastroenterology research, as outlined by Costa et al.”3
As described previously, dietary control across studies varied with
those measuring SCFA mostly relying on simplistic strategies, such
as requesting participants to maintain usual intake or record
dietary logs, which are insufficient for standardising pre-trial diet.
Several studies failed to report quantitative dietary intake or key
microbiota-modulating components.

Exercise performance outcomes in response to inter-
ventions

Eighteen studies assessed exercise performance outcomes across
various domains, including TTE, TT, Cooper’s test, strength and an-
aerobic performance and functional capacity. Several also evaluat-
ed physiological parameters, such as aerobic capacity, and exam-
ined correlations against faecal microbiota composition (Table 4).
Six studies examined TTE outcomes, n=>5 probiotics and/or postbi-
otics 22:23.30.34.40 and n =1 dietary study.?” Results from single-strain
probiotic trials were mixed: Veillonella atypica FB005422 and Lacto-
bacillus helveticus Lafti L10 had no effect on TTE;3? whereas L. plan-
tarum PS128 23 increased post-intervention TTE compared to pla-
cebo. However, baseline values were not reported, limiting the in-
terpretation of the magnitude of change. In that study, TTE was
significantly greater in the intervention group than placebo (1,679
svs. 1,083 s, p < 0.05). Both viable and heat-killed forms of L. plan-
tarum TWK10 improved TTE at 85 % VOmax.? A multi-strain probi-
otic containing B. lactis W51, L. brevis W63, L. acidophilus W22, B. bi-
fidum W23, Lc. lactis W58 and vitamin Ds improved TTE by approx-
imately 12.6 % in mixed martial arts athletes.3* TTE increased
significantly in the intervention group (496.30+89.98 to 559.00 +
68.99 s, p=0.023), while no significant change occurred in the con-
trol group (489.91+72.02t0468.55+102.03 5, p=0.685). Howev-
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er, as only within-group comparisons were conducted and no be-
tween-group statistical analyses were reported, the true effect of
the intervention remains unclear. In dietary studies, a high-protein
diet led to a significant decrease in TTE, while a high-carbohydrate
diet resulted in a modest increase in TTE.Z’

Three studies assessed TT, n=2 focused on nutritional supple-
mentation,33-3%and n=1 on a dietary intervention.3' Both supple-
mentation trials demonstrated improved 10 km performance with
aCD supplementation in physically active males.33.39 A dietary in-
tervention comparing HCHO, PCHO and LCHF diets found that only
HCHO and PCHO improved 10 km race walking time (average of
4.2 %), despite all groups showing increased aerobic capacity.3?

Two studies employed Cooper’s test both were probiotic stud-
ies. Lin et al.2> found that in well-trained middle and long-distance
runners, while no significant differences were observed at any time
point, the intervention group showed significantly greater im-
provements in distance covered at the 6th, 9th, and 12th minutes,
compared to the placebo group. Wang et al.,3% found increased
distance in amateur marathon runners post-supplementation,
though changes were not significantly different between groups.

Four studies investigated strength or anaerobic performance,
n=3 probiotic and/or postbiotics?83>38 and n=1 dietary interven-
tion.2? Probiotic supplementation significantly increased 60 °/s
knee joint extensor and flexor strength in skiers compared to con-
trol.28 Lactobacillus plantarum PS23 (both viable and postbiotic, i.e.,
heat-killed), helped mitigate neuromuscular fatigue following ex-
ercise-induced muscle damage in physically active adults,3® show-
ing improved performance countermovement jump height, rate
of force development and Wingate anaerobic performance. A mul-
ti-strain probiotic did not outperform placebo for anaerobic capac-
ity in MMA athletes.3> One dietary study comparing a ketogenic
Mediterranean diet and a Western diet in semi-professional soccer
players found no significant differences between groups in Yo-Yo
intermittent test performance, countermovement jump height or
maximal isometric quadriceps strength, despite suggesting poten-
tial improvements in agility, sprinting and power output.?® In the
sole exercise-only intervention and which involved older adults,
Zhong et al.26 reported improvements in chair sit-and-reach flex-
ibility and single-leg standing balance (eyes closed) following an
8-week aerobic and resistance training program. However, no sig-
nificant changes were observed in strength or timed functional
tests.

Six studies evaluated aerobic capacity, n=4were probiotics,23.28.34.37
n=1 nutritional supplementation33 and n=1 dietary intervention.*?
Lactobacillus plantarum PS128 23 and Limosilactobacillus fermentum
VRI-003 PCC37 had no effect on VO, ., Whereas Bifidobacterium an-
imalis subsp. lactis BL-99 significantly improved VO, may in nation-
al-level cross-country skiers compared to control.28 A multi-strain
probiotic had noimpact on MMA athletes.3* a-Cyclodextrin supple-
mentation did not change VO3> Murtaza et al.3" reported a sig-
nificant post-intervention increase in VOzpeak across all dietary in-
tervention groups (HCHO, PCHO and LCHF diet) (p < 0.001,90%
confidence interval [Cl]: 2.55, 5.20 %). However, VO, uptake, at a
speed approximating 20 km race pace, decreased in both the high
carbohydrate (90% ClI: —=7.05, —0.244 %) and periodised carbohy-
drate (90% Cl: -5.18, —0.86 %) groups, whereas it remained at
pre-intervention levels in the low carbohydrate high fat group. Fur-
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thermore, mean 10 km race walk time improved in the high carbo-
hydrate (6.6 %, 90% Cl: 4.1, 9.1 %) and periodised carbohydrate
(5.3%,90% Cl: 3.4,7.2%) but showed no clearimprovement in the
low carbohydrate high fat group (- 1.6,90% Cl: -8.5, 5.3%).

Correlations between microbiota alterations and
exercise performance

Seven studies, n=4 probiotic studies,?2-32.38.40 n =2 dietary studies,?’-31
and n=1 exercise study,2® explored correlations between changes in
the gut microbiota and performance outcomes (Table 4). Among
the probiotic interventions, Gross et al.22 reported no correlation
between changes in B-diversity and TTE. In contrast, Lee et al.40
reported a moderate positive correlation between TTE and the Co-
riobacteriaceae family following TWK10 probiotic supplementa-
tion, with an approximate correlation coefficient of r=~0.5 (p <
0.05), which was inferred from the heat map visualisation. They
also observed a strong positive correlation between TTE and the
Veillonellaceae family following the TWK10-hk postbiotic inter-
vention (r=0.65, p < 0.01). Other microbial families demonstrat-
ed negative correlations with TTE. Wu et al.38 found weak to mod-
erate positive correlations between the abundance of Lacticasei-
bacillus, Streptococcus, Blautia and Lactobacillus with improved
performance across various exercise tests, while Prevotella abun-
dance was weakly negatively correlated with performance. Ones
et al.3Zreported that high-performance athletes exhibited greater
relative abundance of Faecalibacterium prausnitzii and P. copri,
whereas Dorea formicigenerans and Oxalobacter formigenes were
more abundantin lower-performing athletes; however, most cor-
relations between microbiota profiles and performance outcomes
were not statistically significant.

Among the dietary studies, Furber et al.?” found that individu-
als whose performance declined during a high-protein diet exhib-
ited greater shifts in overall faecal microbial community composi-
tion, whereas those on a high-carbohydrate diet showed improved
performance and greater microbial stability. Murtaza et al.3" re-
ported no significant associations between baseline faecal bacte-
rial profiles and performance; however, following a low-carbohy-
drate high-fat dietary intervention, strong negative correlations
were found between Bacteroides and fat oxidation and between
Dorea and exercise economy.

The exercise-only study by Zhong et al.2® identified negative as-
sociations between specific faecal bacterial taxa and physical per-
formance measures. A strong negative correlation was found be-
tween Betaproteobacteria and chair sit-and-reach performance
(r=-0.704, p=0.005), while moderate negative associations were
reported between Holdemania and single-leg standing with eyes
closed (r=-0.553, p=0.040) and Betaproteobacteria and grip
strength (r=-0.551, p=0.041).

Discussion

This systematic literature review represents, to our knowledge, the
first comprehensive synthesis examining whether nutritional sup-
plement, dietary and exercise interventions can modulate gut mi-
crobiota composition and subsequently enhance exercise perfor-
mance in healthy active adult populations. Previous narrative and
systematic reviews in this topic area have typically focused on sub-
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sets of these interventions, often overlooking key studies or meth-
odological limitations. Many have not consistently included con-
current assessments of gut microbial composition alongside exer-
cise performance outcomes, nor examined correlations with SCFAs
in plasma or faeces. By including only studies that assessed both
gut microbiota and exercise performance, this review addresses
these critical gaps and provides a more integrated perspective on
the potential interactions between gut microbiota and exercise
outcomes.

From a methodological perspective, considerable variability
was observed in how studies assessed the impact of interventions
on faecal bacterial composition. While differences in stool collec-
tion and management procedures were noted, a greater source of
inconsistency arose from the analytical techniques employed,
most notably, quantitative polymerase chain reaction (qQPCR) and
next-generation sequencing approaches such as 16S rRNA and
shotgun metagenomics. These techniques yield fundamentally
different outputs: qPCR provides absolute values (e.g., CFU/g),
whereas sequencing typically reports relative abundance (e.g., %
of total reads). Compounding this, inconsistency in taxonomic lev-
els, bacterial targets and reporting units hindered direct compar-
isons across studies. As a result, interpreting intervention-induced
microbiota shifts, and, by extension, their effects on exercise per-
formance, requires considerable caution. These methodological
discrepancies underscore the urgent need for standardised proto-
cols to enhance comparability and improve the validity of conclu-
sions drawn from this growing body of literature.

Despite methodological limitations, some studies did report
changes in bacterial composition following probiotic supplemen-
tation. Three probiotic studies reported significantincreases in the
supplemented strains’ relative abundance?>:30.37; however, effects
on broader microbiota taxa were negligible or inconsistent. This
aligns with previous findings from a systematic review showing
limited microbial shifts beyond the administered strains and no
substantial effects on gastrointestinal status (i.e., integrity and
function) markers or SCFA concentrations.”® While a subset of stud-
iesin the current review reported taxonomic shifts beyond the sup-
plemented strains, such as increases in saccharolytic genera (Blau-
tia, Faecalibacterium, Anaerostipes)343%.38 and decreases in poten-
tially pro-inflammatory taxa (Desulfovibrio, Dielma),?3 these
findings were inconsistent, often lacked baseline comparisons and
did not consistently align with improvements in a- or B-diversity.
Notably, only three probiotic studies found significant changes in
B-diversity,32-38.40 while three others (two probiotic and one sup-
plement) found no significant shifts.22:28.39 Similar variability was
observed in dietary and exercise interventions. For example, a
high-carbohydrate diet was associated with increased relative
abundance of Leuconostoc, Lactococcus and Collinsella, while
high-protein and ketogenic diets were associated with reductions
in microbial diversity or shifts in phylum-level taxa.2’ The sole ex-
ercise study included in this review reported modest taxonomic
changes but no effects on a-diversity.2° Collectively, while some
interventions appeared to modulate saccharolytic or butyrate-pro-
ducing taxa, the broader impact on faecal bacterial diversity and
composition appears limited and inconsistent. A further limitation
is that many studies did not adequately control for key confound-
ers known to affect faecal microbial profiles, such as diet compo-
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sition, faecal water content, physical activity and gastrointestinal
transit time.”’-80 The absence of such controls compromises the
ability to attribute microbiota shifts to the interventions them-
selves, raising the possibility that reported improvements in exer-
cise performance may instead reflect suboptimal research design.
This aligns with previous findings by Kristensen et al.,8" who re-
ported no significant probiotic-induced changes in a-diversity
among healthy populations. Although probiotic-induced microbi-
al shifts are often small and transient, they may influence bacteri-
al metabolic activity, particularly the production of SCFAs like ac-
etate and butyrate,82 which have been proposed to support both
health®3 and exercise performance.84 However, it remains unclear
whether these changes are biologically meaningful in athletic con-
texts or if their significance has been overstated.

This variability in intervention outcomes contrasts with the in-
herent stability observed in gut microbiota profiles among physi-
cally trained individuals under controlled conditions. From a his-
torical perspective, repeated assessments of faecal bacterial pro-
files in endurance-trained individuals, using best practice
experimental controls,”3 with test-re-test reliability assessments,
have demonstrated consistent and stable microbiota composi-
tions.? Specifically, predominant phyla include Bacillota (69 % rel-
ative abundance), Bacteroidota (24 %), Actinomycetota (2 %), Pseu-
domonadota (2 %) and Verrucomicrobiota (2 %). At the family level,
Ruminococcaceae and Lachnospiraceae each comprise 27 %, fol-
lowed by Bacteriodaceae (13 %), Acidaminococcaceae (6 %) and
Prevotellaceae (5 %). Dominant genera include Bacteroides (13 %),
Faecalibacterium (11 %), Agathobacter (5.7 %), Phascolarctobacteri-
um (5.3 %) and Prevotella (4.3 %). Measures of a-diversity indices,
assessed using the Shannon Equitability Index (SEl), also showed
minimal variation: phyla SEI=0.188 (95 % Cl: 0.166-0.211), fami-
ly SEI=0.245 (95 % Cl: 0.234-0.256) and genus SEI=0.282 (95 %
C1:0.269-0.296).° These findings highlight the underlying stabil-
ity of the gut microbiota in physically trained individuals, reinforc-
ing the need for rigorous control of methodological and biological
variability in intervention trials. Within this context, the lack of con-
sistent changes in microbiota composition across studies includ-
ed in this review, particularly at lower taxonomic levels (i.e., more
specific classifications such as genus and species), is unsurprising
and likely reflects heterogeneity in study protocols, population
characteristics, analytical approaches and control of key confound-
ers, rather than genuine intervention effects.

Despite mechanisms by which changes in the gut microbiota
may enhance exercise performance being linked to the increased
presence of SCFAs, these key microbial metabolites were assessed
in only five studies.23.28.34.38.40 Of these, just one study?8 report-
ed asignificant increase in acetate, while the remainder found no
meaningful changes. One study?3 reported post-intervention
means only, preventing evaluation of within-group change. Col-
lectively, these findings suggest that the interventions in this re-
view did not reliably modulate microbial fermentation end-prod-
ucts, which are proposed to mediate gut-exercise performance
relationships. Given the proposed role of SCFAs in exercise physi-
ology, the limited and inconsistent data further diminish the plau-
sibility of a microbiota-mediated performance benefit. Further-
more, only seven studies directly examined associations between
microbiota alterations and performance outcomes, with results
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varying considerably in both the direction and strength of report-
ed correlations. While a small number of studies reported statisti-
cally significant associations between specific bacterial taxa and
improved orimpaired performance,26:31.32.38,40 sbstantial heter-
ogeneity in study designs, microbial endpoints and performance
measures limits the ability to draw firm conclusions. Notably, one
study reported strong positive correlations between TTE and the
relative abundance of Coriobacteriaceae and Veillonellaceae fol-
lowing probiotic or postbiotic TWK10 interventions,* suggesting
a potential mechanistic role of these taxa in energy metabolism.
In contrast, several studies reported no significant associations, or
only weak correlations between gut microbial changes and perfor-
mance outcomes.?2:32.38 Taken together, there appear to be no
considerable links between intervention-induced changes to the
gut microbiota and exercise performance. The dietary interven-
tion by Furber et al.Z7 adds complexity to these findings, with a
high-protein diet being associated with larger bacterial shifts in
participants whose performance declined; whereas HCHO was
linked to improved performance and microbial stability. Similarly,
the exercise only study by Zhong et al.26 reported predominantly
negative correlations between microbial taxa and physical func-
tion measures. However, the physiological relevance of these find-
ings remains uncertain due to small effect sizes and diverse out-
come measures. As awhole, it would therefore be premature from
a translational practice perspective, to conclude that changes in
gut microbiota composition, whetherinduced through nutrition-
al supplementation, dietary or exercise interventions, directly im-
prove exercise performance. Current evidence does not support
such claims, and doing so risks overstating the practical signifi-
cance of largely speculative or inconsistently observed findings.
Given the absence of consistent improvements in performance
outcomes across the review, these findings align with the broader
conclusion that meaningful microbiota-mediated exercise perfor-
mance enhancements remain unsubstantiated.

Study limitations

Despite most included studies being rated as low risk of bias, sev-
eral methodological limitations were identified that constrain the
strength of conclusions in this systematic review. Common issues
across studies included inadequate blinding, unclear randomisa-
tion procedures, inconsistent adherence to exercise-gastroenter-
ology best-practice guidelines,’? and potential conflicts of inter-
est, with more than half receiving industry funding or product sup-
port. A key limitation was the limited and inconsistent investigation
of associations between gut microbiota and exercise performance,
with only seven studies exploring these relationships and consid-
erable heterogeneity in study design, intervention type, microbial
analysis methods and performance assessments, precluding direct
comparisons. Substantial variability in faecal sample collection and
storage procedures raised concerns. While some studies used val-
idated collection and preservation methods, others provided min-
imal procedural detail,23-28.40 raising concerns about cross-con-
tamination, microbial degradation and/or compositional shifts due
to variable storage conditions. For example, some used freeze-dried
collection tubes3® or home freezing at approximately —30°C,33.39
which may offer some stability. However, inconsistency across stud-
ies hampers data comparability. Notably, two studies?®-32 failed to
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report collection and storage protocols entirely, limiting both repro-
ducibility and interpretability. Likewise, heterogeneity in microbio-
ta and SCFA assessment methods, including variation in sequencing
platforms, depth and bioinformatic pipelines, as well as inconsistent
use of SCFA quantification techniques, limited comparability and
likely contributed to divergent findings. Inconsistent data reporting,
such as the use of fold-changes without absolute values?3 or reliance
on heat maps, furtherimpeded interpretation. Additional study de-
sign concerns included post-randomisation group switching,32 un-
clear performance categorisation and inappropriate group compar-
isons. Significant heterogeneity in probiotic strain, dose and deliv-
ery mode, along with the predominant inclusion of biological sex
male participants, also limits generalisability. Finally, although rig-
orous search strategies were employed across five databases and ci-
tation searches, it remains possible that some relevant studies were
missed. Collectively, these methodological inconsistencies and data
gaps precluded meta-analysis and reduced the overall strength of
conclusions regarding the impact of nutritional supplementation,
dietary or exercise interventions on gut microbiota and performance
in healthy active adults.

Future implications and translational
application

This systematic literature review highlights that, at present, there
is insufficient high-quality evidence to determine whether gut mi-
crobiota manipulation enhances exercise performance. Method-
ological issues, particularly variability in study designs, inconsist-
ent dietary and exercise controls and inconsistent reporting of
microbiota and metabolite outcomes, significantly limit the abili-
ty to draw firm conclusions. Given that both diet and exercise in-
dependently influence gut microbiota composition,17-85-87 future
research must rigorously control for these variables to minimise
confounding. Few studies adequately monitored or standardised
participants’ exercise regimens, despite exercise performance
being a primary outcome. Consistent documentation of exercise
type, intensity, duration and training load using validated tools
such as accelerometry should be standard practice,®8 these meth-
ods have been successfully used to link physical activity with phys-
iological outcomes, including gut-related physiological respons-
e5.63.89-91

Dietary intake also requires greater control. Changes in gut mi-
crobiota can occur within 24-48 hours of a dietary manipulation,
particularly at the species, genus and family levels.3-87 Therefore, all
food and fluid consumed at least 48 hours prior to sample collection
should be documented,’” with continued dietary monitoring
throughout the intervention period. Standardising intake of micro-
biota-relevant foods such as FODMAPs and dietary fibre is critical
to limit prebiotic effects that may confound outcomes, particularly
through modulation of beneficial taxa like Bifidobacterium species.%2
However, caution is warranted when considering resistant starch,
as its content is highly variable depending on food preparation and
is not routinely included in standard nutrient databases, limiting ac-
curate assessment in most dietary studies. Where substantial die-
tary variation exists, it should be accounted for statistically. Prospec-
tive food and fluid diaries can aid protocol adherence, and pre-inter-
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vention controlled feeding phases can help reduce the impact of
dietary variability.” Crossover designs, where feasible, offer an ef-
fective way to reduce inter-individual variability’” and may be par-
ticularly useful in studies involving trained individuals.? In addition
toimproving intervention protocols, future studies should strength-
en the measurement and interpretation of outcomes. SCFAs, includ-
ing acetate, propionate and butyrate, are key microbial metabolites
with potential relevance to exercise performance,8.>1 yet were rare-
ly quantified. SCFA measurement should be routinely incorporated
to assess the functional impact of microbiota changes. Probiotic
timing and adherence also require better reporting. Given that pro-
biotic survival may improve under higher stomach pH?3 and that di-
gestion is influenced by circadian rhythms, % future studies should
provide clear guidance on intake timing and rigorously monitor ad-
herence to enhance intervention fidelity.1”

Microbiota analysis and reporting practices also need refine-
ment. Heat maps used in several studies limited taxonomic-level
data extraction, and inconsistencies in sequencing methods (e.g.,
16S rRNA target regions, sequencing depth and pipelines) contrib-
uted to reporting variability. Future work should prioritise quanti-
tative reporting using relative abundance data and incorporate
complementary tools such as optical techniques and flow cytom-
etry. When paired with sequencing and metabolomics, these can
provide more accurate insights into microbial function and its re-
lationship with host physiology.?> Limitations of faecal sampling
also warrant consideration. While convenient and widely used, fae-
cal samples may not accurately represent microbial communities
across the gastrointestinal tract, particularly in the mucosa and
small intestine.3-9¢ Microbial composition differs markedly across
gutregions due to localised chemical, nutritional and immunolog-
ical environments,? and the heterogeneity of faecal bacterial distri-
bution further complicates interpretation.®’ These issues are espe-
cially problematic when assessing interventions targeting regions
beyond the colon. For instance, one included study attempted to
assess Veillonella atypica, a predominantly small intestinal species,
via faecal sampling.22 This highlights the need for validated, less-in-
vasive methods to characterise small intestinal and mucosa-associ-
ated microbiota, which would improve both mechanistic under-
standing and intervention precision. Finally, this review identified a
significant evidence gap: no study to date has directly examined the
effects of prebiotic or synbiotic supplementation on both gut mi-
crobiota composition and exercise performance. Although itis pos-
sible some studies were missed, this risk was minimised by search-
ing five academic databases and performing citation tracking. One
adjacent study by Rauch et al.’%involving healthy, active adults ex-
posed to repeated exertional-heat stress (EHS) found that 8 weeks
of prebiotic supplementation (resistant starch, FOS, B-GOS) atten-
uated markers of intestinal epithelial injury and thermoregulatory
strain, without impairing gastrointestinal tolerance or transit time
and/or exacerbating exercise-associated gastrointestinal symptoms.
While microbial a-diversity increased, this change was not statisti-
cally significant; however, enrichment of commensal taxa (e.g., Ru-
minococcaceae, Catenibacterium) was observed. These microbial
shifts, despite no significant change in faecal SCFA concentrations
(including acetate, propionate and butyrate), may enhance gut bar-
rier function and systemic tolerance to exertional stress. This sug-
gests a plausible, but as yet untested, mechanism by which gut mi-
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crobiota modulation could influence exercise performance out-
comes. Targeted trials are needed to test this hypothesis directly.

Conclusions

This systematic review identified limited and inconsistent evidence
regarding the effects of gut microbiota-targeted interventions, via
nutritional supplements, diet or exercise, on exercise performance
in healthy, active individuals. Reported benefits were highly varia-
ble, often undermined by poor dietary and exercise control, and fre-
quently absent. Furthermore, changes in faecal microbiota were not
consistently linked with exercise performance, and mechanistic in-
sights were scarce. Given the small number of studies and consid-
erable methodological heterogeneity, the current evidence base is
insufficient to draw firm conclusions about the effectiveness of mi-
crobiota-modifying strategies for performance enhancement. Fu-
ture research should prioritise well-controlled trials that incorporate
standardised dietary intake, consistent exercise monitoring and ro-
bust, functional microbiota analysis. In particular, studies that lon-
gitudinally assess microbial metabolites (e.g., SCFAs), host physio-
logical markers and individual responses may clarify whether target-
ed strategies can offer meaningful ergogenic benefits.
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