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Introduction: A systematic literature search was undertaken to assess the
impact of pre-, pro-, and syn-biotic supplementation on measures of
gastrointestinal status at rest and in response to acute exercise.

Methods: Six databases (Ovid MEDLINE, EMBASE, Cinahl, SportsDISCUS,
Web of Science, and Scopus) were used. Included were human research
studies in healthy sedentary adults, and healthy active adults, involving
supplementation and control or placebo groups. Sedentary individuals with
non-communicable disease risk or established gastrointestinal inflammatory
or functional diseases/disorders were excluded.

Results: A total of n = 1,204 participants were included from n =
37 papers reported resting outcomes, and n = 13 reported exercise-
induced gastrointestinal syndrome (EIGS) outcomes. No supplement improved
gastrointestinal permeability or gastrointestinal symptoms (GIS), and systemic
endotoxemia at rest. Only modest positive changes in inflammatory cytokine
profiles were observed in n = 3/15 studies at rest. Prebiotic studies (n
= 4/5) reported significantly increased resting fecal Bifidobacteria, but no
consistent differences in other microbes. Probiotic studies (n = 4/9) increased
the supplemented bacterial species-strain. Only arabinoxylan oligosaccharide
supplementation increased total fecal short chain fatty acid (SCFA) and butyrate
concentrations. In response to exercise, probiotics did not substantially
influence epithelial injury and permeability, systemic endotoxin profile, or GIS.
Two studies reported reduced systemic inflammatory cytokine responses to
exercise. Probiotic supplementation did not substantially influence GIS during
exercise.

Discussion: Synbiotic outcomes resembled probiotics, likely due to the
minimal dose of prebiotic included. Methodological issues and high risk
of bias were identified in several studies, using the Cochrane Risk of Bias
Assessment Tool. A major limitation in the majority of included studies was
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the lack of a comprehensive approach of well-validated biomarkers specific to
gastrointestinal outcomes and many included studies featured small sample
sizes. Prebiotic supplementation can influence gut microbial composition and
SCFA concentration; whereas probiotics increase the supplemented species-
strain, with minimal effect on SCFA, and no effect on any other gastrointestinal
status marker at rest. Probiotic and synbiotic supplementation does not
substantially reduce epithelial injury and permeability, systemic endotoxin and

inflammatory cytokine profiles, or GIS in response to acute exercise.

exercise-induced gastrointestinal syndrome, running, exertional-heat stress,
epithelial, permeability, endotoxin, cytokine, gastrointestinal symptoms

Introduction

Gastrointestinal disturbances and associated symptoms are
relatively common occurrences in the general population,
and range from minor inconvenience to severe clinical
conditions (e.g., gastrointestinal inflammatory and functional
diseases/disorders) (1). Athletes (i.e., elite and amateur) and
recreationally active populations (i.e., health and fitness) are also
susceptible to these gastrointestinal disturbances and symptoms,
which include those occurring at rest, as well as substantial
perturbations that occur specifically during and/or after exercise
(2). The reported incidence of gastrointestinal symptoms (GIS),
as a result of exercise, during and/or after competitive events
varies from <5 to >85% in both the elite and recreational
population (2), depending on the exertional extent of the event.
It is now well established that various factors increase the
magnitude of exertional stress, and subsequently increase the
risk of substantial gastrointestinal disturbances and associated
GIS. These extrinsic and intrinsic exacerbation factors have been
described in Costa et al. (2, 3).

The pathophysiology of disturbances to gastrointestinal
integrity, function, subsequent systemic responses (e.g.,
endotoxemia and systemic inflammation), and associated
GIS that active individuals present in response to exercise is
referred to as “exercise-induced gastrointestinal syndrome”
(EIGS), and is characterized by two primary pathways
(Figure 1), as described in Gaskell et al. (13). Briefly, the
gastrointestinal-circulatory pathway describes the splanchnic
hypoperfusion and intestinal ischemia that occurs due
to a redistribution of blood flow to skeletal muscle and
peripheral circulation (14, 15), resulting in intestinal epithelial
injury and hyperpermeability, plus local and/or systemic
inflammatory effects in response to translocated pathogens
(16-18).  The
describes the stress response contribution to gastrointestinal

gastrointestinal-neuroendocrine  pathway

integrity and functional disturbances, via an increase in
stress hormone responses and sympathetic activation
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(2). Such stress response is synonymous with impaired
gastrointestinal motility, transit, digestive function, and
nutrient absorption (19-21).

It is commonly assumed by athletes and their support crew
that administration of probiotics will confer benefits to the
gastrointestinal tract, particularly at times of intensified training
or leading into or during competition, when gastrointestinal
disturbance is of particular concern due to the potential to
compromise physical performance (6, 19). Recently published
narrative or opinion piece reviews exploring prebiotics (i.e.,
non-digestible material that can be fermented by bacteria in
the lower gastrointestinal tract), probiotics (i.e., live bacteria
which survive transit to colonize the lower gastrointestinal
tract), and synbiotics (a combination of pre- and pro-biotics)
in active adults, have implied a beneficial effect on the
gastrointestinal tract in response to exercise and improved
performance; however the primary focus has been on exercise
performance or immunological outcomes (22-29). Unlike these
narrative or opinion-based reviews, recent systematic literature
reviews (SLR) that focused and/or included pro- and/or syn-
biotic supplementation, concluded inconsistent methodologies
and/or findings that provided no convincing evidence of
any substantial beneficial effects resulting from probiotic
supplementation in healthy populations (30-32). Although it
is important to note that these SLR did not comprehensively
evaluate EIGS markers or changes to fecal bacterial taxa
or SCFA. Nevertheless, it has recently been demonstrated
that the microbial composition of the gastrointestinal tract,
when using partial correlation analysis and controlling for
potential confounding factors, is another factor that may
influence an individual’s susceptibility of developing EIGS
and associated GIS (33). Exploratory work suggests that
an increased relative abundance of various SCFA producing
commensal bacterial groups may improve epithelial integrity
and reduce GIS in response to prolonged strenuous exercise
(33-36), through mechanisms that warrant further exploration
and clarification. Proposed mechanisms may include: (i)
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FIGURE 1

Schematic description of exercise-induced gastrointestinal syndrome (EIGS): Physiological changes in circulatory and neuroendocrine pathways
at the onset of exercise resulting in perturbed gastrointestinal integrity and function, which may lead to gastrointestinal symptoms, with
performance and clinical implications (2, 3). ?Specialized antimicrobial protein-secreting (i.e., Paneth cells) and mucus-producing (goblet cells)
cells, aid in preventing intestinal-originating pathogenic microorganisms entering systemic circulation. ®Splanchnic hypoperfusion and
subsequent intestinal ischemia and injury (including mucosal erosion) results from stress induced direct (e.g., enteric nervous system, and/or
enteroendocrine cell) or indirect (e.g., braking mechanisms) alterations to gastrointestinal motility. “Increase in neuroendocrine activation and
suppressed submucosal and myenteric plexus result in epithelial cell loss and subsequent perturbed tight junctions (4, 5). “Gastrointestinal brake
mechanisms: Nutritive and non-nutritive residue along the small intestine, and inclusive of terminal ileum, results in neural and enteroendocrine
negative feedback to gastric activity (6—-10). ©Aggressive acute or low grade, prolonged mechanical strain, is proposed to contribute toward
disturbances to epithelial integrity (i.e., epithelial cell injury and tight-junction dysregulation) and subsequent “knock-on" effects for
gastrointestinal functional responses (11). fBacteria and bacterial endotoxin microorganism molecular patterns (MAMPs), and stress induced
danger associated molecular patterns (DAMPs), are proposed to contribute toward the magnitude of systemic immune responses (e.g., systemic
inflammatory profile) (12). Adapted from Costa et al. (2), with permission.

®* Recurrent EIGS exposure
* Food andfluid intaketolerance level

(i.e., gastric and intestinal, taste and flavour
fatigue).

attenuation of exercise-associated hypoperfusion through the
presence of nutrient content along the gastrointestinal tract
and increased fermentation activity of commensal bacteria
(6, 19, 37, 38); and/or, (ii) increased epithelial cell stability
resulting from an increased luminal SCFA concentration (34,
35). The possible role of the gut microbiota as an intrinsic
factor that alters the risk of EIGS pathophysiology, and
subsequent GIS in response to exercise, suggests potential to
manipulate this risk through the use of prebiotics, probiotics,
and synbiotics. Mechanistically, particular probiotics (e.g.,
Lactobacillus plantarum) have demonstrated favorable effects on
epithelial integrity (39, 40) and in clinical outcomes for patients
presenting with infection and/or inflammation (41-43).

In regard to the application of variables to assess the
impact of pre-, pro-, and/or syn-biotic supplementation
on gastrointestinal status in response to exercise stress,
various biomarkers have been employed (44). Changes in
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gastrointestinal integrity as a result of EIGS are commonly
reported in research studies using intestinal fatty acid binding
protein (I-FABP), a surrogate marker for intestinal epithelial
injury; or urinary or plasma claudin-3 concentration, a surrogate
marker for epithelial tight gap junction function or injury.
Gastrointestinal permeability is commonly assessed by dual
or multiple sugars tests including, urinary lactulose:mannitol
or lactulose:rhamnose ratio for small intestinal permeability,
and sucrose for gastroduodenal permeability. Translocation
of pathogenic agents from the gastrointestinal lumen into
systemic circulation are observed by measuring the plasma
(LPS),
resulting lipopolysaccharide binding protein (LBP) response,

endotoxin response, including lipopolysaccharide
and/or gram-negative endotoxin and anti-endotoxin antibodies
such as IgM. Objective assessment of perturbations to
gastrointestinal function may be measured via: (i) gastric

antral sonography for gastric emptying, measuring ultrasound
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half gastric emptying time or ultrasound full emptying
time (45); (ii) electrogastrography (EGG), recording gastric
myoelectrical activity (e.g., slow waves) using electrodes placed
on the abdominal skin (21); and/or (iii) breath hydrogen
response as a measure of carbohydrate malabsorption, as
undigested material pass through the ilium where bacterial
fermentation releases hydrogen and methane which diffuse
through the lumen into the blood and excreted via the
lungs (19, 46-49).
transit time (OCTT) can be indirectly assessed via the

Via the latter mechanism, orocecal
administration of an indigestible carbohydrate, such as
lactulose, recording the time to the resulting breath hydrogen
peak (20). Participant reported data on defecation frequency
and stool consistency using the Bristol Stool Rating Scale
also offer supportive evidence on changes to gastrointestinal
function (50).

As stated, several SLR have been published in respect
to biotic supplementation interventions in active adults, but
none have considered the methodological issues (e.g., adequate
experimental design including exertional or exertional-heat
stress with or without issues with sample collection timing,
experimental control of confounding factors, limitations in
EIGS biomarkers, validation and reliability of GIS assessment
tool) or magnitude of response of key pathophysiological
markers (e.g., clinical significance of responses) (44). To date,
no systematic review has comprehensively examined in-depth
the effect of short or long-term pre-, pro- and syn-biotics
supplementation on gastrointestinal status outcomes in healthy
active adults at rest and in response to acute exercise. Therefore,
the aim of this current systematic literature review is to
determine the beneficial, detrimental, or neutral effects of
differing supplementation periods and dosages of pre-, pro- and
syn-biotic supplementation, taken by healthy active adults, on
gastrointestinal outcomes at rest and in response to exercise,
with a specific focus on the defined markers characteristic of
EIGS and associated GIS.

Methods

A systematic literature search was performed by three
researchers (A.J.M, CR, and Z.H), to determine the impact
of varying pre-, pro-, and syn-biotic supplements and
supplementation period on markers of gastrointestinal integrity
(i.e, intestinal epithelial injury, permeability, and bacterial
endotoxin translocation), gastrointestinal functional responses
(i.e., gastric emptying, gastrointestinal transit, and myoelectrical
activity), systemic inflammatory responses, gastrointestinal
symptoms (i.e., incidence, severity, stool frequency, and
consistency), and variables relating to the gut microbiota (i.e.,
bacterial composition and SCFA profile), both at rest and in
response to exercise. The review was completed in accordance
with the Preferred Reporting Items for Systematic Review
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and Meta-Analyses (PRISMA) statement (51). The review was
not pre-registered.

Search strategy

The literature search was undertaken of English-language,
original research studies, from inception to beginning March
2022, using the databases Ovid MEDLINE, EMBASE, Cinahl,
SportsDISCUS, Web of Science, and Scopus. Reference lists of
review papers found from the search, and others known to the
authors, were searched to identify any studies missed in the
original search. Keywords applied in the literature search are
shown in Table 1A, with search strategy logic for each database
shown in Table 1B.

Eligibility criteria

Eligibility criteria were established a priori as per the
Participant Intervention Comparator Outcomes Study (PICOS)
design format (Table 2) (52). Original human research studies
in healthy sedentary adults, and healthy active adults, involving
supplementation and control or placebo groups, reporting
quantified data on EIGS outcomes in vivo (i.e., gastrointestinal
symptom description, stool frequency and consistency,
intestinal integrity and permeability, systemic endotoxin
and/or inflammatory cytokine profiles, gastrointestinal motility
and/or other functional responses, fecal bacterial taxa and
SCFA concentration) were considered for inclusion. Exclusion
criteria included sedentary individuals with non-communicable
disease risk or established gastrointestinal inflammatory or
functional diseases/disorders, populations undergoing dietary
modifications and/or supplementation, other than the pre-,
pro-, or syn-biotic intervention, and a lack of a placebo or
a control group. The inclusion and exclusion criteria were
cross checked against the criteria reported within the reviewed
studies. Ex vivo outcomes (i.e., antigen stimulated cytokine
responses or other blood or tissue cultures) were excluded.
After removal of duplicates, study titles and abstracts were
reviewed by two researchers (Z.H and C.R) against the eligibility
criteria, and verified by a third researcher (A.J.M) when
required (i.e., disagreement between the primary reviewers)
(Figure 2).

Data extraction

Data was extracted by two researchers (C.R. and Z.H.)
and cross-checked by a third (AJ.M.). The extracted
variables included the number of participants, sample size
determination, age, biological sex, training status (i.e., years
of experience and VOjmax where available), intervention
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https://doi.org/10.3389/fnut.2022.1003620
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Rauch et al. 10.3389/fnut.2022.1003620

TABLE 1 General search strategy (A) and search strategy logic by database (B) for the systematic review on the effect of pre-, pro-, and synbiotics on
gastrointestinal outcomes in healthy adults and healthy active adults.

(A) Field one (combine with Field two (combine with OR): Field three (combine with OR): Outcome
OR): Population Intervention and comparison

Keywords: Exercise, Run*, Cycling, AND Keywords: probiotic, prebiotic, AND Keywords:, intestinal injury and damage, I-FABP, intestinal
Cyclist, Physical Activity synbiotic fatty acid, tight junction, mucosal barrier, zonulin, claudin,

endotoxin, LPS, LAL, lipopolysaccharide, gram negative
bacteria, LBP, sCD14, intestinal permeability, lactulose,
rhamnose, mannitol, urinary sugars, gastrointestinal
motility, OCTT, EGG, gastrointestinal symptoms, gut
discomfort, short chain fatty acids, SCFA, gastrointestinal

microbiota and microbial composition.

(B) OVID EMBASE and Ovid MEDLINE(R) and Epub Ahead of Print

L. (Exercise or Run* or Cycling or Cyclist or “Physical Activity”).mp. (mp = title, abstract, heading word, drug trade name, original title, device manufacturer,
drug manufacturer, device trade name, keyword heading word, floating subheading word, candidate term word)

2. (probiotic or prebiotic or synbiotic).mp. (mp = title, abstract, heading word, drug trade name, original title, device manufacturer, drug manufacturer, device
trade name, keyword heading word, floating subheading word, candidate term word)

3. (“intestinal injury” or “intestinal damage” or I-FABP or “intestinal fatty acid” or “tight junction” or “mucosal barrier” or zonulin or claudin or endotoxin or
LPS or LAL or lipopolysaccharide or “gram negative bacteria” or LBP or sCD14 or “intestinal permeability” or lactulose or rhamnose or mannitol or “urinary
sugars” or “gastrointestinal motility” or OCTT or EGG or “gastrointestinal symptoms” or “gut discomfort” or “short chain fatty acid*” or SCFA or microbiota
or “microbial composition”).mp. (mp = title, abstract, heading word, drug trade name, original title, device manufacturer, drug manufacturer, device trade
name, keyword heading word, floating subheading word, candidate term word)

4. lTand2and 3

SCOPUS
( TITLE-ABS-KEY ( exercise OR run* OR cycling OR cyclist OR {physical
activity} ) AND TITLE-ABS-KEY ( probiotic OR prebiotic OR synbiotic ) AND TITLE-ABS-KEY ( {intestinal injury} OR {intestinal
damage} OR i-fabp OR {intestinal fatty acid} OR {tight junction} OR {mucosal
barrier} OR zonulin OR claudin OR endotoxin OR Ips OR lal OR lipopolysaccharide OR {gram negative bacteria} OR lbp OR scd14 OR {intestinal
permeability} OR lactulose OR rhamnose OR mannitol OR {urinary sugars} OR {gastrointestinal motility} OR octt OR egg OR {gastrointestinal
symptoms} OR {gut discomfort} OR {short chain fatty acid*} OR scfa OR microbiota OR {microbial composition} ) )

CINAHL plus and SPORTDiscus with full text

S7 S1 AND S2 AND S6

S6 S3 ORS4 OR S5

S5 gut discomfort OR short chain fatty acid* OR SCFA OR microbiota OR microbial composition

S4 gram negative bacteria OR LBP OR sCD14 OR intestinal permeability OR lactulose OR rhamnose OR mannitol OR urinary sugars OR gastrointestinal

motility OR OCTT OR EGG OR gastrointestinal symptoms

S3 intestinal injury OR intestinal damage OR I-FABP OR intestinal fatty acid OR tight junction OR mucosal barrier OR zonulin OR claudin OR endotoxin or
LPS or LAL or lipopolysaccharide

S2 probiotic OR prebiotic OR synbiotic

S1 exercise OR run* OR cycling OR cyclist* OR physical activity

Web of science
Exercise OR run* OR cycling OR cyclist OR “physical activity” (Topic) and probiotic or prebiotic or synbiotic (Topic) and “intestinal injury” or “intestinal
damage” or I-FABP or “intestinal fatty acid” or “tight junction” or “mucosal barrier” or zonulin or claudin or endotoxin or LPS or LAL or lipopolysaccharide
or “gram negative bacteria” or LBP or sCD14 or “intestinal permeability” or lactulose or rhamnose or mannitol or “urinary sugars” or “gastrointestinal
motility” or OCTT or EGG or “gastrointestinal symptoms” or “gut discomfort” or “short chain fatty acid*” or SCFA or microbiota or “microbial

composition” (Topic)

“Used to retrieve unlimited suffix variations.

(i.e., quantity, food source and composition of prebiotic, and thermoregulatory strain responses during the exercise
and/or bacterial species/strain of probiotic), exercise protocol protocol where relevant). EIGS outcomes extracted included
used where relevant, ambient conditions, physiological concentrations of: I-FABP (blood), claudin-3 (urinary or blood),
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TABLE 2 PICOS table, showing the inclusion and exclusion criteria for study population, intervention, comparator, outcome/s, and study design.

PICOS Inclusion Exclusion
Population Human Animals and in vitro studies.
Healthy community dwelling sedentary individuals. Infants or children.
Sedentary individuals initiating a structured physical activity or Pregnancy or lactating.
exercise program. Sedentary individuals with non-communicable disease risk or
Recreational and competitive active adults (18-60 years). established disease (i.e., cardiometabolic risk factors or established
Male and female biological sex. cardiovascular diseases, diabetes mellitus, and/or metabolic syndrome).
Diagnosed disease or syndrome states (i.e., all clinical populations).
Population adhering to dietary modifications and/or dietary
supplementation, other than pre-/pro-/syn-biotic intervention.
Intervention Acute and prolonged provisions of prebiotic/s, probiotic/s, and Dietary interventions not containing acute and prolonged provisions
synbiotic blends (i.e., prebiotic + probiotic, with or without other of prebiotic/s, probiotic/s, and synbiotic blends.
nutrient inclusion) (e.g., vitamins, minerals, lipids, phytochemicals, Acute and prolonged provisions of prebiotic/s, probiotic/s, and
and/or volatiles). synbiotic blends that contain a pharmaceutics grade product or
With and without monitored and/or structures physical active and/or compound.
exercise program.
Dietary control (monitoring or provisions).
Comparator Placebo group Control group No placebo or control
Outcome Gastrointestinal integrity markers: e.g., I-FABP, Claudin-3, dual sugars
test for permeability, and other markers proposed to assess
gastrointestinal epithelial integrity.
Gastrointestinal functional markers: e.g., gastric aspiration, C'* breath
test, OCTT, EGG, pH pill monitoring, H, and CHy4
malabsorption challenge. Systemic markers of compromised
gastrointestinal integrity: e.g., CRP, systemic inflammatory response
cytokine profile, systemic endotoxin profile (e.g., LPS, gram-negative
endotoxin, ant-endotoxin antibody, sCD14, and/or LBP), systemic
microbial identification (e.g., gene sequencing determination),
immune cell functional responses and/or counts.
Gastrointestinal signs and symptoms: e.g., stool habits and texture,
QoL, and/or symptoms.
Gastrointestinal microbiota: e.g., bacterial taxonomy (ASV or OTU)
including a-diversity and relative abundance, bacterial functional
markers including SCFA concentration (e.g., butyrate, propionate,
and/or acetate).
Study design RCT or randomized crossover trial. All other study designs

ASV, Amplicon sequence variant; CRP, c-reactive protein; EGG, electrogastrography; I-FABP, Intestinal fatty acid binding protein; LBP, lipopolysaccharide binding protein; LPS,

lipopolysaccharide; OCT'T, orocecal transit time; OTU, operational taxonomic units; QoL, quality of life; sCD14, soluble CD14; SCFA, short chain fatty acid; RCT, randomized control trial.

cytokine response (blood), dual sugars (urinary or blood)
endotoxin response (blood LPS, LPB, gram negative endotoxin
and anti-endotoxin antibodies). Gastrointestinal function
measures extracted included: gastric antral sonography, EGG,
breath hydrogen response for malabsorption, and OCTT. Other
functional measures extracted include defecation frequency,
stool consistency and GIS. Timepoints for data included
resting pre- and post-exercise (i.e., immediately post-exercise
or short-term recovery) where reported. Other timepoints
reported were included and clearly specified, where resting
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pre- and post-exercise timepoints were not reported. Pre- to
post-exercise A were calculated from extracted data. Between
group differences and within group differences were extracted
and tabulated. Where no baseline data was reported, this was
included, but clearly specified. Data from tables was extracted
and tabulated as presented. Graphical data was measured using
WebPlotDigitizer (53) where appropriate. Only meaningful
data was extracted, with heat mapping and other unclear
data presentation methods excluded from extraction. Data
was again checked during extraction, and inclusion/exclusion
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FIGURE 2
PRISMA diagram, showing the inclusion and exclusion of papers
in the review.

criteria applied as appropriate. Disagreements between the
primary reviewers were resolved by discussion and consensus.
Data was separated into two groups according to the study
protocol; outcomes measured only at rest after a period of
supplementation, and outcomes measured in response to
acute exercise, also following a period of supplementation.
Due to the heterogeneous nature of the interventions,
study methodologies and outcome measures, data were not
considered appropriate for meta-analysis. Despite the lack of a
meta-analysis, certainty of evidence was not deemed necessary
as clinical or policy recommendations have not been made and
the limitations of the data and findings have been discussed
at length.

Risk of bias assessment

A risk of bias assessment was undertaken for
identified studies, using the Cochrane Risk of Bias
Assessment Tool (54). The tool is used to assess the
likelihood of selection bias (i.e., random sequence
generation and allocation concealment), performance
bias (i.e., adequacy of participant blinding), detection
bias (ie., adequacy of researcher blinding), attrition
bias (i.e., completeness of outcome data), reporting bias
(completeness of outcome reporting), and other potential forms
of bias.
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Results

Search result

Results of the literature search are shown in Figure 2.
The initial search returned 1,969 individual records, with
898 duplicates removed. No additional records were found
from the reference lists of recent review papers on the topic.
Title and abstract screening excluded 1,015 records, with full
text screening excluding an additional 17 records. Data was
therefore extracted from 39 records, and further categorized
based on available outcome data. Outcomes are reported
from a total of 1,204 participants. Due to the multifaceted
nature of gastrointestinal status at rest and in response to
exercise, results are presented according to each outcome
type; including direct or indirect markers of intestinal injury
and/or permeability, systemic endotoxin and/or inflammatory
cytokine concentration, gastrointestinal functional responses,
luminal microbial composition and SCFA concentration. Studies
assessing resting gastrointestinal status to a period of pre-, pro-,
and syn-biotic supplementation, n = 37 papers reported at least
one of the gastrointestinal outcomes at rest, with or without
GIS, before and after the biotic intervention period (Table 3).
Of these, n = 8 provided a prebiotic intervention, n = 24a
probiotic intervention, and n = 5 a synbiotic intervention. Of the
prebiotic studies, n = 1 provided the intervention substance in
capsules, while all others incorporated the prebiotic ingredient
into specifically formulated foods (i.e., bread, pasta, snack bar,
or non-carbonated soft drink). Probiotic interventions varied
from one to eight bacterial strains, given either in capsules,
fermented dairy-based food or beverage, or sachets containing
powder to be mixed in water. Synbiotic interventions consisted
of either capsules, dairy based food, beverage or powder,
containing between two to four probiotic strain mixtures,
supplemented with either one or two prebiotic ingredients.
The supplementation period ranged from 1 to 16 weeks. All
of the included studies were conducted with adult participants
(mean or median age < 45 years). N = 21 of the n = 37
studies characterized a specific exercise or sporting background
in participants (i.e., rugby union, soccer, cycling, swimming,
baseball, distance running, triathlon, or participants taken from
a combination of team, endurance, and racquet sports). N =
2 studies were conducted with military recruits undergoing
intense military training.

Intestinal epithelial injury at rest
No studies were identified as assessing intestinal epithelial

injury at rest, before or after a period of pre-, pro-, or syn-
biotic supplementation.
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TABLE 3 Systematic review search results and study characteristics of included studies that attempted to determine the impact of prebiotic, probiotic and synbiotic supplementation on
gastrointestinal outcomes at rest.

References

Population and study
design

Sample size determination

Supplementation protocol (vs.
placebo or control)

Dietary control (DC)
Physical activity (PA)

Outcome/s reported

Prebiotic studies
Damen et al.

(55

Finegold et al.
(56)

Frangois et al.

(57)

Kleessen et al.

(59)

Reimer et al.
(60)

Russo etal. (61)

Russo et al. (45)

N =27 (10M and 17 F),

age: 25 (IQR 23-29) years,
activity/fitness: not stated,
study design: RXT

n =32 (11M/21F),

age (M 23-34 yrs, F 21-49 yrs)
(activity not stated)

RCT

n =63 (M33/F30),

age 42 yrs (activity not stated)
RXT

n =45 (10M/35F),
age 23.5 yrs (activity not stated)
RCT

N =48 (22M/28F

at recruitment)

Age 31.2 +9.1/30.5 + 8.6 (Trial
1/ 2) (healthy untrained)

RXT

n =15 males, age 18.8 & 0.7 yrs
(activity not stated) RXT

n = 20 males,

age 18.8 = 0.7 yrs
(activity not stated)
RXT

Not specified

Not specified

Based on dataset of an earlier human
intervention trial with WBE (58), an
evaluable sample size of n = 40 was
expected to provide 80% power (two-sided,
a = 0-05) for detecting statistically
significant difference in fecal bifidobacterial
levels (primary outcome variable) between
treatments.

Not specified

The study was powered on the primary
outcome of change in gut microbiota,
which for the purposes of sample size
calculation was based on changes in fecal
Bifidobacterium from a previous trial (59).
A sample size of n = 25 per group was
determined to have 80% power to detect a
difference between groups in fecal
Bifidobacterium counts (CFU/g) assuming
a 1.10-log difference with SD = 1.22 log, an
a = 0.05, and a dropout rate of ~25%.
Not specified

Not specified

Bread fortified with xylanase to produce Arabinoxylan
oligosaccharides (AXOS) on baking. 180 g bread (7.2 g
arabinoxylan) daily for 3 wk.

Xylooligosaccharides (XOS), up to 350 mg per cap.
High (2.8 g) or low (1.4 g) dose from capsules, daily for
8 wk

Non-carbonated soft drink with wheat bran extract
[containing Arabinoxylan oligosaccharides (AXOS)].
High (8 g/d) or Low (2.4 g/d) dose AXOS taken in a
70 mL drink, twice daily for 3 wk

Snack bar with chicory inulin (CH) or Jerusalem
artichoke inulin (JA), 7.7 g fructans per bar. 1 bar/d for
1 wk, 2 bars/d for 2 wk.

Snack bar with inulin type fructans (ITF)

Int 1: moderate dose 7 g/d inulin + 2 g wheat

based fiber

Int 2: low dose 3 g/d inulin + 2 g oat based fiber

Con 1: snack bar (0 g inulin, 0 g fiber)

Con 2: snack bar (0 g inulin, 1 g fiber) 1 bar/d for 4 wk.

Inulin-enriched pasta:
Int: 11.0 g/d fructans
Pla: 1.4 g/d fructans

100 g/day pasta for 5 wk
Inulin-enriched pasta:
Int: 11.0 g/d fructans
Pla: 1.4 g/d fructans

100 g/day pasta for 5 wk

DC: Usual diet, not monitored.
PA: Physical activity not stated

Instructed to avoid high XOS/FOS/GOS foods and
pre/probiotics and fermented foods. Twenty-four
hour dietary recall used to compare between groups
(data not reported).

Usual diet, 3 meals/day pattern, no pro/prebiotics. All
food and beverage intake recorded for first 3 days of
each study period. No activity monitoring stated.

Asked to maintain usual habits (not monitored)

3 day weighed food record. Energy (kcal), protein,
carbohydrate, fat @ baseline and within trialsNS Fiber
time x treatment, trial 1 (P = 0.001), trial 2 (P =
0.019). Exercise across both trials, bw or within-group
differences™S (data not shown).

All food provided, low inulin, amount calculated
according to individual requirements. No activity
monitoring stated.

All food provided, low inulin, amount calculated
according to individual requirements. No activity
monitoring stated.

Gastrointestinal function
GIS

Bacterial taxa
Fecal SCFA
Bacterial taxa
Fecal

SCFA

GIS

Bacterial taxa
Fecal

SCFA

GIS

Bacterial taxa

Fecal

SCFA

Gastrointestinal function
GIS

Bacterial taxa

Fecal

SCFA

GIS

Gastrointestinal function

Gastrointestinal function
GIS

Gastrointestinal function
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TABLE 3 (Continued)

References  Population and study

design

Sample size determination

Supplementation protocol (vs.
placebo or control)

Dietary control (DC)
Physical activity (PA)

Outcome/s reported

Russo et al. (62) n =20 males,
age 18.8 - 0.7 yrs
(activity not stated)

RXT

Probiotic studies

Axelrod et al. n = 7 endurance runners,

(63) VO2max 57.9 mL/kg/min
RXT

Batatinha et al. n = 27 male marathon runners,
(65) age: Int: 35.9645.81;

Pla: 40.46 +7.79

Fitness status not stated RCT

Burton et al. n =13 males
(66) age 24 (22-27) yrs
(activity not stated)
RXT
Carbuhn et al. n = 17 female swimmers,
(67) age and fitness status not stated

RCT

Gill et al. (68) n = 8 male runners

and triathletes

Age: 26 yrs
VO2max 59 ml/kg/min
RXT
Gleeson et al. n=>58
(70) (54M/30F recruited) athletes

Age: Int: 32 & 14,

Pla: 25 + 9 yrs Weekly
training load:

Int: 8.7 = 4.1 h/week
Pla: 9.3 + 3.8 h/week
RCT

Sample size calculations based on data
from Russo et al. (45) and Russo et al. (61).
Probability that study would detect
treatment difference with a 2-sided 0.05
significance level equal to 80% required
enrolling only 17 subjects.

This assumed true difference between
treatments of 20% of urinary recovery of
La, and standard deviation of the difference
of 27%.

A priori power analysis based on a previous
investigation from healthy runners (64)
estimated ~6 needed to obtain statistical
power at the recommended 0.80 level based
upon mean, between-groups comparison
effect size (d = 1.2).

Not specified

The desired sample number could not be
determined because of the absence of
previous clinical studies with a similar
intervention.

Not specified

Based on the typical standard deviation of
0.7 EU/ml for circulatory endotoxin
responses to exertional-stress (16, 69), and
using standard alpha (0.05) and beta values
(0.8) (www.dssresearch.com), a sample size
of n = 8 is estimated to provide adequate
statistical precision to detect a >10%
difference in circulatory endotoxin
concentration in response to EHS in the
target population.

Sample-size based on expected rate of 2.0 +
1.0 URTT episodes (M =+ SD) (71), a target
30% reduction in number of episodes,
statistical power of 80%, and Type I error of
5%.

Inulin-enriched pasta:
Int: 11.0 g/d fructans
Pla: 1.4 g/d fructans

100 g/day pasta for 5 wk

L. salivarius UCC118, 2 x 10% CFU/cap
1 capsule daily for 4 wk

B. animalis. Lactis 10 x 10%;
L. Acidophilus 10 x 10°
1 sachet daily for 30 days

Yogurt containing:

S. thermophilus (10° CFU/g),

L. delbrueckii spp. bulgaricus (10 CFU/g)
L. rhamnosus GG (107 CFU/g)

400 g daily for 2 wk

B. longum 35624,

1 x 10°

CFU bacteria per capsule

1 capsule daily for 6 wk

L. casei, 1.0 x

10" cells/bottle Commercial supplement, taken twice
daily for 7 days

Fermented milk with L. casei Shirota, 6.5 x 10°
live cells/drink 65 ml drink twice daily for 16 wk

All food provided, low inulin, amount calculated
according to individual requirements. No activity
monitoring stated.

Normal lifestyle
Activity not monitored

Dietary control not stated.
Training volume monitored, N between groups.

Avoid dairy and fermented foods, 3 d food record each
trial. 3 d control diet (provided) before each test day.
Usual activity. Avoid intense activity 3 d prior to
testing. N difference between groups

Refrain from foods rich in probiotics (ex. Kefir) and
caffeine. Three day food log (NSbetween groups).
Standardized swim training program

Dietary recall. N between groups.
Activity control not stated.

Diet not monitored, no other probiotics or fermented
dairy products. Training validated by International
Physical Activity Questionnaire, Nbetween groups

Intestinal permeability

Intestinal permeability
Cytokine responses
Bacterial taxa

Cytokine responses

Endotoxin responses
Cytokine responses
Bacterial taxa

Endotoxin responses
Cytokine responses

Cytokine responses
Endotoxin responses

Cytokine responses
GIS
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TABLE 3 (Continued)

References  Population and study ~ Sample size determination Supplementation protocol (vs. Dietary control (DC) Outcome/s reported
design placebo or control) Physical activity (PA)

Haywood et al. n = 30 male rugby union In order to detect a 30% reduction in the Probiotica P3, Dietary control not stated. GIS

(72) players, age 24.7 & 3.6 yrs RCT number of infected days with 80% power Nutra-life: L. gasseri, 2.6 x 10° CFU/cap Standardized training program.

Hoffman et al. n = 15 male military recruits,
(73) age: Int: 20.0 & 0.6,
Pla: 20.2 + 0.6
Fitness status not stated;
military training.
RCT

Huang et al. n = 20 male triathletes

(74) Age:Int: 21.6 £ 1.3

Pla: 21.9 & 1.4 VOomax
mL/kg/min):

Int: 55.5 + 8.6

Pla: 56.6 & 9.0

RCT

n =26 (13M/13F),

age 25 yrs (activity not stated)
RXT

Klein et al. (75)

Lamprecht et al. n = 23 male triathletes, runners
(76) and cyclists

Age: Int: 37.6 yrs,

Pla: 38.2 yrs VOsmax:

Int: 51.2 mL/kg/min Pla:

50.3 mL/kg/min RCT

n = 16 healthy untrained males
AgeInt24.6 £2.8,

Pla: 25.6 & 4.1 VOopax:

Int: 47.3 £ 6.5,

Pla: 46.6 + 8.2

RCT

Leeetal. (77)

Linetal. (78) n =21 (14M, 7F) well trained
middle and long

distance runners.

Fitness status not reported.
Age: Pla: 21.2 £ 0.4

Int: 21.6 0.7

RCT

and type 1 error of 5%, n = 25 participants
were required.

Because of the small sample size per group,
it was decided a priori to initially analyze
PRE-to-POST changes (A scores) using the
non-parametric Mann-Whitney U test. In
addition, to make additional inferences on
the true effect of the dietary intervention,
and account for the small sample size per
group, magnitude-based inferential
analysis was also used.

Not specified

Power analysis performed using PASS 6.0
(NCSS Statistical Software, Kaysville, UT,
USA).

Based on data from the literature and study
group to evaluate sample size.

It resulted in a power of 90%.

Sample size calculation based on oxidation
markers CP and MDA. Between 7 and 9
subjects estimated per group—depending
on parameter, SD and effect size—to reach
probability of error (alpha/2) of 5 and 80%
power.

The required sample sizes for clinical trials
based on expected change calculated using
Harvard calculator (http://hedwig.
mgh.harvard.edu/sample size
size.html, accessed on 14 December
2020), assuming parallel design with 0.05
significance level, the change SD, power of
0.8, standard deviation of the difference
with 3.2.

Not specified

B. bifidum, 0.2 x 10° organisms/cap B. longum, 0.2 x
10° organisms/cap

1 capsule daily for 4 wk

Staimune, Kerry Inc. (St Paul, MN). Inactivated
Bacillus coagulans; 1.0 x 10° CFU (powder form) Daily
for 2 wk

L. plantarum PS128, 2 capsules; 1.5 x 10*° CFU +
100 mg microcrystalline cellulose (per capsule) 4 wk

300 g yogurt containing B. lactis 420, 3.0 x
10° CFU/g L. acidophilus 74-2, 9.3 x 10°® CFU/g 300 g
daily for 5 wk

Ecologic® Performance:

B. bifidum W23, B lactis W51, E. faecium W54, L.
acidophilus W22, L. brevis W63, L. lactis W58.2 x 2g
sachets daily for 14 wk, providing (10'® CFU/day

Synkefir:

L. paracasei DSM 32785 (LPC12), L. rhamnosus DSM
32786 (LRH10), L. helveticus DSM 32787 (LH43), L.
fermentum DSM 32784 (LF26), and S. thermophilus
DSM 32788 (ST30) 20 g pouch daily for 28 days

OLP-01, a human strain probiotic;

Bifidobacterium longum subsp.

Longum 3 capsules daily (1.5 x 10'° CFU/day) for 5
wk

Participants were not permitted to use any additional
dietary supplementation. All soldiers consumed their
meals together, maintaining a similar dietary intake
throughout the study.

During study period, soldiers were garrisoned on base
and participated in the same training tasks that
included hand-to-hand combat skill development,
working with and against various weapons and
physical conditioning 5 times a week.

Diet not monitored.

Participants were required not to supplement with
fermented food, probiotics, prebiotics, and antibiotics
during the whole experimental process.

Training not controlled. Maintain a regular lifestyle,
avoiding any strenuous exercise, staying up late,
smoking, or consuming alcoholic beverages.

Food provided and additional foods aliquoted and
analyzed (NSbetween groups).

Activity not stated.

Habitual diet, food diary and repeated for 7 days prior
to each exercise trial.

Habitual training, no exercise 3 days prior to each
exercise test.

All volunteers were prohibited from taking probiotics,
prebiotic fermented products (yogurt or cheese),
vitamins, minerals, herbal extracts, dietary
supplements for exercise, or antibiotics to avoid
unnecessary interference during the experiment. No
significant difference on their daily nutritional intake
and calories (data not shown). Activity not stated.

Instructed not to consume nutritional supplements,
yogurt, Yakult, other probiotic-related products, or
antibiotics during the experiment.

The team dietitian specified the diet and provided the
same meal to ensure the consistency of the diet (Data
not shown).

Three weeks of regular training and 2 weeks of
de-training. During the experiment, all the subjects
cooperated with the team for work and rest (Data not
shown).

Cytokine responses

Bacterial taxa
Fecal SCFA

Bacterial taxa
Fecal
SCFA

Intestinal permeability

Cytokine responses

Bacterial taxa

Bacterial taxa
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TABLE 3 (Continued)

References  Population and study  Sample size determination Supplementation protocol (vs. Dietary control (DC) Outcome/s reported
design placebo or control) Physical activity (PA)
Pugh etal. (79) n =24 (20M/4F) Not specified Proven Probiotics Ltd, Port Talbot, Wales: L. Dietary control not stated outside of acute exercise. GIS

marathon runners,

age: Int: 34.8 £6.9 yrs

Pla: 36.1 £ 7.5 yrs VOomax:

Int: 57.6 + 8.0 mL/kg/min

Pla: 56.4 & 8.6 mL/kg/min RCT

Sénchez n = 43 healthy male volunteers
Macarro et al. who performed aerobic
(80) physical exercise.

VO2max= 51.1 (8.8)mL/kg/min
Age: Int: 25.3 £ 7.2,
Pla: 27.1 + 8.4 RCT

Schreiber et al. n = 27 male cyclists,
(82) Age: Int: 25.9 + 4.6
Pla: 29.5 £ 6.2
VO2max (mL/kg/min)
Int: 66.9 + 6.4
Pla: 63.2 4 5.0 N\ difference
between groups
RCT
Smarkusz- n = 66 (46M/20F) runners,
Zarzecka et al. age: Int: F37.21 £8.09y
(83) M40.85 + 832y
Pla: F33.33+ 873y
M38.61 884y
VOzmax (mL/kg/min)
Int: male: 38.22 + 5.99
Female:34.02 £ 5.30
Pla: male: 42.34 + 7.06
female:36.98 +11.34
RCT
n = 15 bodybuilders (biological
sex and fitness status not stated)
Age: Int: 26.50 £ 5.01
Pla: 27.14 £ 5.93
RCT

Son et al. (84)

Strasser et al. n =29 (13M/16F) cyclists
(85) Age: Int: 25.7 & 3.5 yrs,
Pla: 26.6 + 3.5 yrs
VOzmax: Int: 55.1 +
6.4 mL/kg/min
Pla: 47.5 £ 7.1 mL/kg/min (p
<0.01)
Winax:
Int: 325 £ 542 W
Pla: 274 4 51.6 W (p < 0.05)
RCT

The sample size was calculated for an
expected mean difference between groups
in serum levels of MDA of 1.34 nmol/mL
with SD of 1.6 nmol/L (81), with
significance level of 5% and statistical
power of 80%, assuming a drop-out rate of
10% since the primary analysis was
performed in the PP data set, 20 evaluable
participants for each treatment group were
required.

Not specified

Not specified

Not specified

Sample size calculation was based on
changes in exercise-induced Trp levels (86)
from baseline to end of 12-wk intervention.
Between 10 and 12 subjects per group
estimated, depending on SD and effect size,
to reach probability of error (alpha/2) of 5
and 80% power. Allowing for a drop-out
rate of 30%, 16 subjects per group were
recruited.

acidophilus CUL60 L. acidophilus CUL21 B.
bifidum CUL20 B. animalis subsp. Lactis CUL34 > 25
billion CFU/cap 1 capsule daily for 4 wk

Bifidobacterium longum CECT 7347 Lactobacillus
casei CECT 9104, and Lactobacillus rhamnosus
CECT 8361 1 capsule daily (10° CFU/day) for 6 wk

L. helveticus Lafti L10,

B. animalis ssp. lactis Lafti B94

E. faecium R0026,

B. longum R0175

Bacillus subtilis R0179

15 x 10° CFU of a probiotic blend:
1 capsule daily for 90 days

Sanprobi Barrier, Sanprobi Ltd., Szczecin, Poland:
Bifidobacterium lactis W52,

Lactobacillus brevis W63,

Lactobacillus casei W56,

Lactococcus lactis W19,

Lactococcus lactis W58,

Lactobacillus acidophilus W37,
Bifidobacterium bifidum W23,

Lactobacillus salivarius W24.

2.5 x 10° CFU/g (1 capsule);

2 capsules, twice daily for 3 months.

L. acidophilus,

L. casei,

L. helveticus,

Bifidobacterium bifidum

1 capsule consisting of 10'2 CFU For 60 days

Ecologic® Performance:
Bifidobacterium bifidum W23
Bifidobacterium lactis W51
Enterococcus faecium W54
Lactobacillus acidophilus W22
Lactobacillus brevis W63
Lactococcus lactis W58

1 x 10'% CFU/sachet

1 sachet daily for 12 wk

Training diary kept during supplementation period
(data not presented).

No dietary control: During the study period, there
were no dietary restrictions, but medications that may
affect the microbiome (e.g., antioxidants, statins) were
not allowed.

Physical activity not controlled

Diet not controlled.

Continued with their normal training routine
throughout the study duration. “Participants’
characteristics analysis revealed difference in training
hours during the study period.” Data not shown.

Diet not controlled.
Avoid physical activity for at least 24 h before the test.

The subjects were periodically monitored to ensure
that nutritional intake was not altered during the
supplement intake period; There was no significant
difference in the characteristics of the study subjects
before and after the probiotic intake period. Data not
shown.

Physical activity not monitored.

No alcohol or fermented dairy products.

3 d food record at baseline and 12 wks. NSBetween
groups. Maintained normal training. Weekly training
log.

Int: 8.0 & 2.3 h/wk

Pla: 6.6 + 4.3 h/wk (p < 0.001)

Bacterial taxa

GIS Cytokine responses

Cytokine responses

Bacterial taxa
Fecal SCFA

GIS
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TABLE 3 (Continued)

References  Population and study

design

Sample size determination

Supplementation protocol (vs.
placebo or control)

Dietary control (DC)
Physical activity (PA)

Outcome/s reported

n = 14 male runners
Age: Pla: 38.28 + 3.09
Int: 41.57 & 3.20
VOzpeak (kg/mL/min):
Pla: 54.53 + 6.88

Int: 56.92 & 8.35

RCT

Tavares-Silva
etal. (87)

Townsend et al. n = 25 male baseball players
(88) Age: 20.1 £ 1.5 yrs IRM
Squat (baseline, mean):
Int: 116.8 kg,
Pla: 133.0 kg Deadlift 1IRM
(baseline mean):
Int: 139.9kg,
Pla: 162.8 kg
RCT
Vaisberg et al. n = 42 male runners
(89) Age: Int: 39.6 yrs,
Pla: 40.1 yrs
VO2max (mL/kg/min):
Int: 57.64, Pla: 57.86
RCT
n = 88 (62M/35F recruited)
cyclists and triathletes

West et al. (90)

Age:
Int: M: 35.2 yrs,
F:36.5 yrs,
Pla: M: 36.4 yrs,
F 35.6 VO2max (ml/kg/min):
Int: M: 56.5, F: 53.0
Pla: M: 55.8, F: 51.6
RCT
Synbiotic studies

Coman et al. n =10 (3M/7F),

(92) age (range) 20-45 yrs
(activity not stated)
RCT

Quero etal. (93) n=27
(14 sedentary males/13

professional male soccer players

2nd Div B level of the Spanish
National League

Age: Sedentary:

Pla: 24.31 +3.94,

Int: 23.04 & 2.09

Athletes: Pla: 21.9 + 2.77,

Int: 20.66 + 1.39

RCT

Not specified

Not specified, however study reported as
statistically under-powered to detect
modest effects in some biomarkers.

Not specified

A sample size of n = 80 required for
identifying substantial changes in the
incidence of illness (91). We assumed a rate
of URTI symptoms of 60% in the placebo
group, with sufficient power (86% at an
alpha-level of 0.05) to detect a 50%
reduction in symptoms.

Not specified

Not specified

Gelatinous capsules: Lactobacillus acidophilus-LB-G80,
Lactobacillus paracasei-LPc-G110,

Lactococcus subp. lactis-LLL-G25,

Bifidobacterium animalis subp.

lactis-BL-G101,

Bifidobacterium bifidum-BB-G90

5 x 10° CFU 2.0 g/day,

1 capsule/d, 30 days

Bacillis subtilis DE111, 1.24 x 10° CFU/cap 1 capsule
daily for 12 wk

Lactobacillus casei Shirota,
40 x 10° live cells/bottle
1 x 80 ml bottle daily for 30 days

Lactobacillus fermentum VRI-003 pcc® s
10° CFU/cap 1 capsule daily for 11 wk

Synbiotec S.r.]., Camerino, Italy:

L. rhamnosus IMC 501[R]

L. paracasei IMC 502[R]

plus oat bran fiber 200 ml fermented milk,
containing 1 x 10° CFU strain per portion. 200 ml
Consumed daily for 4 wk

Gasteel Plus® (Heel Espana S.A.U laboratories)
B. lactis CBP-001010,

L. rhamnosus CNCM 1-4036,

B. longum ES1,

Fructooligosaccharides (200 mg)

1.5 mg of zinc,

8.25 g of selenium,

0.75 pg of vitamin,

and maltodextrin as an excipient.

1 stick containing >1 x 10° CFU daily for 30 days

Dietary questionnaire 2x/wk + once on weekends:
Kcal, carbohydrates, protein, lipids Nbetween groups.
Physical activity not reported.

3 d food diary on wk 1, 9, 12 NSpetween groups. 12 wk
triphasic, undulating, periodized resistance training
program

Dietary control not stated. Instructed to maintain
usual training exercise schedule—not reported.

4 day food diary. Usual diet, without probiotic foods.
Training log kept

Not stated

Participants were prohibited from consuming
probiotics, prebiotics, or fermented products (yogurt
or other foods) and any medications that could
interfere with the study protocol

Subjects were asked to maintain, 2 weeks before and
during the study, their regular lifestyle.

Cytokine responses

Intestinal permeability
Cytokine responses

Cytokine responses

Cytokine responses
Bacterial taxa
GIS

Bacterial taxa
GIS

Cytokine responses

(Continued)
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TABLE 3 (Continued)

References

Population and study
design

Sample size determination

Supplementation protocol (vs.
placebo or control)

Dietary control (DC)
Physical activity (PA)

Outcome/s reported

Roberts et al.
(1)

Valle et al. (96)

West et al. (98)

n =20 (18M/2F)

long course triathletes Age
35yrs

VO2max:

Int: 47.6 mL/kg/min

Pla: 50.5 ml/kg/min RCT

n = 65 (39M/26F)
Military recruits
Age:

Int: 19-69 £ 1.25
Pla: 19-5 4+ 1-22
RCT

N = 22 male cyclists

Age: Syn: 34.4 £ 3.5 yrs,
Pre: 31.4 4.9 yrs
VO2max:

Syn: 57.9 £ 7.3 ml/kg/min
Pre: 56.4 & 4.9 ml/kg/min
RCT

Power calculation assessment for sample
size [G*power3, Dusseldorf (95)]; using o
=0.05; 1 - p = 0.80; based on observed
data.

Sample calculation in

G * Power 3.1.9.2 software was based on the
following data: 5% sample error, 95% CI
and 0.72 effect size considering pre and
post-intervention IgA values. The effect
size was estimated based on the study by
Olivares et al. (97).

Sample size was determined based on
variance analysis (standard deviations)
from previous studies on the parameters of
interest. To demonstrate a difference of
0.20 of the pooled between-subject
standard deviation in the salivary immune
parameters, which have previously shown
the largest variance, a total of nine subjects
per group were required to give 80% power
atan o level of 0.05.

Bio-Acidophilus Forte, Biocare Ltd., Birmingham,
UK): L. acidophilus

CUL-60 (NCIMB 30157),

10'° CFU/cap

L. acidophillus

CUL-21 (NCIMB 30156),

10! CFU/cap

B. bifidum

CUL-20 (NCIMB 30172),

9.510 CFU/cap B. animalis subspecies lactis
CUL-34 (NCIMB 30153),

0.5!% CFU/cap Fructooligosaccharides, 55.8 mg
per cap 1 capsule daily for 90 days

60 g ice cream containing:

Lactobacillus acidophilus LA-5, 10.3 log CFU;
Bifidobacterium animalis BB~ 2, 11.0 log CFU 2.3g of
inulin daily for 30 days

Synbiotic capsules (BiosourceTM Gut Balance,
Probiotech Pharma): L. paracasei subs Paracasei (L.
casei

31%),

4.6 x 10° per cap Bifidobacterium animalis ssp. lactis
BB-12%),

6 x 108 per cap

L. acidophilus LA-5, 4.6 x 10° per cap

L. rhamnosus GG, 4.6 x 10% per cap

Raftiline, 90 mg per cap

Raftilose GR, 10 mg per cap Prebiotic capsules: Acacia
powder, 116 mg per cap 3 capsules daily for 3 wk

Habitual diet, food diary first and last wk of each
month. NS between groups or over intervention time
period.

Prescribed triathlon training program, individualized.
NSBetween groups for training load throughout
intervention period.

We recommended participants not to consume any
foods containing prebiotics and probiotics (e.g.,
probiotic yogurts, fermented milk) 15 d before the
beginning of the research period, particularly over the
weekend, when they are released to go home. This
consumption was controlled during the week as all
food was provided (data not shown).

Not stated during the supplementation period
however the participants were undergoing training in
a military boarding school.

14 days run-in, no yogurt or products influencing
microbiome.

Training log kept:

Training load/wk: (duration x intensity)

Syn:21.3 + 18.5

Pro: 21.4 + 168N

Intestinal permeability
Endotoxin responses
GIS

Bacterial taxa Fecal SCFA
GIS

Cytokine responses
Intestinal permeability
Bacterial

taxa Fecal

SCFA

GIS

RCT, Randomized control trial; RXT, randomized crossover trial; SCFA, short chain fatty acids; wk, weeks; NS, not significant.
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Intestinal permeability at rest

N = 6 studies assessed markers of intestinal permeability at
rest, before and after the supplementation period (Tables 3, 4).
Reported markers included urinary lactulose:mannitol ratio (62,
94, 98), fecal (62, 63, 76) and serum zonulin (62, 88). One study
observed a reduction in both urinary lactulose:mannitol ratio
and serum zonulin, pre- to post-supplement period with inulin-
enriched pasta ingestion, and no change was observed in the
placebo trial (62). N = 1 study reported a 20% reduction in
fecal zonulin following 14 weeks supplementation with a multi-
strain probiotic (B. bifidum W23, B. lactis W51, E. faecium
W54, L. acidophilus W22, L. brevis W63, and L. lactis W58),
with the post-supplementation intervention value significantly
lower than placebo that remained unchanged from baseline (76).
No statistically significant differences were observed for other
outcomes or interventions.

Systemic bacterial endotoxin profile at
rest

N =
pre- and post- supplementation period (Tables3, 4). LPS

4 studies assessed systemic endotoxin responses

and LBP were not influenced by 6 weeks supplementation
with B. longum 35624 (88), or following 2 weeks multi-
strain supplementation with S. thermophilus, L. delbrueckii
spp. bulgaricus and L. rhamnosus GG (66). Gram negative
endotoxin units (using a Limulus amoebocyte lysate endotoxin
kit) (66) and anti-LPS endotoxin-core antibodies (i.e., IgG) were
unaffected by 12 weeks of a synbiotic (multi-strain probiotic
plus fructo-oligosaccharide) supplementation (94). Seven days
of supplementation with L. casei (strain not specified) resulted
in no change in plasma gram negative endotoxin concentration
and no difference compared with placebo (68).

Systemic inflammatory cytokine profile at
rest

N = 14 studies assessed systemic inflammatory cytokine
responses or systemic inflammatory regulating factors, before
and after the supplementation period (Tables 3, 4); of which,
12 used probiotics (63, 65-67, 69, 73, 76, 82, 83, 87-
89) and n = 2 synbiotic (93, 98) as the intervention. Of
these, n = 3 studies observed a positive effect of probiotic

n =

supplementation compared with placebo. An attenuated rise in
C-C Motif Chemokine Ligand 2 (CCL2) was observed following
2 weeks supplementation with S. thermophilus, L. delbrueckii
spp. Bulgaricus, and L. rhamnosus GG, compared with placebo
(66). An attenuated rise in tumor necrosis factor alpha (TNF-
o) was observed following 12 weeks supplementation with B.
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subtilis, compared with placebo (88). A significant reduction
was observed in interleukin (IL)-2 and IL-10 compared with
baseline in the intervention group only, and a significant
drop in IL-4 was observed in the placebo group only
compared with baseline, following 30 days of supplementing
with Lactobacillus acidophilus-LB-G80, Lactobacillus paracasei-
LPc-G110, Lactococcus subp. lactis-LLL-G25, Bifidobacterium
animalis subp. lactis-BL-G101 and Bifidobacterium bifidum-BB-
G90 (87). A multi-strain synbiotic (L. paracasei subs Paracasei
(L. casei 431 ™), B. animalis ssp. lactis (BB-127), L. acidophilus
LA-5, L. rhamnosus GG, Raftiline, and Raftilose GR) for 3
weeks resulted in a 50% lower increase in circulating IL-16
concentration, compared to a prebiotic control (i.e., acacia
gum) (98). One study with a multi-strain synbiotic (B. lactis
CBP-001010, L. rhamnosus CNCM 1-4036, B. longum ES1, and
Fructooligosaccharides) for 30 days reported greater reduction
in circulating IL-10 concentration in the placebo than the
intervention group (93). Otherwise, no other effects on resting
systemic inflammatory cytokines were reported.

Gastrointestinal functional markers at
rest

N = 4 studies, all prebiotic supplementation interventions,
reported outcomes relating to gastrointestinal functional
responses at rest (55, 59-61) (Tables3, 4). N = 1 study
reported a reduction in frequency of bowel movements
with the consumption of bread fortified with arabinoxylan
oligosaccharides (AXOS) (55). Five weeks consumption of
inulin enriched pasta increased ultrasound-measured gastric
half emptying time at rest by a median 8.3 min, and full
emptying time by a median 30 min, with no effect observed with
placebo (45). Presumably the same intervention reported in a
separate paper (61), a significantly greater increase in the median
proportion of normal resting slow waves (i.e., normogastria)
from pre- to post-intervention with electrogastrography (EGG)
was observed. No other effects of supplementation intervention
were observed on gastrointestinal functional markers.

Gastrointestinal symptoms at rest

The of GIS
supplementation was measured in n = 16 studies; of which, n

incidence throughout the period of

= 6 utilized prebiotic (45, 55-57, 59, 60, 62), n = 7 probiotic
(70, 72, 79, 82, 85, 90, 99), and n = 3 synbiotic (92, 94, 96)
interventions (Tables 3, 4). Prebiotics supplementation did
not influence GIS incidence at rest, other than a doubling of
flatulence during 28 days of chicory or Jerusalem artichoke
inulin supplementation, compared to placebo (59). A mild
increase in flatulence was also seen following high dose AXOS
bread consumption for 3 weeks, compared with placebo (57).
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TABLE 4 Systematic review study outcomes of included studies that attempted to determine the impact of prebiotic, probiotic, and synbiotic
supplementation on gastrointestinal outcomes at rest.

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Outcome measure/s (A in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

References N and
study
design

Intestinal permeability

Russo et al. (62) N=20
Study
design: RXT

Axelrod et al. (63) n=7
RXT

Lamprechtetal. (76) n=23
RCT

Townsend et al. (88)
n=25
RCT

Roberts et al. (94)
n=20
RCT

West et al. (98) n=22
RCT

Endotoxin responses

Burton et al. (66) n=13
RXT

Gill et al. (68) n=_8
RXT

Carbuhn et al. (67) n=17
RCT

Roberts et al. (94) n=20
RCT

Cytokine responses

Axelrod et al. (63) n=7
RXT

Batatinha et al. (65) n=27

Burton et al. (66) n=13
RXT

Prebiotic vs. placebo

Probiotic vs. placebo
Probiotic vs. placebo

Probiotic vs. placebo

Synbiotic vs. prebiotic

Synbiotic vs. prebiotic

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Synbiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Inulin-enriched pasta, 5 wk

L. salivarius UCC118, 4 wk

B. bifidum W23, B lactis W51, E. faecium W54, L.
acidophilus W22, L. brevis W63, L. lactis W58, 14 wk
Bacillis subtilis DE111, 12 wk

L. acidophilus CUL-60 (NCIMB 30157), L. acidophillus
CUL-21 (NCIMB 30156), B. bifidum CUL-20 (NCIMB
30172), B. animalis subspecies lactis CUL-34 (NCIMB
30153, Fructooligosaccharides, 12 wk

L. paracasei subs Paracasei

(L. casei 431® ), B. animalis ssp. lactis (BB-12® ), L.
acidophilus LA-5, L. rhamnosus GG, Raftiline,
Raftilose GR, 3 wk

S. thermophilus, L. delbrueckii spp. Bulgaricus, L.
rhamnosus GG, 2 wk

L. casei, 1.0 x 10! cells/bottle

Commercial supplement, taken twice daily for 7 days
B. longum 35624, 6 wk

L. acidophilus CUL-60 (NCIMB 30157), L. acidophillus
CUL-21 (NCIMB 30156), B. bifidum CUL-20, B.
animalis subspecies lactis CUL-34 (NCIMB 30153),
Fructooligosaccharides, 12 wk

L. salivarius UCC118, 4 wk

B. animalis. Lactis 10 x 10°; L. Acidophilus 10 x 10°
1 sachet daily for 30 days

S. thermophilus, L. delbrueckii spp. Bulgaricus, L.
rhamnosus GG, 2 wk

Urinary lactulose/mannitol ratio:

Int | 0.02, Pla <> 0.00 (p < 0.05).

Serum zonulin:

Int | 1.61 ng/ml, Pla 4 0.35 ng/ml (p < 0.05).
Fecal zonulin:

Int 1 0.01 pLg/g, Pla <> 0.00 pg/g N

Fecal zonulin:

Int | 0.18 mg/dL, Pla | 0.2 mg/dL NS
Fecal zonulin:

Int | 8.8 ng/ml, Pla 1 1.6 ng/ml (p = 0.019)
Serum zonulin:

Int 1 0.2 ng/ml, Pla 1 0.2 ng/mIN®

Urinary lactulose/mannitol ratio:
Int 1 0.011, Pla 1 0.029N

Lactulose/mannitol ratio:
NSpetween groups (data not reported)

LPS:

Int | 0.3 pg/ml, Pla | 0.05 pg/mIN®
Gram negative endotoxin:

Int 1 0.1 EU/ml, Pla 1 0.3 EU/mIN®
LPS:

NShetween groups (data not reported)
LBP:

NSetween groups (data not reported)
Endotoxin units:

Int | 2.30 pg/ml, Pla | 0.84 pg/ml N
IgG endotoxin antibodies (anti-LPS):
Int 1 42 MU/ml, Pla | 42 MU/mIN

1L-6:

(A A pre to post-exercise, pre to post-intervention)
Int 1 0.5 pg./ml, Pla: 1 1.4pg/ml N
IL-10:

(baseline to pre-ex A)

Int: | 5.5ng/ml, Pla: | 3.2 ng/mIN
1L-4:

Int: | 3.0 ng/ml, Pla: | 0.9 ng/mIN
IL-6:

Int: <> 0ng/ml, Pla: | 2.5 ng/mINS
IL-2:

Int: | 0.4ng/ml, Pla: | 2.6 ng/mIN®
IL-15:

Int: |, 0.4 ng/ml, Pla: | 0.6 ng/mI™
IL-8 (ng/ml):

Int: 1 0.4 ng/ml, Pla: | 3.8 ng/mIN

IL-1B:
Int: | 0.7 ng/ml, Pla: | 0.8 ng/mIN®

TNF-a:

Int: | 2.2 ng/ml, Pla: | 3.7 ng/mIN

IFN-y:

Int: | 2.6 ng/ml, Pla: | 9.0 ng/ml N

TNF-a:

Int 1 0.75 pg/ml, Pla 1 0.95 pg/mIN®

1L-6:

Int | 0.45 pg/ml, Pla 1 0.65 pg/mI™

CCL2:

Int 1 1.8 pg/ml, Pla 1 12.55 pg/ml (p = 0.01)
CCL5:

Int |, 12.75 pg/ml, Pla | 7.6 pg/ml N®
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TABLE 4 (Continued)

References

N and
study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

10.3389/fnut.2022.1003620

Outcome measure/s (A in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

Carbuhn et al. (67)

Gill et al. (68)

Hoffman et al. (73)

Lamprecht et al. (76)

Schreiber et al. (82)

Smarkusz-Zarzecka

etal. (83)

Tavares-Silva et al.

(87)

Townsend et al. (88)

Vaisberg et al. (89)

n=17
RCT

n=38
RXT

n=15
RCT

n=23
RCT

n=27
RCT

n=66
RCT

n=14
RCT

n=25
RCT

n=42
RCT

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

B. longum 35624, 6 wk

L. casei, 1 wk

Inactivated Bacillus coagulans; 2 wk

B. bifidum W23, B lactis W51, E. faecium W54, L.
acidophilus W22, L. brevis W63, L. lactis W58, 14 wk

L. helveticus Lafti L10, B. animalis ssp. lactis Lafti B94
E. faecium R0026, B. longum R0175
Bacillus subtilis R0179, 90 days

B. lactis W52, L. brevis W63, L. casei W56, Lactococcuis
lactis W19, Lactococcus lactis W58, L. acidophilus
W37, B. bifidum W23, L. salivarius W24.

3 months

Gelatinous capsules: Lactobacillus
acidophilus-LB-G80, Lactobacillus
paracasei-LPc-G110, Lactococcus subp. lactis-LLL-G25,
Bifidobacterium animalis subp. lactis-BL-G101,
Bifidobacterium bifidum-BB-G90; 30 days

Bacillis subtilis DE111, 12 wk

L. casei Shirota, 30 days

IL-1ra:

Int | 107 pg/ml, Pla | 37 pg/mIN®

IFN-vy, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17,
IL-17F and IL-22, TNF-o_ were below detectable levels
in assay.

IL-6:

Int 1 0.1 pg/ml, Pla 1t 0.4 pg/mI™®

IL-1p: Int |, 0.05 pg/ml, Pla | 0.02 pg/mIN®
TNEF-a: Int | 0.1 pg/ml, Pla 1 0.2 pg/mIN®
IFN-y:

Int 1 0.1 pg/ml, Pla 1 0.7 pg/mINS

IL-10:

Int 1 1.2 pg/ml, Pla 1 4.8 pg/mIN®

IL-8:

Int <> 0.0 pg/ml, Pla 4 0.3 pg/ml NS

IEN-y : Int: |, 0.2 pg/ml, Pla: | 3.6 pg/mlIN®
IL-10:

Int: 1 0.4 pg/ml, Pla: | 1.4 pg/mI™

IL1-B:

Int: 1 0.3 pg/ml, Pla: 1 2.8 pg/mINS

IL-2:

Int: | 0.3 pg/ml, Pla: | 0.3 pg/mI™

IL-6:

Int: | 0.2 pg/ml, Pla: | 1.0 pg/mIN®

IL-8:

Int: | 2.4 pg/ml, Pla: | 3.6 pg/mIN®

TNF-a:

Int: | 1.7 pg/ml, Pla: | 4.5 pg/ml N

TNF-a:

Int | 17.1 pg/ml, Pla 1 4.7 pg/mI™®

IL-6:

Int | 1.0 pg/ml, Pla 4 0.1 pg/ml N

ANCOVA, (A) changes from baseline, adj. for training loads.
IL-6 adj:

Int: 0.11 & 0.64, Pla: —0.25 + 0.6~

TNF-a adj:

Int: —0.02 = 0.23, Pla: 0.06 = 0.21%

CRP adj:

Int: 443.82 & 238.73, Pla: 231.55 & 381.28 N
CRP: Male: A: Int: |0.12 mg/L, Pla: |, 0.31 mg/LN
Female A: Int: | 1.3 mg/L, Pla: |, 0.6 mg/LN®
TNF-a:

Male: A: Int: | 1.62 mg/L, Pla: |, 0.88 mg/LN
Female: A: Int: | 1.43 mg/L, Pla: |1.72 mg/L NS
IL-2 (Baseline to 24 h before marathon)

Int: | 0.37 pg/ml (p < 0.04), Pla: | 0.2 pg/mI™
1L-4 (Baseline to 24 h before marathon)

Int: |, 0.73 pg/mI™S, Pla: | 0.89 pg/ml (p < 0.04)
1L-10 (Baseline to 24 h before marathon)

Int: | 0.97 pg/ml (p < 0.001), Pla: |, 0.05 pg/mIN
TNEF-a (Baseline to 24 h before marathon)

Int: 1 0.09 pg/mINS, Pla: }0.05 pg/ml N

TNF-a: Int: A: |, 0.25 pg/ml, Pla: A: 1 0.36 pg/ml
Int | Pla, p = 0.024

IL-10: Int: A: 4 0.1 pg/ml, Pla A: 1 0.15 pg/ml ™
IL-1p: Int 4 22.7 pg/ml, Pla 4 20.9 pg/mIN®
IL-1ra: Int 1 16.3 pg/ml, Pla 1 10.5 pg/mINS

IL-4: Int 1 9.4 pg/ml, Pla 1 11.3 pg/mIN®

IL-5: Int 4 7.2 pg/ml, Pla 1 6.7 pg/mI™

IL-6: Int 1 4.4 pg/ml, Pla 1 0.9 pg/mIN®

IL-10: Int 1 5.7 pg/ml, Pla 1 2.6 pg/mIN®
IL-12p70: Int 1 6.9 pg/ml, Pla 1 3.6 pg/mIN®
IL-13: Int 1 7.3 pg/ml, Pla 1 6.9 pg/mI™®

TNF-a: Int 16.6 pg/ml, Pla 4 22.2 pg/mL NS
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TABLE 4 (Continued)

10.3389/fnut.2022.1003620

References N and Supplement/ Intervention ingredient/s and Outcome measure/s (A in mean/median
study comparator supplement duration from pre- to post-supplementation period
design unless otherwise indicated)

Quero etal. (93) n=27 Synbiotic vs. placebo B. lactis CBP-001010, L. rhamnosus CNCM 1-4036, B. ~ IL-1B: Sedentary: Int: 1 0.3 pg/mL (p < 0.01), Pla: 1 0.1
RCT longum ES1, Fructooligosaccharides, 30 days pg/mLNS

Athletes: Int: |, 0.2 pg/mLNS, Pla: |, 0.2 pg/mLNS

1L-10

Sedentary: Int: | 0.3 pg/mL (p < 0.01), Pla: |, 0.4 pg/mL (p <
0.05)

Athletes: Int: 1 0.05 pg/mLNS, Pla: |, 0.05 pg/mL NS

West et al. (98) n=22 Synbiotic vs. prebiotic L. paracasei subs Paracasei IL-16: 50% greater increase in Pre vs. Syn (p = 0.02)

RCT (L. casei 431® ), B. animalis ssp. lactis (BB712® ), L. IL-18: NSbetween pre and syn, no additional data shown

Gastrointestinal function

Damen et al. (55) n=27 Prebiotic vs. placebo
RXT

Kleessen et al. (59) n=45 Prebiotic vs. prebiotic
RCT vs. placebo

Russo etal. (61) n=20 Prebiotic vs. placebo
RXT

Russo et al. (45) n=20 Prebiotic vs. placebo
RXT

Reimer et al. (60) N =48 Prebiotic vs. Prebiotic
RXT vs. placebo

Bacterial taxa

Damen et al. (55) n=27 Prebiotic vs. placebo
RXT

Finegold et al. (56) n=32 Prebiotic vs. Prebiotic
RCT vs. placebo

Frangois et al. (57) n==63 Prebiotic vs. Prebiotic
RXT vs. placebo

Kleessen et al. (59) n=45 Prebiotic vs. prebiotic
RCT vs. placebo

acidophilus LA-5, L. rhamnosus GG, Raftiline,
Raftilose GR, 3 wk

Arabinoxylan oligosaccharides (AXOS), 3 wk

Chicory inulin (CH) or Jerusalem artichoke inulin
(JA), 3 wk

Inulin-enriched pasta, 5 wk

Inulin-enriched pasta, 5 wk

Chicory inulin type fructans (ITF), 4 wk

Arabinoxylan oligosaccharides (AXOS), 3 wk

Xylooligosaccharides (XOS), 8 wk

Arabinoxylan oligosaccharides (AXOS), 3 wk

Chicory inulin (CH) or Jerusalem artichoke inulin
(JA), 3 wk

IL-12 and IFN-y: Undetectable in assay

Defecation frequency: Int | 0.1/day, Pla 1 0.1/day (p < 0.05)
Bristol stool form scale: Int |, 0.1/day, Pla 1 0.2/day NS
Defecation frequency: CH 1 3/wk (p < 0.05), JA 1 2/wk (p <
0.05), Pla 1 2/wk (p < 0.05)

Stool consistency (1-4 scale, hard to soft): CH: 1 2 (p <
0.05), JA: 1 3 (p < 0.05), Pla: $ 1 N8

Ultrasound full gastric emptying time:

Int 4 30 min (p < 0.05), Pla <> 0 minNS
Electrogastrography (% normal slow waves): Pre-Prandial:
Int 1 12.5%, Pla 1 6.5% (p = 0.05)

Post-prandial:

Int 1 5.6%, Pla 1 2.0% (p = 0.03)

Ultrasound half gastric emptying time: Int 4 8.3 min (p <
0.05), Pla 1 1.4 min™S

Stools/d (A c/f baseline): Int 1: —0.1 £ 0.2, Con 1: 0.3 &
0.2N8

Int2: —0.1 +0.2, Con 2: 0 £ 0.1

Bristol Stool Rating [(1-7) A c/f baseline]:

Int 1: —0.1 0.3, Con 1: —0.4 & 03N

Int2: —0.1 +0.3, Con2: 0 £ 0.3 N

FISH analysis to count number of different bacterial groups.
Total bacteria cell counts were determined by

4 -6-diamidino-2-phenylindole.

NSChanges in abundance or diversity between groups or
pre-post supplementation in the same group

Bacterial diversity (Operational Taxonotic Units, species
level and Shannon index): NSin a-diversity (OTU) or
Shannon index.

16S rRNA gene sequencing/logio scale of bacterial counts
(CFU/g)

1 Bifidobacterium count in high dose XOS only (p < 0.05)
1 Bacteroides fragilis in high dose XOS only (p < 0.05)

4 total anaerobes count in high dose XOS only (p < 0.05)
NSEor total aerobes, Lactobacillus, Enterobacteriaceae, and
Clostridium counts cf. baseline in all groups

| Enterobacteriaceae count ¢f placebo after washout (p
<0.05)

FISH analysis to count number of different bacterial groups.
Total bacteria cell counts were determined by
4-6-diamidino-2-phenylindole. Percentage of bifidobacterial
calculated as the ratio of the absolute amounts of
bifidobacteria to the total bacterial cell count.
Bifidobacteria (logio counts/g dry weight feces): High: 9.3,
Low: 9.0, Pla: 8.9

High vs. Low p < 0.05

High vs. Pla p < 0.001™S for Lactobacilli, Faecalibacterium
prausnitzii, Clostridium histolyticum-lituseburense or
Roseburia-Eubacterium rectale

Bacterial counts were assessed by fluorescent in situ
hybridization or colony forming units, as assessed by
conventional culture methods.
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TABLE 4 (Continued)

References N and
study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

10.3389/fnut.2022.1003620

Outcome measure/s (A in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

Reimer et al. (60) n=48
RXT

Prebiotic vs. Prebiotic
vs. placebo

Chicory inulin type fructans (ITF), 4 wk

All data expressed in log'® counts/g wet weight feces
Total bacteria: CH: 1 0.1, JA: <>0, Pla: <0, NS Clostridium
coccoides/Eubacterium rectale cluster : CH: | 0.6 (p < 0.05),
JA: | 0.6 (p < 0.05), Pla: 1,0.3, NSBacteroides/Prevotella: CH:
1 0.4 (p < 0.05), JA: |, 0.6 (p < 0.05), Pla: 1 0.1

CH and JA both > Pla (p < 0.05)

Faecalibacterium prausnitzii: CH: | 0.2, JA: | 0.2, Pla: | 0.1,
NSBifidobacterium: CH: 1 1.2, JA: 1 1.2, Pla: 1 0.3

CH and JA both > Pla (p < 0.05)

Atopobium group: CH:<> 0, JA: | 0.2, Pla: <> 0,
NSLactobacillus: CH: | 0.9, JA: | 0.5, Pla: | 0.7,
NSEnterococcus: CH: 1 0.9,JA: | 0.4, Pla: 1 0.4,
NSEnterobacteriaceae: CH: | 0.4, JA: | 0.9, Pla: |, 0.7 NS
Results are expressed as relative abundance (%) of
Bifidobacterium per total bacteria (Bifidobacterium 16S
rRNA gene copies x 100/total 16S rRNA gene copies).
Bacterial diversity

NSin a-diversity.

Community Structure

NS in B-diversity

Microbial abundance (phylum)

(Con => Int 1/Int 1 => Con)

Actinobacteria:

Con: 6.02 & 5.26 Int 1: 15.23 £ 12.37, 1 153% p < 0.01(adj)
Int: 11.70 £ 8.65 Con: 6.36 + 3.95

1 83% p < 0.01(<adj)

Firmicutes

Con: 85.91 + 9.02 Int 1: 78.72 + 10.96,

1 8% p < 0.01(adj)

Int: 82.52 £ 9.58 Con: 88.13 £ 4.37

1 6% p < 0.01(adj)

Bacteroidetes

Con: 6.51 £ 7.96 Int 1: 3.48 £ 4.26,

1 46% p = 0.05(adj)

(Con => Int 2/Int 2 => Con)

Actinobacteria

Con: 8.07 +7.38 Int 2: 13.19 £ 12.37 0.01

1 63% NSProteobacteria

Con: 0.79 £ 1.29 Int 2: 0.38 £ 0.39 0.04

1 519%N

Family (Con > Int 1/Int 1 > Con)

Bifidobacteriaceae

Con: 2.52 £ 2.90 Int 1: 10.28 £ 9.09, p < 0.01(adj)
1308% p < 0.01(adj)

7.57 + 8.08 2.63 - 1.88

1 65% p < 0.01(adj)

Actinomycetaceae

Con: 0.06 = 0.09 Int 1: 0.24 £ 0.29

1300% p < 0.01(adj)

Int 1: 0.23 £ 0.24 Con: 0.09 £ 0.08

1 60% p < 0.01(adj)

Microbacteriaceae

Con: 0.003 & 0.01 Int 1: 0.01 £ 0.02

1 233% p < 0.01(adj)

Int 1: 0.01 4 0.02 0.0006 + 0.003

1 94% p < 0.05(adj)

Cellulomonadaceae

Con: 0.0003 + 0.002 Int 1: 0.01 £ 0.01

1 3,233% p < 0.01(adj)

Micrococcaceae

Con: 0.06 £ 0.10 Int 1: 0.19 4 0.33

1 216% p < 0.01(adj)

Brevibacteriaceae

Con: 0.01 £ 0.03 Int 1: 0.03 £ 0.05

1 200% p < 0.01(adj)

Family (Con > Int 2/Int 2 > Con)

Micrococcaceae

Con: 1.18 £ 1.72 Int 2: 2.37 4 2.67

1 1019%NS
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TABLE 4 (Continued)

10.3389/fnut.2022.1003620

References N and Supplement/ Intervention ingredient/s and Outcome measure/s (A in mean/median
study comparator supplement duration from pre- to post-supplementation period
design unless otherwise indicated)

Vibrionaceae

Con: 0.21 =+ 0.44 Int 2: 0.05 4 0.08
1 76%NS

Bifidobacteriaceae

Con: 1.17 £ 1.91 Int 2: 2.39 4 3.63
1 1049%NS

Enterobacteriaceae

Con: 0.42 £ 0.93 Int 2: 0.10 4 0.17
176N

Actinomycetaceae

Con: 0.44 £ 0.77 Int 2: 0.88 4= 1.44
1 100%NS

Genus (Con > Int 1/Int 1 > Con)
Bifidobacterium

Con: 5.30 & 5.87 Int 1: 18.73 £ 14.99, 1 253% p < 0.01(adj)
Int 1: 11.91 & 12.02 Con: 4.63 £ 3.42
1 61% p < 0.01(adj)

Actinomyces

Con: 0.13 & 0.18 Int 1: 0.45 & 0.49, 1 246% p < 0.01(adj)
Int 1: 0.37 4 0.38 Con: 0.16 £ 0.15
1 56% p < 0.02(adj)

Cellulomonas

Con: 0.0007 + 0.01 Int 1: 0.01 £ 0.03
11,328% p < 0.02(adj)
Nesterenkonia

Con: 0.12 £ 0.21 Int 1: 0.35 4 0.54
1191% p < 0.03(ad))

Lachnospira

Con: 2.20 £ 2.70 Int 1: 0.93 & 1.36
1 57% p < 0.04(adj)

Oscillospira

Con: 1.11 4 1.01 Int 1: 0.65 £ 0.54
1 41% p < 0.04(adj)
Brevibacterium

Con: 0.03 4 0.05 Int 1: 0.06 =+ 0.08
1 100% p < 0.04(adj)

Genus (Con => Int 2)
Nesterenkonia

Con: 2.46 +3.32 Int 2: 4.86 £ 4.75
197% NS

Vibrio

Con: 0.50 = 1.12 Int 2: 0.10 £ 0.16
180% NS

Bifidobacterium

Con: 2.47 +3.83 Int 2: 462 £ 6.13
1 87%NS

Actinomyces

Con: 0.91 £ 1.53 Int 2: 1.67 4 2.46
1 83%NS

Axelrod et al. (63) n=7 Probiotic vs. placebo L. salivarius UCC118, 4 wk DNA extraction by shotgun metagenomic sequencing.

RXT Shannon and Simpson index
NSin a-diversity or richness.
Probiotic data only, no placebo data available
Phyla: Verrucomicrobia |, 0.144% (q = 0.001)
Genus: Prosthecobacter |, 0.141% (q = 0.004)
Species: fusiformis | 0.051% (q = 0.006)

Burton et al. (66) n=13 Probiotic vs. placebo 16S rRNA gene sequencing
RXT S. thermophilus, L. delbrueckii spp. Bulgaricus, L. Relative abundance compared to baseline

rhamnosus
GG, 2 wk

S. salivarius spp. thermophilus:

Int 1 0.10%, Pla <> 0.0% (p < 0.05)

L. delbrueckii spp. Bulgaricus:

Int 4 0.02%, Pla <> 0.0% (p < 0.05)

L. rhamnosus GG:

Int <> 0.0%, Pla <> 0.0% N

Bilophila wadsworthia:

Int | 0.07%, Pla | 0.27% NS

B. kashiwanohense/B. pseudocatenulatum:
Int | 0.05%, Pla 1 0.05% (p < 0.05)
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TABLE 4 (Continued)

N and
study
design

References Supplement/

comparator

Intervention ingredient/s and
supplement duration

10.3389/fnut.2022.1003620

Outcome measure/s (A in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

n =20 male
RCT

Huang et al. (74) Probiotic vs. placebo

Klein et al. (75) n=26

RXT

Probiotic vs. placebo

Leeetal. (77) n=16

RCT

Probiotic vs. placebo

Linetal. (78) Probiotic vs. placebo

n=43
RCT

Sénchez Macarro
etal. (80)

L. plantarum PS128, 4 wk

B. lactis 420x, L. acidophilus 74-2, 5 wk

L. paracasei DSM 32785 (LPC12), L. rhamnosus DSM
32786 (LRH10), L. helveticus DSM 32787 (LH43), L.
fermentum DSM 32784 (LF26), and S. thermophilus
DSM 32788 (ST30)

28 days

Bifidobacterium longum subsp. Longum, 5 wk

Bifidobacterium longum CECT 7347 Lactobacillus casei
CECT 9104, and Lactobacillus rhamnosus CECT 8361
6 wk

16S rRNA gene sequencing

No baseline data reported.

% Relative abundance (Phyla)

Int: Fermicutes 46.6%, Bacteriodetes 47.0%, Proteobacteria
3.8%, Actinobacteria 2.1%, Fusobacteria 0.3%

Pla: Fermicutes 50.3%, Bacteriodetes 41.6%, Proteobacteria
4.9%, Actinobacteria 1.0%, Fusobacteria 1.5%

NS between groups.

Relative abundance (Genus)

Anaerotruncus (x10~*) Int 0, Pla 1.0; Caproiciproducens
(x107*) Int 0.1, Pla 1.0; Coprobacillus (x 10~°) Int 0, Pla 3.3;
Desulfovibrio (x 107%), Int 0, Pla 5.9; Dielma (x107°), Int 0,
Pla 2.6; Family_XIII_UCG_001 (x 10~°), Int 0.9, Pla 9.2;
Holdemania (x 10~°), Int 0.6, Pla 7.2; Oxalobacter (x107°),
Int 0, Pla 6.1; Int < Pla (p < 0.05)

Akkermansia (x1073), Int 5.0, Pla 1.3; Bifidobacterium
(x1072), Int 1.5, Pla 0.8; Butyricimonas (x1073), Int 4.7, Pla
2.3; Lactobacillus (x 1073), Int 1.7, Pla 0.7; Int > Pla (p
<0.05)

Preparation of fecal samples by FISH analysis.

Relative abundance compared to baseline

B. lactis: Int 1 1.43%, Pla 1 0.39% (p < 0.05)

L. acidophilus: Int 1 0.18%, Pla 1 0.02% (p < 0.05)

qPCR method was used for the identification and
quantification of gut microbiota.

Pre-post A in Logl0 cells/g

Lactobacillus:

Int: 1 0.2, Pla: 1 0.5, NS

Bifidobacterium:

Int: |, 0.2, Pla: 1 0.3 “Decreased in intervention group” (p <
0.05)

Clostridium: Int: |, 1.0, Pla:| 1.0

Bacteroides: Int: |, 0.3, Pla: 1 0.1 N5

16S rRNA gene sequencing

Phylum:

Int: Actinobacteria and Firmicutes greater abundance
post-supplementation, compared with Pla. (p-value not
shown).

Proteobacteria reduced abundance post-supplementation,
compared with Pla. (p-value not shown).

Genus:

Int: t Bifidobacterium compared with Pla (p = 0.0027). 9-fold
4 in Lactobacillus count.

Species:

Bifidobacterium longum subsp. longum relative abundance
Int: 0.95%; 4 8.63-fold (p = 0.0178).

Pla: 0.11%

NS in amounts of common strains

16S rRNA gene sequencing

Bacterial diversity

Richness:

Int:<> 0, Pla: |6 NS

Simpson index:

Int: <> 0, Pla: 10.03, NS

Shannon index:

Int: 10.01, Pla: 10.15 NS

Family (log relative counts)

Rhodospirillaceae:

Int < Pla, log2 fold = 2.71, p = 0.019 (adj)
Streptococcaceae:

Int < Pla, log2 fold = 2.20, p = 0.019(adj)

Genera (log relative counts)

Rhodospirillum:

Pla > Int, p = 0.007(adj)

Streptococcus:

Pla > Int, p = 0.007(adj)

Within group differences noted in genera.
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TABLE 4 (Continued)

N and
study
design

References

Supplement/
comparator

Intervention ingredient/s and
supplement duration

10.3389/fnut.2022.1003620

Outcome measure/s (A in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

n=15
RCT

Son et al. (84)

West et al. (90) n=288

RCT

Coman et al. (92) n=10

RCT

Valle et al. (96) n==65

RCT

West et al. (98) n=22

RCT

Short chain fatty acids
n=27
RXT

Damen et al. (55)

n=32
RCT
n=63
RXT

Finegold et al. (56)

Frangois et al. (57)

Probiotic vs. placebo

Probiotic vs. placebo

Synbiotic vs. placebo

Synbiotic vs. placebo

Synbiotic vs. prebiotic

Prebiotic vs. placebo

Prebiotic vs. Prebiotic
vs. placebo
Prebiotic vs. Prebiotic
vs. placebo

L. acidophilus, L. casei, L. helveticus, B. bifidum, 60
days

Lactobacillus fermentum VRI-003 PCC® , 11 wk

L. rhamnosus IMC 501[R], L. paracasei IMC 502[R],
plus oat bran fiber, 4 wk

Lactobacillus acidophilus LA-5; Bifidobacterium
animalis BB-12
2.3 g of inulin, 30 days

L. paracasei subs Paracasei

(L. casei 431® ), B. animalis ssp lactis (BB—12® ), L.
acidophilus LA-5, L. rhamnosus GG, Raftiline,
Raftilose GR, 3 wk

Arabinoxylan oligosaccharides (AXOS), 3 wk

High and Low dose Xylooligosaccharides (XOS), 8 wk

Arabinoxylan oligosaccharides (AXOS), 3 wk

16S rRNA gene sequencing

Shannon and Simpson index

NS in a-diversity, pre and post

Species: N changes in the abundance of the four
microorganisms present (three Lactobacilli and

one Bifidobacterium).

Microbiome Diversity (16STRNA)

NS changes in bacterial diversity (data not shown)

All data reported as raw bacterial counts—no statistical testing
of between group changes.

Total bacteria:

Males: Int |, 0.5 x 10'%, Pla Pre: | 0.5 x 101

Females: Int 1 0.7 x 10'%, Pla | 1.0 x 10'°

C. coccoides: Males: Int |, 2.3 x 10%, Pla |, 3.4 x 108
Females: Int <> 0, Pla |, 1.54 x 10°

E. coli: Males: Int 1 6.4 x 10°, Pla 1 6.8 x 10°

Females: Int 1 1.36 x 107, Pla 1 4.3 x 10*

Bifibacteria: Males: Int |, 0.3 x 107, Pla |, 5.6 x 10°
Females: Int 1 0.7 x 10, Pla |, 6.1 x 10°

Bacteroides: Males: Int 1 0.6 x 10°, Pla 1 1.6 x 10°
Females: Int 1 1.3 x 10%, Pla | 4.4 x 107

Lactobacillus: Males: Int 1 5.8 x 104, Pla 128 x 10°
Females: Int 1 7.0 x 10%, Pla 1 6.9 x 10*

qPCR procedure for quantification of selected bacterial
groups

Log CFU/g feces

Bacteroides-Prev.-Porphyr. spp.: Int |, 0.18 log CFU/g, Pla 1
0.21 log CFU/g N

Staphylococcus spp.: Int | 0.08 log CFU/g, Pla 1 0.16 log
CFU/gNs

Cl. coccoides-Eubact. rectale group: Int: | 0.33 log CFU/g, Pla
1 0.01log CFU/g NS

Lactobacillus spp.: Int: 1 1.44 log CFU/g (p < 0.05), Pla |,
0.43 log CFU/g NS

Bifidobacterium spp.: Int: 1 1.52 log CFU/g (p < 0.05), Pla
0.16 log CFU/g N

Enterobacteriaceae: Int: |, 0.14 log CFU/g, Pla 1 0.35 log
CFU/g NS

16S gene sequencing

a-Diversity (Shannon index):

Int:| 0.125 Pla: 1 0.027 NS

«-Diversity (Simpson index): Int: |, 0.017, Pla: 1 0.01
Microbiome Diversity (16SrRNA)

NS changes in bacterial diversity (data not shown)

All data reported as raw bacterial counts.

Total bacteria: Syn <> 0, NS pre 12 x 108

Total Lactobacillus (mean): Syn <> 0, Pre 1 1.5 x 10* N
L. paracasei (mean): Syn 1 8 x 102, Pre | 2 x 10? (“large”
9-fold difference)

B. lactis (mean): Syn 1 2.7 x 104, Pre 1 4.8 x 10> N

All data reported in jumol/g wet feces

Total SCFA: Int: 1 25.3 (p < 0.05), Pla 1 9.6 NS

Acetic acid: Int: 1 10.2, Pla 1 4.8N

Butyric acid: Int: 1 7.6 (p < 0.05), Pla 1 2.3N

Propionic acid: Int: 1 3.2, Pla 1 1.3 NS

Total SCFA (jumol/g dry feces): High | 0.01, Low | 0.06, Pla
10.06NS

All data reported in jumol/g dry feces

Total SCFA: High vs. Pla: 1 53.1 (p = 0.001), Low vs. Pla: 1
7.8

Acetic acid: High vs. Pla: 1 38.5 (p = 0.003), Low vs. Pla: 1
8.9 NS

Butyric acid: High vs. Pla: 1 5.0 (p = 0.05), Low vs. Pla: | 3.9
Ns

Propionic acid: High vs. Pla: 1 9.7 (p = 0.003), Low vs. Pla: 1
29 NS
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TABLE 4 (Continued)

References N and
study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

10.3389/fnut.2022.1003620

Outcome measure/s (A in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

Kleessen et al. (59) n=45

RCT

Reimer et al. (60) n=48
RXT

Huang et al. (74) n = 20 male
RCT

Son et al. (84) n=15
RCT

Klein et al. (75) n=26
RXT

Valle et al. (96) n==65

Prebiotic vs. prebiotic
vs. placebo
Prebiotic vs. Prebiotic
vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Synbiotic vs. placebo

Chicory inulin (CH) or Jerusalem artichoke inulin
(JA), 3 wk
Chicory inulin type fructans (ITF), 4 wk

L. plantarum PS128, 4 wk

L. acidophilus, L. casei, L. helveticus, B. bifidum, 60
days

B. lactis 420, L. acidophilus 74-2, 5 wk

Lactobacillus acidophilus LA-5; Bifidobacterium
animalis BB-12
2.3 g of inulin, 30 days

Total SCFA post-intervention (jumol/g wet feces): CH: 142.4,
JA: 135.2, Pla: 138.8 NS

Fecal acetate

Int 1: 4 2.9 umol/g, Con 1: 1 6.7 umol/g N
Int 2: 1 6.7 umol/g, Con 2: 1 9.2 umol/g N
Fecal proprionate

Int 1: 4 3.8 umol/g, Con 1: 1 2.4 umol/g N
Int 2: | 1.3 umol/g, Con 2: 1 1.3 umol/g N
Fecal butyrate

Int 1: 4 2.5 umol/g, Con 1: 1 0.3 umol/g N
Int 2: 1 4.4 umol/g, Con 2: 1 6.7 umol/g N°
Fecal Isobutyrate

Int 1: <> 0 umol/g, Con 1: 1 0.6 umol/g N®
Int 2: <> 0 umol/g, Con 2: <> 0 umol/g N
Fecal Isovalerate

Int 1: <> 0 umol/g, Con 1: <> 0 umol/g N
Int 2: <> 0 umol/g, Con 2: 4 0.4 umol/g N
Acetic acid (mean, post only):

Int: 4.7 ng/ml, Pla: 3.8 ng/ml

Int > Pla (p < 0.05)

Proprionic acid (mean, post only):

Int: 1.18 ng/ml, Pla: 0.5 ng/ml

Int > Pla (p < 0.05)

Butyric acid (mean, post only):

Int: 0.5 ng/ml, Pla: 0.3 ng/ml

Int > Pla (p < 0.05)

Decanoic acid (mean, post only):

Int: 0.005 ng/ml, Pla: 0.002 ng/ml N
Heptanoic acid (mean, post only):

Int: 0.6 ug/ml, Pla: 0.4 ug/ml N

Hexanoic acid (mean, post only):

Int: 1.7 ug/ml, Pla: 4.0 ug/ml ™

Isobutyric acid (mean, post only):

Int: 0.050 ng/ml, Pla: 0.052 ng/ml N
Isovaleric acid (mean, post only):

Int: 0.03 ng/ml, Pla: 0.04 ng/ml NS
Octanoic acid (mean, post only):

Int: 1.1 ug/ml, Pla: 0.7 ug/ml NS

Valeric acid (mean, post only):

Int: 0.07 ng/ml, Pla: 0.07 ng/ml NS

Acetic acid

Int: | 40 umol/g, Pla: | 85 umol/g N
Buytric acid

Int: | 142 umol/g, Pla: 1 125 umol/g

Int > Pla at baseline (p-value not shown)
Propionic acid

Int: | 1.31 umol/g, Pla: | 1.51 umol/g N®
All data post-intervention concentration (umol/g feces)
Total SCFAs:

Int 85.0 mol/g, Pla 88.5 umol/g N
Acetic acid

Int: 46.7 mol/g, Pla 49.5 mol/g N
i-Butyric acid

Int 1.9 pmol/g, Pla 2.0 pmol/g NS
n-Butyric acid

Int 14.6 pmol/g, Pla 15.1 wmol/g N
Propionic acid

Int: 16.7 wmol/g, Pla 16.9 mol/g N
Valeric acid:

Int: 2.1 umol/g, Pla 2.0 wmol/g N
Isovaleric acid:

Int: 2.3 umol/g, Pla 2.4 wmol/g N
Caproic acid:

Int: 0.7 mol/g, Pla 0.6 pmol/g N

Fecal acetate (mmol/L):

Int: OR 0.34, 95%CI —0.06, 0.74

Pla: OR 0.16, 95%CI —0.25, 0.57

NS between groups
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TABLE 4 (Continued)

References N and
study
design

Supplement/
comparator

Intervention ingredient/s and

supplement duration

10.3389/fnut.2022.1003620

Outcome measure/s (A in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

West et al. (98) n=22
RCT

Gastrointestinal symptoms
Damen et al. (55) n=27
RXT

Finegold et al. (56) n=32

RCT
Frangois et al. (57) n==63
RXT
Kleessen et al. (59) n=45
RCT
Reimer et al. (60) n=48
RXT
Russo et al. (45) n=20
RXT
Gleeson et al. (70) n=>58
RCT

Synbiotic vs. prebiotic

Prebiotic vs. placebo

Prebiotic vs. Prebiotic
vs. placebo

Prebiotic vs. Prebiotic
vs. placebo

Prebiotic vs. prebiotic
vs. placebo

Prebiotic vs. Prebiotic
vs. placebo

Prebiotic vs. placebo

Probiotic vs. placebo

L. paracasei subs Paracasei (L. casei 43l® ), B. animalis
ssp. lactis (BB-12® ), L. acidophilus LA-5, L.
rhamnosus GG, Raftiline, Raftilose GR, 3 wk

Arabinoxylan oligosaccharides (AXOS), 3 wk

Xylooligosaccharides (XOS), 8 wk

Arabinoxylan oligosaccharides (AXOS), 3 wk

Chicory inulin (CH) or Jerusalem artichoke inulin

(JA), 3 wk

Chicory inulin type fructans (ITF), 4 wk

Inulin-enriched pasta, 5 wk

L. casei Shirota, 16 wk

Fecal proprionate (mmol/L):
Int: OR 0.20, 95%CI —0.01, 0.41
Pla: OR 0-31, 95%CI —0.02, 0.63
NS between groups

Fecal butyrate (mmol/L):

Int: OR 0.39, 95%CI 0.20, 0.59
Pla: OR 0.25, 95%CI —0.03, 0.47
NS between groups

Fecal ammonia (mmol/l):

Pla: OR 0.09, 95%CI 0.01, 0.17
Int: OR 0.11, 95%CI 0.04, 0.18
NS between groups

All data reported in j1mol/g feces
Acetic acid:

Syn | 2,Pre | 68

Butyric acid:

Syn | 2,Pre | 3 b

Propionic acid: Syn |, 2, Pre | 1.5 NS

GIS: Insufficient incidence to analyze abdominal pain or
bloating.

Flatulence:

Int: NS difference pre-to-post

Pla: 1 0.53 on 0-4 scale pre-to-post (P = 0.02)
Symptoms rated from 0 (no symptoms) to 3 (severe)
Excess flatus:

High 1 0.27, Low 1 0.26, 1 Pla 0.19 NS

Borborygmi:

High 1 0.26, Low 1 0.11, 1 Pla 0.02 NS

Bloating:

High 1 0.28, Low 1 0.22, 1 Pla 0.06 N

Abdominal pain:

High | 0.01, Low 1 0.27, 1 Pla0.10 NS

1 Occurrence frequency + 1 Distress severity, flatulence
only cf Pla (P = 0-02)

Flatulence (mild/moderate/very disturbing symptoms, %):
High 27/7/2, Low 16/7/2, Pla 11/6/2 NS

NS all other symptoms.

All data reported as incidence (%) post-supplementation
Flatulence:

CH 87, JA 93, Pla 47 (CH and JA > Pla, p < 0.05)
Abdominal bloating:

CH: 0, JA: 27, Pla: 27 NS

Abdominal pain or cramps:

CH: 20, JA: 7, Pla: 7NS

Bowel Rumbling:

CH: 13, JA: 13, Pla: 13 NS

Bowel Cramps:

CH: 20, JA: 20, Pla: 13 NS

Abdominal pain, 0-4

Int1:0.3 +0.2, Con 1: 0.3 £ 0.2 N

Int 2:0.4 £ 0.2, Con2: 0.3 £ 0.2 N

Distension/bloating (0-4)

Int 1: 0.5 4 0.3, Con 1: 0.4 + 0.2 (P = 0.025)

Int 2: 0.6 & 0.2 (P = 0.023), Con 2: 0.2 = 0.1 (P = 0.048)
NS between groups

Flatulence (0-4)

Int1:0.3 +02, Con 1: 0.3 £ 0.2 N

Int 2:0.3 +0.2, Con 2: 0.0 £ 0.2 N

Stomach rumbling (0-4)

Int1:0.1 402, Con 1: 0.1 0.2 NS
Int2:0.2+02,Con2:0.1 0.1 N

NSDifferences and no major symptoms (data not reported)

GIS Incidence:

Int 54%, Pla 57% NS
Proportion of days with GIS:
Int 2%, Pla 3% (p = 0.008)
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TABLE 4 (Continued)
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References N and Supplement/ Intervention ingredient/s and Outcome measure/s (A in mean/median
study comparator supplement duration from pre- to post-supplementation period
design unless otherwise indicated)

Severity Score:

Int 9, Placebo 12 NS
Symptom duration (days):
Int42,Pla5.9 NS

Haywood etal. (72)  n=30 Probiotic vs. placebo L. gasseri, B. bifidum, B. longum, 4 wk GIS Incidence:

RCT Int: 13%, Pla: 13% NS

Pugh et al. (79) n=24 Probiotic vs. placebo L. acidophilus CUL60, L. acidophilus CUL21, B. Number of GI scores > 4: Days 1-14: Int 4, Pla 5™

bifidum CUL20, B. animalis subsp. Lactis CUL34, 4 wk Days 15-28: Int 2, Pla 11 N®

Schreiber et al. (82) n=27 Probiotic vs. placebo L. helveticus Lafti L10, B. animalis ssp. lactis Lafti B94  GIS incidence at rest (AGI):

RCT E. faecium R0026, B. longum R0175 Int: —30 + 48%, Pla: —27 & 47% NS

Bacillus subtilis R0179, 90 days Categorized as:

Nausea incidence at rest (AGI):
Int —16 & 43%, Pla: 71 £ 119%
Int < Pla, P =0.01,d = 0.9
Belching incidence at rest (AGI):
Int: —14 + 53%, Pla: 62 + 115%, Int < Pla, P=0.04,d =1
Vomiting incidence at rest (AGI):
Int: —7 4 30%, Pla: 49 £ 114%, Int < Pla, P = 0.04,d = 0.7
Other sub-categories not reported.

Strasser et al. (85) n=29 Probiotic vs. placebo Bifidobacterium bifidum W23 Incidence: “Only one participant in the placebo group

RCT Bifidobacterium lactis W51 experienced GI-discomfort symptoms during the study
Enterococcus faecium W54 period.”
Lactobacillus acidophilus W22
Lactobacillus brevis W63
Lactococcus lactis W58
12 wk

West et al. (90) n=2388 Probiotic vs. placebo Lactobacillus fermentum VRI-003 PCC®, 11 wk No. of GIS episodes: Male: Int 1.01, Pla: 0.49 (Likely 1)
RCT Female: Int 1.44, Pla 0.48, (Likely 1)

Duration of GIS episodes (days): Male: Int 3.3, Pla 1.3,
(Likely 1)

Female: Int 3.9, Pla 2.1, (Possible 1)

GIS severity (1-3 scale): Male: Int 1.31, Pla 1.78 (Possible |)
Female: Int 1.44, Pla 1.75 (Possible |)

Symptom Load (severity-days): Male: Int 4.4, Pla 2.5
(Possible 1)

Female: Int 5.2, Pla 2.9 (Possible 1)

Coman et al. (92) n=10 Synbiotic vs. placebo L. rhamnosus IMC 501[R], L. paracasei IMC 502[R], Data reported as change from baseline, Likert scale (0-5)

RCT oat bran fiber, 4 wk Intestinal regularity:
Int 1 2.6, Pla 1 1.8 (p < 0.05)
Stool volume: Int 4 1.8, Pla ¢ 2.2N8
Ease at defecation: Int 1 2.2, Pla 1 0.6 (p < 0.05)
Bloating: Int 1 0.2, Pla 1 0.4
Abdominal pain: Int < 0.0, Pla |, 0.2N8
Intestinal cramps: Int <> 0.0, Pla | 0.4 NS

Roberts et al. (94) n=20 Synbiotic vs. placebo L. acidophilus CUL-60 (NCIMB 30157), L. acidophillus  Mean total GIS score during supplemental period: Int 7.00,

RCT CUL-21 (NCIMB 30156), B. bifidum CUL-20, B. Pla13.9 (p < 0.001)
animalis subspecies lactis CUL-34 (NCIMB 30153), Mean GIS severity score during supplemental period: Int
Fructooligosaccharides, 12 wk 8.00, Pla 16.7 (p < 0.001)
Valle et al. (96) n==65 Synbiotic vs. placebo Lactobacillus acidophilus LA-5; Bifidobacterium Sum of symptoms (nausea, vomiting, diarrhea, abdominal

animalis BB-12
2-3 g of inulin, 30 days

pain, flatulence, loss of appetite, burning and dysphagia)
Int: A Post-supp.: OR —2-24, 95%CI —3-15, —1-34

Pla: A Post-supp: OR —1-16, 95%CI —2-51, 0-18
NSBetween groups.

CFU, colony forming units; CRP, c-reactive protein; FISH, fluorescence in situ hybridization; GIS, Gastrointestinal symptoms; IFN, interferon; IL, interleukin; Int, Intervention; LBP,

lipopolysaccharide binding protein; LPS, lipopolysaccharide; NS, Not significant; OTU, operational taxonomy units; Pla, Placebo; Pre, Prebiotic intervention; RCT, Randomized control

trial; RXT, Randomized crossover trial; Syn, Synbiotic intervention; wk, weeks.

In contrast with this, following 3 weeks of consumption of
AXOS fortified bread, flatulence was only increased during
the control bread period (55). Probiotic supplementation in
all but two studies, did not influence GIS incidence at rest.
Supplementation with L. fermentum VRI-003 PCC™~ for 11
weeks increased GIS incidence, and also resulted in a ~2-day
increased duration of symptoms, but a small reduction in
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symptom severity (90). Whilst overall GIS incidence at rest
remained unchanged following 90 days of supplementation
with a multistrain probiotic (Lactobacillus helveticus Lafti L10,
Bifidobacterium animalis ssp. lactis Lafti B94 Enterococcus
faecium, Bifidobacterium longum R0175 and Bacillus subtilis
R0179), the subcategories of nausea, belching and vomiting were
significantly lower in the probiotic group compared to placebo
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(82). The majority of participants in the synbiotic studies
reported no GIS incidence at rest (96). However, n = 1 study
observed GIS severity scores at rest that were approximately
half of those reported following placebo supplementation,
following 12 weeks of a multi-strain synbiotic with added
fructooligosaccharides (94). Increased intestinal regularity
and ease of defecation was also reported following 4 weeks
supplementation with L. rhamnosus IMC 501[R], L. paracasei
IMC 502[R], plus oat bran fiber (92).

Fecal microbial composition at rest

A total of n = 17 studies reported on resting microbial
composition of stool samples (i.e., representative of luminal
microbial composition) before and after the supplementation
intervention period, of which n = 5 prebiotic (55-57, 59,
60), n = 9 probiotic (63, 66, 74, 75, 77, 78, 80, 84, 90),
and n = 3 synbiotic interventions (92, 96, 98) (Tables 3, 4).
Supplementation with xylooligosaccharides (XOS) (56), high
dose (8.0 g/d) AXOS (57), chicory or Jerusalem artichoke
inulin (59) or moderate dose (7.0 g/d) chicory inulin type
fructans (60) resulted in significant increases in Bifidobacterium
relative abundance (i.e., proportion of total bacterial counts),
with a trend for the same effect in the fourth study (55) as
determined by 16S rRNA sequencing (56, 60), and fluorescent
in situ hybridization (FISH) analysis (57, 59). In contrast, low
dose chicory inulin type fructan supplementation showed no
increase in Bifidobacterium relative abundance (60). AXOS
supplementation was also observed to increase Bacteroides
fragilis group count, and total anaerobes count, compared
to baseline (56). Reductions in Bacteroides/Prevotella were
observed for both chicory and Jerusalem artichoke inulin
supplementation, as assessed by grams of wet feces (59).
Moderate dose chicory inulin-type fructan supplementation
showed increases in microbial abundance at the phylum
level in Actinobacteria, with reductions in Firmicutes and
Bacteroidetes, with non-significant changes in the low dose
group compared with control (60). At the family level,
moderate dose chicory inulin-type fructan supplementation
resulted in increases in Bifidobacteriaceae, Actinomycetaceae,
Microbacteriaceae, Cellulomonadaceae, Micrococcaceae, and
Brevibacteriaceae, but this effect was not observed in low
doses of the supplement. At the genus level, increases were
observed in Bifidobacterium, Actinomyces, Cellulomonas, and
Nesterenkonia, with reductions in Lachnospira, Oscillospira,
and Brevibacterium following moderate dose chicory inulin-
type fructan supplementation (60). No effects of prebiotic
supplementation were seen for other fecal sample bacterial taxa
analyses, including a-diversity (56, 60).

Of the probiotic studies, n = 4 demonstrated significant
increases in the supplemented species (S. salivarius spp.

thermophilus and L. delbrueckii spp. Bulgaricus, B. lactis
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420x and L. acidophilus, L. fermentum VRI-003 PCC®
B. longum subsp. Longum) (66, 75, 78, 90) as assessed by
FISH analysis (75), and 16S gene sequencing (66, 78, 90).
The only other species-level change reported was a reduction

, and

in Fusiformis following 4 weeks of supplementation with L.
salivarius UCC118 (63), with no other significant changes
in bacterial species reported (66, 75, 78, 84). At the phylum
level, a decrease was observed in Verrucomicrobia, following
4 weeks of supplementation with L. salivarius UCC118 (63).
Five weeks of supplementation with Bifidobacterium longum
subsp. Longum showed a greater abundance of Actinobacteria
and Firmicutes; with a reduction in Proteobacteria, albeit
statistical significance or lack thereof was not reported
(78). No other changes were observed at the phylum level
following probiotic supplementation (74, 78, 94). Genus
level changes observed following probiotic supplementation
include a reduction in Prosthecobacter following 4 weeks
of supplementation with L. salivarius UCC118 (63). A
significant increase in Bifidobacterium and Lactobacillus
was observed following 5 weeks of supplementation with
Bifidobacterium longum subsp. Longum (78). However, 4
weeks of supplementation with a multi-strain probiotic (L.
paracasei, L. rhamnosus, L. helveticus, L. fermentum, and
S. thermophilus), showed no change in Lactobacillus and a
comparative decrease in Bifidobacterium (77). Four weeks of
supplementation with L. plantarum showed a lower relative
abundance in Anaerotruncus, Caproiciproducens, Coprobacillus,
Desulfovibrio, Dielma, Family_XIII_ UCG_001, Holdemania,
and Oxalobacter compared with placebo. In addition, a
greater relative abundance in Akkermansia, Bifidobacterium,
Butyricimonas, and Lactobacillus was observed, however
baseline data was not reported (74). Probiotic supplementation
did not result in any further changes in other fecal sample
bacterial taxa groups, including a-diversity (63, 80, 84, 90).
The n = 2 synbiotic studies demonstrated increases in the
genus of some of the supplemented strains, reported as
raw bacterial count (62) or log CFU/g feces (92), but no
differences in other determined bacterial groups (62, 92).
No change in the a-diversity of the supplementation or
placebo groups was detected in any of the synbiotic studies
(96, 98).

Fecal short chain fatty acid concentration
at rest

Fecal SCFA concentrations were measured before and after
supplementation in #n = 9 included studies (Tables3, 4),
which included n = 5 prebiotic (55-57, 59, 60), n = 2
probiotic (75, 84), and n = 2 synbiotic interventions (96, 98).
An additional probiotic study only reported post-intervention
values for SCFA (74). N = 2 studies that provided 3 weeks
AXOS supplementation demonstrated significant increases in
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total SCFA and butyric acid concentration (55, 57). Additionally,
significant increases in acetic and propionic acid were observed
following high (8.0 g/d), but not low dose (2.4 g/d) AXOS
supplementation for 3 weeks in one study (57), but this finding
was not replicated in another study that administered high dose
(7.2 g/d) AXOS (55). No prebiotic intervention using XOS or
inulin, resulted in increases in fecal SCFA (56, 59, 60). The figure
presented in n = 1 multi-strain probiotic study appeared to show
a drop in fecal butyric acid following 60 days of supplementation
with L. acidophilus, L. casei, L. helveticus, and B. bifidum,
compared with a rise in the placebo group (84). However, this
study only reported a statistical difference at baseline, albeit
with no indication of the p-value and did not report whether
or not the changes over time were statistically significant.
Another study reported greater concentrations in fecal acetic
acid, propionic acid and butyric acid compared with the placebo
group; however, whether these are genuine changes following
supplementation cannot be determined as baseline data was not
collected (74). No probiotic or synbiotic study observed and
reported positive differences in SCFA concentrations at rest, as a
result of supplementation.

Studies assessing markers of
exercise-induced gastrointestinal
syndrome after a period of pre-, pro-,
and syn-biotic supplementation

N =
outcomes, prior to, during, and/or following an acute exercise

13 studies reported at least one of the review

bout (Table 5). All except n = 2 studies investigated probiotic
supplementation, the remaining papers investigated a synbiotic
supplement intervention. No study of prebiotics being provided
prior to an acute exercise bout was found in the search strategy.
Probiotic supplements varied from single to multi-strain (i.e.,
up to nine different species), given either as capsules, powder
sachets, or dairy-based beverage. The synbiotic supplements
included two to four probiotic strains, plus additional fructo-
oligosaccharides or inulin (94, 96). The acute exercise bouts
varied substantially, and included n = 3 studies of treadmill
running (either 2 h steady state with or without environmental
heat exposure (e.g., 35°C), or time to exhaustion test) (63,
68, 100); n = 4 studies investigated supplementation prior to
an outdoor marathon (65, 79, 87, 89); n = 3 studies on a
cycle ergometer (either an incremental exercise test, time to
fatigue tests or 2h steady state cycle ergometer followed by
1h time trial) (63, 90, 100); and, in one study participants
completed an ultra-distance triathlon event (94). One study
observed participant outcomes in response to 5 days of
continuous intense military training, day and night including
marching 8-30km whilst carrying a pack up to 30kg, sleep
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deprivation, and a range of environmental conditions (96).
Another used online questionnaires to assess included measures
(82). Outcome measures were taken prior to the exercise
bout, but the timing of post-exercise measures varied from
immediately to 6 days post-exercise. In all studies participants
mean or median age was <42 years, and in all studies
participants were from an endurance sport background (i.e.,
mean or median VOjypax range 47-64 ml/kg/min) or military
training background.

Intestinal epithelial injury in response to
acute exercise

N = 3 studies (all probiotics) assessed the effect of the
intervention on markers of intestinal injury, none of which
observed differences in plasma or serum I-FABP concentration
(79, 100), or urinary claudin-3 concentration (102) (Tables 5, 6).

Intestinal permeability in response to
acute exercise

N = 4 probiotic (63, 79, 100, 102) and n = 1
synbiotic study (94) assessed the effects of supplementation
on intestinal permeability in response to an acute exercise
bout (Tables 5, 6). None of the studies observed differences
between intervention and placebo for urinary lactulose:mannitol
or lactulose:rhamnose ratio, indicative of small intestinal
permeability. N = 1 study assessed sucrose permeability,
indicative of gastroduodenal permeability, at baseline and
immediately post-exercise, reporting a 38% significantly lower
incremental area under the curve from baseline in the
intervention trial, and a 169% increase from baseline in the
placebo trial, after 4 weeks Lactobacillus salivarius UCC118
(2 x 10% CFU daily) (63). The effect of a synbiotic
supplement (four probiotic strains plus fructooligosaccharides)
was investigated on urinary lactulose:mannitol ratio, before and
6 days after a long course triathlon event, with no effect of trial
observed (94).

Systemic bacterial endotoxin profile in
response to acute exercise

N = 2 probiotic studies (68, 100) and n = 1 synbiotic study
(94) investigated changes in circulating bacterial endotoxin
concentration in response to acute exercise (Tables5, 6).
Biomarkers included overall endotoxin units, gram-negative
endotoxin concentration, serum LPS, anti-endotoxin antibodies

(i.e., IgM and IgG), and neutrophil elastase (in vitro E. coli
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TABLE 5 Systematic review search results, included studies that investigated the impact of prebiotic, probiotic and synbiotic supplementation on markers of EIGS and associated GIS in response to an
acute exercise bout.

References Population and study Sample size determination Supplementation Physical Exercise protocol Outcome/s
design protocol activity/dietary reported
control
Probiotic studies
Axelrod et al. (63) n = 7 endurance runners, A priori power analysis based on a previous L. salivarius UCC118, 2 x 10% Normal lifestyle (not Treadmill running: 2 h at 60% Intestinal permeability
VO2max 57.9 mL/kg/min investigation from healthy runners (64) CFU/cap monitored) VOomax. Cytokine responses

Batatinha et al. (65)

Gill et al. (68)

Kekkonen et al.
(99)

Lamprecht et al.

(76)

Pugh etal. (79)

RXT

n = 27 male marathon runners,
age: Int: 35.96 + 5.81; Pla: 40.46
+7.79

Fitness status not stated

RCT

n = 8 male runners and
triathletes

Age: 26 yrs

VO2mayx 59 ml/kg/min

RXT

n=119

(125M/16F recruited) marathon
competitors, Best marathon
time

Int: 3:10 (2:35-3:42)

Pla: 3:11 (2:23-3:40)

Age 40 yrs.

RCT

n = 23 male triathletes, runners
and cyclists

Age, Int: 37.6 yrs, Pla: 38.2 yrs
VO2max:

Int: 51.2 mL/kg/min

Pla: 50.3 mL/kg/min

RCT

n = 24 (20M/4F) marathon
runners, age: Int: 34.8 & 6.9 yrs
Pla: 36.1 & 7.5 yrs VOsax: Int:
57.6 £ 8.0 mL/kg/min Pla: 56.4
+ 8.6 mL/kg/min RCT

estimated ~6 needed to obtain statistical
power at the recommended 0.80 level based
upon mean, between-groups comparison
effect size (d = 1.2).

Not specified

Based on the typical standard deviation of
0.7 EU/ml for circulatory endotoxin
responses to exertional-stress (16, 69), and
using standard alpha (0.05) and beta values
(0.8) (www.dssresearch.com), a sample size
of n = 8 is estimated to provide adequate
statistical precision to detect a >10%
difference in circulatory endotoxin
concentration in response to EHS in the
target population.

Not specified

Sample size calculation based on oxidation
markers CP and MDA. Between 7 and 9
subjects estimated per group—depending
on parameter, SD and effect size—to reach
probability of error (alpha/2) of 5 and 80%
power.

Not specified

1 capsule daily for 4 wk

B. animalis. Lactis 10 x 10°; L.
Acidophilus 10 x 10°
1 sachet daily for 30 days

L. casei, 1.0 x 10! cells/bottle
Commercial supplement, taken
twice daily for 7 days

Milk-based fruit drink or
capsules (participant choice)
containing

L. rhamnosus GG, 4.0 x 10'°
CFU

2 x 65 mL bottles or capsules
daily for 3 months

Ecologic® Performance: B.
bifidum W23, B lactis W51, E.
faecium W54, L. acidophilus
W22, L. brevis W63, L.

lactis W58. 2 x 2 g sachets daily
for 14 wk, providing

(10'° CFU/day)

Proven Probiotics Ltd., Port
Talbot, Wales: L. acidophilus
CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34
(). >25 billion CFU/cap

1 capsule daily for 4 wk

Training volume monitored, NS

between groups.
Dietary control not stated.

Dietary recall.
Activity control not stated.

Diary questionnaire with
ready-made questions

Training diaries, N for running
sessions or weekly distance.

Habitual diet, food diary and
repeated for 7 days prior to each
exercise trial. Habitual training,
no exercise 3 days prior to each
exercise test.

Dietary control not stated
outside of acute exercise.
Training not stated.

Tamb: 25°C, RH: 31%

Marathon race:
Race time was 4.08 & 0.55h
Tapm not stated

Treadmill running: 2 h at 60%
VOomax.
Tamb: 34°C, RH: 32%

Helsinki Marathon, 2003:
Int: 3h 32 min
Pla: 3h 30 min

3 x incremental “step” tests
on cycling ergometer to
exhaustion, with 15 min active
recovery between each test.
Total test time ~80-90 min.
Tamb: 20°C, RH: 60% RH

Non-sanctioned marathon
(outdoor running track).
Finish time:

Int: 234 & 38 min, Pla: 247 +
47 N8

% LT: Int: 90.2 + 9.1, Pla: 91.3
+87 NS

Cytokine responses

Endotoxaemia

Cytokine responses

GIS

Cytokine responses

Intestinal permeability
Intestinal injury
Cytokine responses
GIS
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TABLE 5 (Continued)

References Population and study Sample size determination Supplementation Physical Exercise protocol Outcome/s
design protocol activity/dietary reported
control
Pugh et al. (100) n =7 male cyclists To detect a meaningful increase in Proven Probiotics Ltd., Port Not stated Cycle ergometer: 2h at Intestinal permeability

Schreiber et al. (82)

Shing et al. (102)

Tavares-Silva et al.

(87)

Age: 23 L 4yrs
VOjpeak 64.0 £ 2.2 mL/kg/min
RXT

n =27 male cyclists
Age: Int: 25.9 = 4.6
Pla: 29.5 4 6.2
VO2max (mL/kg/min)
Int: 66.9 + 6.4

Pla: 63.2 4 5.0

RCT

n = 10 male runners

Age: 27 £ 2yrs

VO2max: 62.6 & 2.1 mL/kg/min
RXT

N = 14 male marathon runners
Age: Pla: 38.28 + 3.09 Int: 41.57
+3.20

VOspeak:

Pla: 54.53 £ 6.88 kg/mL/min
Int: 56.92 = 8.35 kg/mL/min
RCT

exogenous CHO oxidation of 0.1 g/min
with SD = 0.05 g/min (101) at 80% power,
aminimum n = 5 required.

Not specified

Sample size was determined to detect a
treatment difference at a two-sided 5%
significance level with a probability of 80%
from primary outcome variables of
lactulose/rhamnose and LPS. The
lactulose:rhamnose ratio following exercise
is reported to be 0.0625 (SD 0.0125) (103).
Assuming that probiotics reduced the
lactulose:rhamnose by 20% (similar to
reduction following bovine colostrum
supplementation) (104), a total of eight
runners were required. Recent literature
has shown a 20% increase in LPS
concentration following running in the

heat with an increase in training load (105).

Assuming that probiotics reduced LPS
concentration by 20% (post-exercise LPS
concentration of 27 pg mL~! with a
within-subject standard deviation of 5 pg
mL™1), a total of nine runners were
required. Based on these calculations, 10
runners were recruited for the present
study.

Not specified

Talbot, Wales:

L. acidophilus CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34
0-
>25 billion CFU/cap

1 capsule daily for 4 wk

1 capsule containing:

L. helveticus Lafti L10 (28.6%),
B. animalis ssp. lactis Lafti B94
(28.6%), E. faecium R0026
(25.7%), Bifidobacterium
longum RO175 (14.3%)

B. subtilis R0O179 (2.8%)

15 x 10° CFU/cap

1 capsule daily for 90 days
UltraBiotic45, BioCeuticals 'M:
L. acidophilus, 7.4 x 10°
CFU/cap

L. rhamnosus, 15.55 x 10°
CFU/cap

L. casei, 9.45 x 10° CFU/cap

L. plantarum, 3.15 x10°
CFU/cap

L. fermentum, 1.35 x 10°
CFU/cap

B. lactis, 4.05 x 10° CFU/cap
B. breve, 1.35 x 10° CFU/cap
B. bifidum, 0.45 x 10° CFU/cap
S. thermophilus, 2.25 x10°
CFU/cap

1 capsule daily for 4 wk

L. acidophilus-LB-G80, L.
paracasei-LPc-G110, Lactococcus
subp. lactis-LLL-G25,

B. animalis subp.
lactis-BL-G101, B.
bifidum-BB-G90

Capsules containing 5 x 10°
CFU / day

Diet not controlled.
“Difference in training hours
during the study period”
(Data not shown)

Food diary NS between trials.
Required to avoid strenuous
exercise for 24 h prior to each
testing session.

Physical activity control not
stated.

Questionnaire 2x/wk + once
on weekends:

Energy intake (kcal)

Pla: 1,994.46 =+ 365.73

Int: 2,434.69 + 505.53

NS difference between groups

55% Wax followed by
100 k] time trial.
Ambient conditions not stated

Evaluation (online survey) at
training, competition, and
during the first 2 h recovery
from training or competition.

Treadmill running: time to
fatigue at 80% ventilatory
threshold.

Tamb: 35°C, RH: 40%

Marathon race

Race Time (min)

Pla: 243.0 £ 33.73

Int: 252.87 4 39.77

NS Difference

Tamb: 21.5°C, RH: 67%.

Intestinal injury
Cytokine responses
GIS

GIS

Intestinal permeability
Intestinal injury
Endotoxaemia
Cytokine responses
GIS

Cytokine responses

(Continued)
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TABLE 5 (Continued)

References

Population and study
design

Sample size determination

Supplementation
protocol

Physical
activity/dietary
control

Outcome/s
reported

Exercise protocol

Vaisberg et al. (89)

West et al. (90)

Synbiotic studies
Roberts et al. (94)

Valle et al. (96)

n = 42 male marathon runners
Age: Int: 39.6 & 8.8 yrs, Pla: 40.1
+10.3 yrs

VO2max: Int: 57.64 + 6.89
mL/kg/min, Pla: 57.86 + 6.85
mL/kg/min

RCT

n = 88 cyclists and triathletes
Age: Int: M: 35.2 yrs, F: 36.5 yrs,
Pla: M: 36.4 yrs, F 35.6

VO2max (mL/kg/min):

Int: M: 56.5, F: 57.6

Pla: M: 55.8, F: 51.6

RCT

n =20 (O9M/1F) long course
triathletes

VO2max:

Int: 47.6 mL/kg/min

Pla: 50.5 mL/kg/min

RCT

n =65 (39M/26F) military
personnel

Age: Pla: 19.5 £+ 1.22,

Int: 19.69 £ 1.25

Fitness status not stated
RCT

Not specified

A sample size of 80 subjects was required
for identifying substantial changes in the
incidence of illness, assuming a rate of
URTTI symptoms of 60% in the placebo
group, with sufficient power (86% at an
alpha-level of 0.05) to detect a 50%
reduction in symptoms.

Power calculation assessment for sample
size (G*power3, Dusseldorf (95); using o =
0.05; 1 - B = 0.80; based on observed data.

Sample calculation in G * Power 3.1.9.2
software was based on the following data:
5% sample error, 95% CI and 0.72 effect
size considering pre and post-intervention
IgA values. The effect size was estimated
based on the study by Olivares et al. (97).

Lactobacillus casei Shirota, 40 x
10° live cells/bottle
1 x 80 g bottle daily for 30 days

Lactobacillus fermentum
VRI-003 PCC®, 10° CFU/cap
1 capsule daily for 11 wk

Bio-Acidophilus Forte, Biocare
Ltd., Birmingham, UK):

L. acidophilus CUL-60 (NCIMB
30157), 10'° CFU/cap

L. acidophillus CUL-21 (NCIMB
30156), 10'° CFU/cap

B. bifidum CUL-20 (NCIMB
30172), 9.5'° CFU/cap

B. animalis subspecies lactis
CUL-34 (NCIMB 30153), 0.5
CFU/cap.
Fructooligosaccharides, 55.8 mg
per cap

1 capsule daily for 12 wk
Lactobacillus acidophilus LA-5,
10-3 log CFU

Bifidobacterium animalis BB-12,
11-0 log CFU

Inulin, 2.3 g

60g serve of ice cream, daily for
30 days

Dietary control not stated.
Instructed to keep usual
training/physical exercise
schedules—not reported

4 d food diary. Usual diet,
without probiotic foods.
Training log kept

Habitual diet, food diary first
and last wk of each month. N%
between groups or over
intervention time period.
Prescribed triathlon training
program, individualized. NS
between groups for training load
throughout intervention period.

Participants recommended not
to consume any foods
containing prebiotics and
probiotics 15 d before the
beginning of the research
period, particularly over the
weekend, when they are released
to go home. During the week all
food was provided.

Not reported, however
participants were undergoing
military training.

Cytokine responses
Marathon race

Ambient conditions not stated

Cytokine responses
Incremental cycling

ergometer test (VOzmax
protocol).
Ambient conditions not stated

Ironman triathlon. Mean
finish time: Int: 12 h 47 min,
Pla: 14h 12 min N

Endotoxin responses
Intestinal permeability

5 d military training, Bacterial taxa
including physical and Fecal SCFA
psychological exhaustion, GIS
marching 8-20 km, carrying

~ 30 kg equipment, sleep

deprivation.

Subject to various

weather extremes.

RCT, Randomized control trial; RXT, Randomized crossover trial; Cap, capsule; T,p,p,, Ambient temperature; RH, Relative humidity; Int, Intervention; Pla, Placebo; NS, Not significant; wk, week.
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TABLE 6 Systematic review study outcomes for included studies that investigated the impact of prebiotic, probiotic and synbiotic supplementation on markers of EIGS in response to an acute exercise

bout.
References  nandstudy Supplement/ Intervention ingredient/s and Exercise protocol Outcome measure/s (A in mean/median
design comparator supplement duration from pre-exercise to immediately
post-exercise unless otherwise indicated)
Intestinal permeability
Axelrodetal. (63) n=7 Probiotic vs. placebo L. salivarius UCC118, 4 wk Treadmill running: 2h at 60% VOsmax. Sucrose permeability (A in iAUC from baseline): Int | 38%, Pla 1
RXT Tamb: 25°C, RH: 31% 169% (p = 0.029)

Pugh et al. (79) n=24
RCT

Pugh et al. (100) n=7
RXT

Shing et al. (102) n=10
RXT
Roberts etal. (94) n =20

RCT

Intestinal injury
Pugh et al. (79) n=24
RCT

Pugh et al. (100)

Shing et al. (102) n=10
RXT

Bacterial endotoxin responses

Gill et al. (68) n==_8
RXT

Shing et al. (102) n=10
RXT

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Synbiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

L. acidophilus CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34, 4 wk

L. acidophilus CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34, 4 wk

L. acidophilus, L. rhamnosus, L. casei, L. plantarum, L.
fermentum, B. lactis, B. breve, B. bifidum, S.
thermophilus, 4 wk

L. acidophilus CUL-60 (NCIMB 30157), L. acidophillus
CUL-21 (NCIMB 30156), B. bifidum CUL-20 (NCIMB
30172), B. animalis subspecies lactis CUL-34 (NCIMB
30153), Fructooligosaccharides, 12 wk

L. acidophilus CUL60

acidophilus CUL21

bifidum CUL20

animalis subsp. Lactis CUL34, 4 wk
acidophilus CUL60

acidophilus CUL21

bifidum CUL20

animalis subsp. Lactis CUL34, 4 wk
acidophilus, L. rhamnosus, L. casei, L. plantarum, L.
fermentum, B. lactis, B. breve, B. bifidum, S.
thermophilus, 4 wk

i~ R o

L. casei, 7 days

L. acidophilus, L. rhamnosus, L. casei, L. plantarum, L.
fermentum, B. lactis, B. breve, B. bifidum, S.
thermophilus, 4 wk

Non-sanctioned marathon (outdoor running track). Finish
time:

Int: 234 & 38 min, Pla: 247 & 47 N

% LT: Int: 90.2 & 9.1, Pla: 91.3 £ 8.7 NS

Tamb: 16-17°C; Wind: 8-16 km/h

Cycle ergometer: 2 h at

55% Way followed by

100 kJ time trial.

Ambient conditions not stated.

Treadmill running: time to fatigue at 80% ventilatory
threshold.

Tamb: 35°C, RH: 40%

Ironman triathlon. Mean finish time:

Int: 12h 47 min, Pla: 14h 12 min N

Non-sanctioned marathon (outdoor running track). Finish
time: Int: 234 = 38 min, Pla: 247 &+ 47 NS

% LT: Int: 90.2 &+ 9.1, Pla: 91.3 £ 8.7 NS

Tamb: 16-17°C; Wind: 8-16 km/h

Cycle ergometer: 2 h at 55% W nax followed by 100 kJ time
trial.

Ambient conditions not stated.

Treadmill running: time to fatigue at 80% ventilatory
threshold.
Tamb: 35°C, RH: 40%

Treadmill running: 2 h at 60% VOzpma.
Tamb: 34°C, RH: 32%

Treadmill running: time to fatigue at 80% ventilatory
threshold.
Tamb: 35°C, RH: 40%

Rhamnose permeability (A in iAUC from baseline): Int |
0.1-fold, Pla 1 0.5-fold NS

Lactulose permeability (A in iAUC from baseline): Int |, 0.1-fold,
Pla 1 0.4-fold N

L/R Ratio (A in iAUC from baseline):

NS (data not reported)

Serum L/R ratio (A from baseline test):

Int 1 0.04, Pla 1 0.02 NS

Serum L/R ratio (A from baseline test):
Int 1 0.045, Pla 1 0.052 NS

Urinary L/R ratio:
8% lower following Int cf Pla NS—other data not reported

Urinary lactulose/mannitol ratio (A from pre- to 6 d post-race):
Int 1 0.005, Pla 1 0.020 N

Serum I[-FABP:
Int 1 1,359 pg/mL, Pla 1 932 pg/mL NS

Plasma I-FABP: Post-exercise: Int | 207 pg/mL, Pla | 295 pg/mL
NS

1h post-exercise: Int |, 182 pg/mL, Pla |, 263 pg/mL N

Urinary Claudin 3 (absolute values): Int 6.1 # 3.3 ng/mmol
creatinine, Pla 8.1 + 5.1 ng/mmol creatinine N

Gram-negative bacterial endotoxin (APre-ex - 1-h Post-ex): Int 1
0.5 EU/mL (23%), Pla | 0.2 EU/mL (8%) (p = 0.05)

Serum LPS: Int 1 0.03 EU, Pla 1 0.05 EU NS

Anti-LPS IgM: Int | 1.0 MU/mL, Pla 1 0.3 MU/mL NS

(Continued)
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TABLE 6 (Continued)

References  n and study
design

Supplement/
comparator

Intervention ingredient/s and Exercise protocol
supplement duration

Outcome measure/s (A in mean/median
from pre-exercise to immediately
post-exercise unless otherwise indicated)

Roberts et al. (94) n=20
RCT

Cytokine responses
Axelrodetal. (63) n=7

RXT
Batatinha et al. (65)

n=27

RCT
Gill et al. (68)

n=

RXT

Synbiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

L. acidophilus CUL-60 (NCIMB 30157), L. acidophillus Ironman triathlon. Mean finish time: Int: 12 h 47 min, Pla:
CUL-21 (NCIMB 30156), B. bifidum CUL-20 (NCIMB 14 h 12 min N®

30172), B. animalis subspecies lactis CUL-34 (NCIMB

30153), Fructooligosaccharides, 12 wk

L. salivarius UCC118, 4 wk Treadmill running: 2 h at 60% VOomax.
Tamb: 25°C, RH: 31%
B. animalis. Lactis 10 x 10%; L. Acidophilus 10 x 10° 1

sachet daily for 30 days Marathon race:

Race time was 4.08 £ 0.55 h
Tapm not stated

L. casei, 7 days
Treadmill running: 2 h at 60% VOjmayx.

Tamb: 34°C, RH: 32%

Endotoxin units (A from pre- to 6 d post-exercise): Int | 1.6
pg/mL (p = 0.047), Pla |, 0.44 pg/mL N° Anti-LPS IgG (A from
pre- to 6 d post-exercise): Int |, 90 MU/mL, Pla 4 27 MU/mL N

IL-6: (A A pre to post-exercise, pre to post-intervention)
Int 4 0.5 pg/mL, Pla 4 1.4 pg/mL NS

1L-10:

Int: 1 254 ng/ml, Pla: 1 219 ng/ml N%
IL-4:

Int: 1 6.9 ng/ml, Pla:t 2.2 ng/ml NS
IL-6:

Int: 1 14.0 ng/ml, Pla: 4 14.1 ng/ml N
IL-2:

Int: | 2.6 ng/ml, Pla: | 0.3ng/ml NS
1L-15:

Int: | 0.7 ng/ml, Pla: |, 0.5 ng/ml N
IL-8:

Int: 1 7.1 ng/ml, Pla: 1 10.4 ng/ml NS
IL-1B:

Int: | 1.1 ng/ml, Pla: 4 0.1 ng/ml N
TNF-a:

Int: 1 3.9 ng/ml, Pla: 1 3.8 ng/ml N
IFN-y:

Int: | 5.3 ng/ml, Pla: |, 2.8 ng/ml N
IL-6:

Post-exercise: Int 1 3.6 pg/mL, Pla 1 3.1 pg/mL NS

1h post-exercise: Int 4 2.1 pg/mL, Pla 1 1.2 pg/mL N
2h post-exercise: Int 1 1.1 pg/mL, Pla 1 0.4 pg/mL NS
4h post-exercise: Int 1 0.4 pg/mL, Pla <> 0.0 pg/mL N®
24h post-exercise: Int <> 0.0 pg/mL, Pla | 0.3 pg/mLN®
IL-1B:

Post-exercise: Int 1 0.09 pg/mL, Pla 1 0.02 pg/mL N

1h post-exercise: Int 4 0.03 pg/mL, Pla |, 0.03 pg/mL N
2h post-exercise: Int | 0.01 pg/mL, Pla | 0.01 pg/mL NS
4h post-exercise: Int |, 0.01 pg/mL, Pla |, 0.01 pg/mL N
24h post-exercise: Int 1 0.02 pg/mL, Pla <> 0.0 pg/mL N
TNF-a:

Post-exercise: Int 1 0.5 pg/mL, Pla 1 0.3 pg/m
1h post-exercise: Int 1 0.3 pg/mL, Pla |, 0.3 pg/mL N
2h post-exercise: Int <> 0.0 pg/mL, Pla |, 0.4 pg/mL N
4h post-exercise: Int 1 0.1 pg/mL, Pla |, 0.3 pg/mL N
24h post-exercise: Int 1 0.3 pg/mL, Pla 1 0.1 pg/mL NS

LNS

(Continued)

‘|e 1@ yoney

029£007°2202Inuy/68¢5°0T


https://doi.org/10.3389/fnut.2022.1003620
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

UOI}IINN Ul SI213U0.4

43

B0 uISIBIUOL

TABLE 6 (Continued)

References  nandstudy Supplement/ Intervention ingredient/s and Exercise protocol Outcome measure/s (A in mean/median
design comparator supplement duration from pre-exercise to immediately
post-exercise unless otherwise indicated)
IFN-y:
Post-exercise: Int <> 0.0 pg/mL, Pla 1 0.1 pg/mL N
1h post-exercise: Int |, 0.1 pg/mL, Pla | 0.2 pg/mL NS
2h post-exercise: Int | 0.3 pg/mL, Pla | 0.4 pg/mL NS
4h post-exercise: Int 1 0.3 pg/mL, Pla |, 0.4 pg/mL N
24h post-exercise: Int 1 0.2 pg/mL, Pla <> 0.0 pg/mL N
IL-10:
Post-exercise: Int 1 10.8 pg/mL, Pla 1 7.2 pg/mL N
1h post-exercise: Int 4 10.6 pg/mL, Pla 1 9.0 pg/mL N
2h post-exercise: Int 1 2.8 pg/mL, Pla 1 2.7 pg/mL NS
4h post-exercise: Int |, 0.1 pg/mL, Pla <> 0.0 pg/mL N®
24h post-exercise: Int <> 0.0 pg/mL, Pla 1 0.2 pg/mL NS
IL-8:
Post-exercise: Int 1 1.8 pg/mL, Pla 4 1.2 pg/mL N
1h post-exercise: Int 4 1.1 pg/mL, Pla 1 0.6 pg/mL N
2h post-exercise: Int 1 0.1 pg/mL, Pla 1 0.1 pg/mL NS
4h post-exercise: Int <> 0.0 pg/mL, Pla |, 0.1 pg/mL N®
24 h post-exercise: Int |, 0.1 pg/mL, Pla |, 0.4 pg/mL N
Lamprecht et al. n=23 Probiotic vs. placebo  B. bifidum W23, B lactis W51, E. faecium W54, L. 3 x incremental “step” tests on cycling ergometer to IL-6: Int 1 3.3 pg/mL, Pla 1 1.9 pg/mL N
RCT acidophilus W22, L. brevis W63, L. lactis W58, 14 wk  exhaustion, with 15 min active recovery between each test.  TNE-a: Int 1 2.3 pg/mL, Pla 1 0.24 pg/mL NS
Total test time ~80-90 min.
Tamp: 20°C, RH: 60% RH
Pugh et al. (79) n=24 Probiotic vs. placebo L. acidophilus CUL60 Non-sanctioned marathon (outdoor running track). Finish ~ Serum CD14:
RCT L. acidophilus CUL21 time: Int 4 5.9 ug/mL, Pla 1 5.4 jug/mL NS
B. bifidum CUL20 Int: 234 = 38 min, Pla: 247 4 47 NS IL-6:
B. animalis subsp. Lactis CUL34, 4 wk 9% LT: Int: 90.2 & 9.1, Pla: 91.3 + 8.7 NS Int 1 9.95 jLg/mL, Pla 4 12.76 ug/mL NS
Tamb: 16-17°C; Wind: 8-16 km/h IL-8:
Int 4 11.21 pg/mL, Pla 1 9.98 jug/mL NS
1L-10:
Int 4 4.36 pg/mL, Pla 4 5.05 pg/mL N
Pugh et al. (100) n=7 Probiotic vs. placebo L. acidophilus CUL60 Cycle ergometer: 2 h at IL-1a:
RXT L. acidophilus CUL21 55% Wnay followed by Int 4 1.15 pg/mL, Pla 1 0.45 jug/mL NS
B. bifidum CUL20 100 k] time trial. IL-6:
B. animalis subsp. Lactis CUL34, 4 wk Ambient conditions not stated. Int 4 1.05 jug/mL, Pla 4 1.37 ug/mL NS
1L-8:
Int 4 1.96 pg/mL, Pla 1 2.21 jug/mL NS
IL-10:
Int 4 2.11 pg/mL, Pla 4 1.18 pg/mL N
Shingetal. (102) n=10 Probiotic vs. placebo L. acidophilus, L. rhamnosus, L. casei, L. plantarum, L. Treadmill running: time to fatigue at 80% ventilatory IL-1ra:
RXT fermentum, B. lactis, B. breve, B. bifidum, S. threshold. Post-exercise: Int 1 74 pg/mL, Pla 1 79 pg/mL NS

thermophilus, 4 wk

Tamb: 35°C, RH: 40%

1h post-exercise: Int 4 183 pg/mL, Pla 1 188 pg/mL N
TNF-a:

Post-exercise: Int 1 0.62 pg/mL, Pla 1 1.65 pg/mL N
1h post-exercise: Int |, 0.33 pg/mL, Pla 1 1.47 pg/mL N
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TABLE 6 (Continued)

References

n and study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Exercise protocol

Outcome measure/s (A in mean/median
from pre-exercise to immediately
post-exercise unless otherwise indicated)

Tavares-Silva et al.

(87)

Vaisberg et al. (89)

West et al. (90)

n=14
RCT

n=42
RCT

n=288
RCT

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Lactobacillus acidophilus-LB-G80, Lactobacillus
paracasei-LPc-G110, Lactococcus subp. lactis-LLL-G25,
Bifidobacterium animalis subp. lactis-BL-G101,
Bifidobacterium bifidum-BB-G90 5x 10° CFU 2.0
g/day for 30 days

Lactobacillus casei Shirota, 30 days

Lactobacillus fermentum VRI-003 pcc® , 11wk

Marathon race

Race Time (min)

Pla: 243.0 + 33.73

Int: 252.87 + 39.77

NS Difference

Tamb: 21.5°C, RH: 67%.

Marathon race
Ambient conditions not stated

Incremental cycling ergometer test (VOzmax protocol).
Ambient conditions not stated

1L-6:

Post-exercise: Int 1 0.91 pg/mL, Pla 1 1.32 pg/mL N
1h post-exercise: Int 4 1.04 pg/mL, Pla 1 1.45 pg/mL N
1L-10:

Post-exercise: Int 1 1.96 pg/mL, Pla | 0.22 pg/mL NS
1h post-exercise: Int 1 7.61 pg/mL, Pla 1 9.89 pg/mL NS
Neutrophil elastase:

Post-exercise: Int | 269 fg/cell, Pla 1 74 fg/cell N

1h post-exercise: Int |, 259 fg/cell, Pla |, 12 fg/cell N%
All changes relative to 24 h pre resting value

IL-2

Post-ex: Pla: 1 0.01 pg/ml N5, Int: 10.06 pg/ml N

1h post-ex.: Pla: |, 0.05 pg/ml NS, Int: 1 0.11 pg/ml N
IL-4

Post-ex: Pla: 10.59 pg/ml NS, Int: 10.32 pg/ml N

1h post-ex.: Pla: |, 0.05 pg/ml NS, Int: $0.21 pg/ml NS
IL-10

Post-ex : Pla: 1 1.05 pg/ml (p < 0.05), Int: 11.31 pg/mIN®
1h post-ex.: Pla: 1 0.7 pg/ml ™, Int: 4 1.3 pg/ml (p < 0.05)
TNF-a

Post-ex: Pla: 10.99 pg/ml (p < 0.05), Int: 11.2 pg/ml (p < 0.05)
1h post-ex: Pla: 1 1.1 pg/ml (p < 0.05), Int: 1 0.2 pg/ml N
IL-1B:

Int 1 |1.8 pg/mLNS, Pla $13.5 pg/mL NS

IL-1ra:

Int $18.7 pg/mLNS, Pla 4 24.7 pg/mL p < 0.01

IL-4:

Int 11.4 pg/mLNS, Pla 1 6.6 pg/mL N

1L-5:

Int 3.1 pg/mLNS, Pla |, 34.5 4 31.8 pg/mL NS

IL-6:

Int 1 34.8 pg/mLp < 0.01, Pla 1 36.5 pg/mL p < 0.001
1L-10:

Int 1 15.0 pg/mL p < 0.01, Pla 1 19.0 pg/mL p < 0.01
IL-12p70:

Int 4 19.2 pg/mL p < 0.05, Pla 1 23.0 pg/mL p < 0.01
1L-13:

Int 1 2.1 pg/mLNS, Pla 4 1.2 pg/mL N

TNEF-a:

Int 1 20.0 pg/mLNS, Pla 1 123.4 pg/mLp < 0.05

Pla > Int, p < 0.01 between groups

Factor changes in acute post-exercise cytokine responses:
IL-Ira:

Male: Int 0.84, Pla 1.39 (very likely | )

Female: Int 0.80, Pla 1.88 (very likely |)

(Continued)
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TABLE 6 (Continued)

References

nand study Supplement/

design

comparator

Intervention ingredient/s and
supplement duration

Exercise protocol

Outcome measure/s (A in mean/median
from pre-exercise to immediately
post-exercise unless otherwise indicated)

Short chain fatty acids

Valle et al. (96)

n==65
RCT

Synbiotic vs. Placebo

Lactobacillus acidophilus LA-5, Bifidobacterium
animalis BB-12, Inulin 2.3 g
60 g serve of ice cream, daily for 30 days

5 d military training, including physical and psychological
exhaustion, marching 8-20 km, carrying ~ 30 kg
equipment, sleep deprivation.

Subject to various weather extremes.

IL-10:

Male: Int 0.95, Pla 1.16 (possible |)
Female: Int 0.89, Pla 1.45 (possible |,)
IL-6:

Male: Int 0.92, Pla 1.22 (likely |)
Female: Int 0.71, Pla 2.29 (likely |)
1L-8:

Male: Int 0.80, Pla 0.87 (unclear)
Female: Int 0.71, Pla 1.15 (probably |)
GM-CSF:

Male: Int 0.78, Pla 1.75 (very likely |)
Female: Int 0.85, Pla 3.3 (very likely | )
IFN-y:

Male: Int 1.2, Pla 1.49 (likely | )
Female: Int 1.07, Pla 1.56 (likely |)
TNF-a:

Male: Int 1.27, Pla 1.66 (likely |)
Female: Int 1.15, Pla 1.72 (likely |)

Fecal acetate (mmol/L):

Pla:

Pre: 3.07 = 1-64,

Post: OR 0-16, 95%CI —0-25, 0-57
Post-training: OR —0-71, 95%CI—1-08, —0-34
Int:

Pre:2.82+1.78

Post: OR 0-34, 95%CI —0-06, 0-74
Post-training: OR —0-80, 95%CI —1-14, —0-46
Main effect of time, P < 0-001

NS between groups

Fecal proprionate (mmol/L):

Pla:

Pre: 0-97 4+ 0-61,

Post: OR 0-31, 95%CI —0-02, 0-63
Post-training: OR—0-08, 95%CI —0-24, 0-08
Int:

Pre: 0-83 £ 0-50

Post: OR 0-20, 95%CI —0-01, 0-41
Post-training: OR —0-12, 95%CI —0-26, 0-02
Main effect of time, P = 0-004

NS between groups

Fecal butyrate (mmol/L):

Pla:

Pre:1-18 £ 0-85

Post: OR 0-25, 95%CI —0-03, 0-47
Post-training: OR —0-09, 95%CI —0-28, 0-10
Int:

Pre:1-04 +0-73

Post: OR 0-39, 95%CI 0-20, 0-59
Post-training: OR —0-17, 95%CI —0-33 —0-01
Main effect of time, P = 0-002

NS between groups

(Continued)
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TABLE 6 (Continued)

References  nandstudy Supplement/ Intervention ingredient/s and Exercise protocol Outcome measure/s (A in mean/median
design comparator supplement duration from pre-exercise to immediately
post-exercise unless otherwise indicated)
Bacterial taxa
Valle et al. (96) n=65 Synbiotic vs. Placebo  Lactobacillus acidophilus LA-5, Bifidobacterium 5 d military training, including physical and psychological ~ 16S gene sequencing
RCT animalis BB-12, Inulin 2.3 g exhaustion, marching 8-20 km, carrying ~ 30 kg «a - Diversity (Shannon index):

Gastrointestinal symptoms
Kekkonen et al. n=119
(99) RCT

Pugh et al. (79) n=24RCT

Pugh et al. (100) n=7RXT

Schreiber etal. (82) n=27
RCT

Shing et al. (102) n=10
RXT

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

Probiotic vs. placebo

60 g serve of ice cream, daily for 30 days

L. rhamnosus GG, 3 months

L. acidophilus CUL60 L. acidophilus CUL21 B.
bifidum CUL20 B. animalis subsp. Lactis CUL34, 4 wk

L. acidophilus CUL60 L. acidophilus CUL21 B.
bifidum CUL20 B. animalis subsp. Lactis CUL34, 4 wk

1. helveticus Lafti L10, b. animalis ssp. lactis Lafti B94,
e. faecium R0026, b. longum R0175, Bacillus
subtilis R0179, 90 days

L. acidophilus, L. rhamnosus, L. casei, L. plantarum, L.
fermentum, B. lactis, B. breve, B. bifidum, S.
thermophilus, 4 wk

equipment, sleep deprivation.
Subject to various weather extremes.

Helsinki Marathon

Finish time:

Int: 3h 32 min (range 2h

24 min to 4 h 35 min)

Pla: 3h 30 min (range 2 h 52 min to 4h 19 min)
NS between groups

Ambient conditions not specified.

Non-sanctioned marathon (outdoor running track). Finish
time:

Int: 234 & 38 min, Pla: 247 & 47 N

% LT: Int: 90.2 &+ 9.1, Pla: 91.3 £ 8.7 NS

Tamb: 16-17°C; Wind: 8-16 km/h

Cycle ergometer: 2 h at

55% Way followed by

100 kJ time trial.

Ambient conditions not stated.

Evaluation (online survey) at training, competition, and
during the first 2 h recovery from training or competition.

Treadmill running: time to fatigue at 80% ventilatory
threshold.
Tamb: 35°C, RH: 40%

Int:4 0.119 Pla: |, 0.095 NS

« - Diversity (Simpson index):

Int: 1 0.015, Pla: | 0.021 N

NS group by time effect

NS o-diversity between groups or periods

During training period:

Subjects with GIS episodes:

Int 27%, Pla 30% N

No. of GIS episodes/subject: Int 0.4, Pla 0.6 N°

GIS episode duration: Int 2.9 days, Pla 4.2 days N

During 2 wk after marathon:

Subjects with GIS episodes:

Int: 6%, Pla: 6% N

No. of GIS episodes/subject: Int 0.1, Pla 0.1 NS

GIS episode duration: Int 1.0 days, Pla 2.3 days (p < 0.05)
Global GIS score during marathon (median): 1st third: Int 1.3,
Pla 1.6 ¥ 2nd third: Int 3.0, Pla 3.2 NS 3rd third: Int 3.5, Pla 6.1
(p = 0.01) GIS Score Post-Race (median): Total GIS: Int: 13, Pla
15 NS Lower GIS: Int 10, Pla 7 N Upper GIS: Int 6, Pla 5 N GIS
Score 24 h Post-Race (median): Total GIS: Int 16, Pla 12 NS Lower
GIS: Int 7, Pla 5 NS Upper GIS: Int 6, Pla 4 N

NS bhetween. trials, data not reported

GIS incidence by slider questionnaire:
GIS incidence during training (AGI):
Int: —27 £ 47%, Pla: 8 + 29%,

Int < Pla, P=0.04,d = 0.9

GIS incidence during competition (AGI):
Int: 0 % 47%, Pla: 9 == 30%, N

GIS incidence after training (AGI):

Int: —10 = 32%, Pla: 9 & 54%, N

GIS incidence after competition (AGI):
Int: —20 £ 42%, Pla: 9 & 54%, N

GIS Symptom Severity Score: Int: 1.4, Pla 1.6 N

(Continued)
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LPS stimulation). No supplement intervention reduced markers
of endotoxemia compared with the study’s respective placebo,
whilst one intervention (7 days Lactobacillus casei) reported an
increased gram-negative bacterial endotoxin concentration in

0-37; group x

response to 2h steady-state treadmill running (60% VO2max)
in hot ambient conditions (34.0°C, 32% RH), compared to
a modest reduction in the placebo group (68). N = 1 study

reported a significant reduction in endotoxin units compared
to pre-supplementation (94); however this data was compared
to the pre-exercise and not the pre-supplementation time point
(i.e., a sample taken the day before an ultra-distance triathlon
event), then assessed 6 days post-race.

A Post-military training: OR —3.91, 95%CI —5.01, —2.82
P < 0.05, A post-supplementation v. A post-military training

A Post-military training: OR —4.31, 95%CI —5.31, —3.30
NS Group x time effect

P < 0.05, A post-supplementation v. A post-military training.

A Post-supp.: OR —2.24, 95%CI —3.15, —1.34
Pla:

A Post-supp.: OR —1.16, 95%CI —2.51, 0.18
symptoms at post-military training (P < 0-001; main effect of

time) with no differences between them (P

“Both groups showed a decreased number of gastrointestinal
time effect)”

Outcome measure/s (A in mean/median
from pre-exercise to immediately
post-exercise unless otherwise indicated)

GIS Sum of different symptoms:

Int:
pre: 8.06 & 5.65

pre: 8.48 £ 5.09

Systemic inflammatory cytokine profile in
response to acute exercise

N = 10 studies assessed systemic inflammatory cytokine
responses to acute exercise, all of which utilized probiotic
supplementation interventions (63, 65, 68, 76, 79, 87, 89, 90,
100, 102) (Tables 5, 6). Only n = 3 studies observed differences
in the cytokine response to exercise between probiotic and
placebo trials (87, 89, 90). One study reported statistical
analysis using magnitude-based inferences, suggesting probiotic
supplementation (11 weeks Lactobacillus fermentum VRI-003
PCC~, 10° CFU/day) resulted in possible and very likely
reductions in IL-10 and IL-1ra, respectively, a likely reduction
in IL-6, and likely or very likely reductions in GM-CSE
IFN-y, and TNF-q, respectively (90). In contrast with this, a

5 d military training, including physical and psychological

exhaustion, marching 8-20 km, carrying ~ 30 kg

equipment, sleep deprivation.
Subject to various weather extremes.

Exercise protocol

significant increase in IL-10 was observed only in the probiotic
group at 1h post-exercise, and TNF-a increased significantly

Int, Intervention; Pla, Placebo; RCT, Randomized control trial; RXT, Randomized crossover trial; I-FABP, Intestinal fatty acid binding protein; NS, No significant difference between groups/trials; LPS, Lipopolysaccharide; wk, week.

g
H
© g
= 2
< <
73 S w
L
% g 7% only in the placebo group at 1h post-exercise compared with
:ﬁo"é PRy 24h pre-exercise levels, following 30 days of supplementing
= g
E < B with Lactobacillus acidophilus-LB-G80, Lactobacillus paracasei-
= =
.g% EES) LPc-G110, Lactococcus subp. lactis-LLL-G25, Bifidobacterium
§ E %% animalis subp. lactis-BL-G101 and Bifidobacterium bifidum-
LS 5 § BB-G90 (87). Following 30 days of supplementation with L.
= B S 3 casei Shirota, a significant rise in IL-1ra was observed on
2 the intervention group only (within group difference) but
= 5 g the only significant between group difference was observed
= ~
Eg ¢ in TNF-a, whereby a significant increase in TNF-a only
U s
"'&g‘ 2 occurred in the placebo group and not the intervention
=)
23 & group (89).
1
2
«»
<& - ) ) ) )
T §% %% Gastrointestinal functional markers in
R = response to acute exercise
© 2 = None of the included studies assessed the effect of pre-,
W oN g . . . .
a2 9 k- pro-, syn-biotic supplementation on aspects of gastrointestinal
K S function (e.g., gastric emptying, gastrointestinal motility,
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intestinal transit, intestinal nutrient absorption, and/or

malabsorption) in response to acute exercise.

Gastrointestinal symptoms in response to
acute exercise

N =
n = 1 synbiotic supplementation interventions, included an

5 studies, of which n = 4 were probiotic and
assessment of GIS during the acute exercise bout (79, 82, 96, 100,
102). Of the probiotic interventions, n = 2 reported no effect
of supplementation on GIS during exercise (100, 102). N = 1
study reported no difference in median global GIS score (GIS
severity) during the first two-thirds of a simulated marathon.
However, the authors emphasized a greater score in the placebo
group during the final third of the simulated marathon, although
this discrepancy appears likely due to lack of experimental
control to confounding factors (refer to risk of bias assessment)
(79). Additional data presented shows slightly higher overall
GIS incidence in the probiotic group (90%) compared with the
placebo group (88%) in response to the simulated marathon,
and median GIS score immediately post-race was not different
between groups. N = 1 study using online surveys to report
GIS incidence by participants during training, reported a greater
improvement in symptoms in the probiotic group, although
GIS incidence after training, and during and after competition,
showed no changes following probiotic supplementation (82).
Similarly, 3 months of supplementation with a probiotic showed
no significant effects on GIS incidence or duration in training,
however during 2 weeks after the marathon, the category of
GIS episode duration was more than double the number of
days in the placebo group than the probiotic group (99).
The n = 1 synbiotic study reporting GIS during an exercise
bout (5 days continuous military training exercise) following
supplementation showed no difference between groups, but an
effect of time was observed, whereby symptoms reduced in both
groups following the military training exercise bout (96).

Fecal bacterial taxa changes and short
chain fatty acid concentration in
response to acute exercise

Only n = 1 included studies assessed changes on bacterial
taxa and fecal SCFA concentration in response to acute exercise
(96) (Tables 5, 6). Following 30 days of supplementation with
a synbiotic containing L. acidophilus LA-5, B. animalis BB-
12, and 2.3g of inulin, military recruits participated in 5
days of continuous combat simulation. No difference in fecal
acetate, propionate or butyrate was observed. Some changes in
bacterial taxa were noted in text, however due to the method
of presentation in the manuscript (i.e, heat map), logical
conclusions could not be drawn. Measures of bacterial diversity
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(Shannon and Simpson Index) before and after the exercise
bout showed no difference in a-diversity following synbiotic
supplementation compared with placebo, and no group by time
effect was observed.

Risk of bias assessment

Results of the risk of bias assessment appear in Table 7.
N = 18 out of the n = 39 included studies were judged as
high risk of bias in at least one criterion. This included n =
2 due to a sequenced allocation as part of a counterbalanced
randomization (59, 88), n = 10 due to inadequate reporting
of outcome assessor blinding (72-74, 77, 78, 80, 82, 84, 87,
93), n = 5 due to incomplete outcome reporting (74, 78, 87,
100, 102), and n =
79, 84, 98). Other potential sources of bias were identified in
n = 5 studies (79, 84, 88, 94, 102). N = 1 study reported
increased GIS in the placebo group during the final third

4 due to selective data reporting (78,

of a non-sanctioned marathon, however closer inspection of
the data suggested that relative incidence (i.e., 91 vs. 89%
of total group, respectively) and severity (i.e., 63 vs. 44% of
total group above the mean of the assigned global GIS score,
respectively) of GIS on the 4-weeks probiotic supplementation
group was greater than the placebo group throughout the
simulated marathon. Furthermore, the severity of GIS findings
may have also been confounded due to large differences in total
fluid volume intake between groups (e.g., varied completion
times and total intake volumes (i.e., carbohydrate gel and water)
that were not systematically assessed, discrepancies in reported
plasma volume changes between groups, the absence of validated
hydration status or change markers and body mass data), rather
than any effect of the intervention itself (79), as highlighted in
Costa et al. (19), Costa et al. (46), and Hoffman et al. (106).
The remaining studies failed to provide evidence of correction
of blood-based biomarkers for changes in plasma volume (107)
as would be expected to occur in the exercise and/or heat stress
models used (63, 65, 87, 89, 90, 94, 102). More than half of the
included studies were either directly funded by, had intervention
supplementation and/or placebo substances supplied by, or were
authored by employees or paid consultants of, the manufacturer
of the pre-, pro-, or syn-biotic product studied (56, 57, 62, 63, 70,
76,77,79, 82, 85, 88-90, 92-94, 99, 100, 102).

Discussion

The aim of this systematic literature review was to
determine the beneficial, detrimental, or neutral effects of
differing supplementation periods and dosages of pre-, pro-
and syn-biotic supplementation, taken by healthy active
adults, on gastrointestinal outcomes at rest and in response
to exercise, with a specific focus on markers characteristic of
EIGS and associated GIS. At rest, positive outcomes have been
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TABLE 7 Risk of bias assessment.

References

Sequence
generation

Allocation
concealment

Participant/
personnel

Outcome
assessment
blinding

Incomplete

outcome data reporting

10.3389/fnut.2022.1003620

Selective

Other potential
sources of bias

Axelrod et al. (63)
Batatinha et al. (65)
Burton et al. (66)
Carbuhn et al. (67)
Coman et al. (92)
Damen et al. (55)
Finegold et al. (56)
Frangois et al. (57)
Gill et al. (68)
Gleeson et al. (70)
Haywood et al. (72)
Huang et al. (74)
Hoffman et al. (73)
Kekkonen et al. (99)
Kleessen et al. (59)
Klein et al. (75)
Lamprecht et al. (76)
Leeetal. (77)

Lin et al. (78)

Pugh et al. (79)
Pugh et al. (100)
Quero et al. (93)
Reimer et al. (60)
Roberts et al. (94)
Russo etal. (61)
Russo et al. (45)
Russo et al. (62)

Sdnchez Macarro et al. (80)

Schreiber et al. (82)
Shing et al. (102)

Smarkusz-Zarzecka et al.

(83)

Son et al. (84)

Strasser et al. (85)
Tavares-Silva et al. (87)
Townsend et al. (88)
Vaisberg et al. (89)
Valle et al. (96)

West et al. (90)

West et al. (98)

. Low risk of bias, . High risk of bias, ‘ Unclear risk of bias.

reported on measures of reduced intestinal permeability in

2/6 studies (n = 1 pre- and n = 1 pro-biotic interventions),

improvements in functional measures in 2/4 prebiotic studies,
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improvements in gastrointestinal symptoms in 2/7 probiotic
studies, and improvements in resting systemic cytokines in 3/15
studies. No changes were detected in all other studies assessing
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these measures at rest. In response to exercise, where the
gastrointestinal tract is acutely perturbed (2, 3, 108), the effects
were even more modest with 0/3 studies showing a reduction in
intestinal injury following probiotic supplementation. Only 1/5
studies showing a significant reduction in measures of intestinal
permeability, 1/3 studies suggested an increase in systemic
bacterial endotoxin profile, and only 3/10 studies suggested
an effect of supplementation on systemic inflammatory
cytokine profile in response to exercise. Improvements in
selectively reported measures of GIS in response to exercise
following probiotic supplementation were reported in 2/5
studies. It is important to highlight the magnitude of exercise-
associated gastrointestinal disturbances and differences between
intervention and placebo groups in studies reporting positive
effects of supplementation interventions, are modest in
nature and study conclusions suggesting beneficial effects
of supplementation (i.e., lower intestinal permeabiluty,
endotoxaemia, cytokine responses) are to be interpreted with
caution given methodological issues and concerns identified, as
recently discussed in Costa et al. (44). Only a limited number of
studies have assessed GIS during exercise, with either minimal
or no effect of probiotic supplementation observed, and with
likely distorted outcomes associated with a lack of control of
established confounding factors (79). The effect of prebiotics
on gastrointestinal outcomes during exercise have not yet been
studied, preventing any conclusions being drawn. The data
synthesized in this review suggest pre-, pro-, and syn-biotic
supplementation exerts inconsistent effects on gastrointestinal
integrity, function, symptoms and resultant systemic response,
at rest. In response to exertional or exertional heat stress,
no consistent and substantial beneficial effects are seen with
probiotics or synbiotics on gastrointestinal status.

Pre-, pro-, and syn-biotics and markers
of gastrointestinal integrity

The role of intestinal barrier integrity, in both adequate
nutrient absorption and in preventing unwanted translocation
of bacterial endotoxins into circulation, is seen as one key factor
influencing the likelihood of EIGS (2). There is now substantial
evidence that exercise-associated epithelial enterocyte injury,
measured through the surrogate marker I-FABP, is accompanied
by an increase in systemic bacterial endotoxin from luminal
origin, and subsequent systemic inflammatory responses (109,
110), similar to those values observed in clinical populations
(e.g., medical complications of the gastrointestinal tract) (2,
19, 34, 111-118). These gastrointestinal integrity outcomes
are relatively asymptomatic during exercise, but may instigate
GIS in the post-exercise recovery period (e.g., abdominal pain,
osmotic diarrhea, urge to regurgitate, regurgitation, and/or
fecal blood loss), as a result of acute reversible colitis (2, 3).
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Such perturbations to gastrointestinal integrity (e.g., plasma I-
FABP concentration: A pre- to post-exercise >1,000 pg/ml) are
consistently seen with exercise stress loads >2h of endurance
exercise at 60% VOzmax in hot ambient conditions (>35.0°C)
where peak core temperature reaches >39.0°C, irrespective
of relative humidity (33, 35, 109, 110, 119), or with >3h of
endurance exercise at 60% VOjmax in temperate conditions
(~20°C) with minimal rise in core body temperature (19,
34). Any lesser exertional or exertional-heat stress appears
to result in no or minimal perturbations to gastrointestinal
integrity, or perturbations of no clinical relevance. It is therefore
unsurprising that the studies included in this review, almost
universally failed to substantially influence aspects of intestinal
integrity, endotoxemia or cytokinemia at rest, given that these
mechanisms are unlikely to occur to any significant extent in
the absence of a medical gastrointestinal condition, or a bout
of substantial exercise stress. However, this may be in part due
to the insufficient exercise or heat stress required to significantly
perturb the intestinal barrier in most studies. In addition, one
study reported no pre- to post-exercise increase in plasma I-
FABP concentration in the probiotic or placebo groups as a
result 2h cycling at 55% Wmax followed by a time trial in
which a carbohydrate beverage was provided throughout the
exercise bout (100). The authors purported this outcome was
due to insufficient exercise stress load, but it is also likely that
carbohydrate consumption during the exercise protocol was able
to completely ameliorate exercise-associated epithelial injury
[i.e., abolished plasma I-FABP response, as reported by Snipe
et al. (38)], as observed during other exercise carbohydrate
feeding studies (103, 120-123). This effect has been attributed to
carbohydrate absorption-associated, nitric oxide-induced, villi
microvascular dilation and perfusion (37, 103, 123). Together
the data presented in this systematic review provides no evidence
that probiotics exert an effect on gastrointestinal integrity, and to
date no studies of synbiotics or prebiotics have investigated this
aspect of EIGS.

Pre-, pro-, and syn-biotics and markers
of gastrointestinal permeability

Exercise-associated modulation to intestinal epithelial injury
and intestinal epithelial permeability, and their respective
biomarkers (i.e., direct or indirect surrogate biomarkers) are
not the same, and outcome data for these cannot be used
interchangeably, as discussed in a recent study by Gaskell et al.
(34). Several recent studies have observed a mismatch between
exercise-associated changes to plasma I-FABP concentration
(i.e., epithelial enterocyte injury) and lactulose:mannitol or
lactulose:rhamnose dual sugar test (i.e., intestinal epithelial
tight-junction permeability), and/or plasma or fecal claudin-
3 concentration that is a proposed surrogate marker for
epithelial tight-junction damage (35, 109, 124, 125). Indeed,
the magnitude of intestinal epithelial injury and permeability
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differs in response to the same exertional or exertional-heat
stress (38, 109, 124, 125), with permeability measures not
increasing in proportion to exercise stress, and not leading to
post-permeability outcomes (i.e., increased plasma endotoxin,
anti-endotoxin, and inflammatory cytokine concentrations) (2,
3). Considering increased intestinal permeability in response
to exercise stress does not correlate with epithelial injury,
systemic endotoxin and inflammatory cytokine profiles, and
GIS; in studies that have included a global gastrointestinal
assessment (35, 38, 109, 125), it appears increases in intestinal
permeability is a habitual response to exercise stress, with a set
threshold, and of little relevance to the key health outcomes
of EIGS (e.g., aggressive acute or repetitive strain epithelial
injury, systemic endotoxemia and inflammatory cytokinemia,
and/or gastroparesis with or without paralytic ileus). Regardless,
the studies included in this systematic literature review did
not provide any substantial evidence, at rest or in response to
exercise, that pre-, pro- or syn-biotic supplementation could
reduce intestinal permeability. N = 1 study that reported
improvements in permeability at rest following 14 weeks multi-
strain probiotic supplementation (63) should be interpreted with
caution given known limitations, including analysis procedures
now identified as poor indicators of intestinal permeability
(e.g., fecal or plasma zonulin concentration determination) (126,
127). Only n = 1 prebiotic study assessed permeability at rest,
concluding an improvement in urinary lactulose:mannitol ratio
following 5 weeks of consumption of inulin enriched pasta,
compared with placebo (62). In response to exercise, n = 1
study assessed intestinal permeability 6-days after completion
of the exercise stress (i.e., long course triathlon event) (94).
Given the transient nature of exercise-induced changes in
gastrointestinal permeability, it is not surprising that this study
did not observe any substantial differences from pre-exercise
values (i.e., sample time point was 1 day prior to the event).
Despite one included study measuring claudin-3 in response to
exercise, fecal sampling for biomarker determination was the
included method (102). Considering gastrointestinal integrity
perturbations of EIGS are transient in nature, as opposed to
the consistent perturbation seen in inflammatory diseases of the
gastrointestinal tract (e.g., Crohn’s disease and ulcerative colitis),
it is now well established that measuring fecal biomarkers to
determine the extent of gastrointestinal permeability, with or
without adjoining injury and inflammation biomarkers, risks
erroneous interpretations due to issues surrounding sample
collection timing, volume, and processing methods (44).

Pre-, pro-, and syn-biotics and systemic
endotoxin response

Since intestinal integrity is not compromised at rest in
otherwise healthy individuals, endotoxemia is unlikely to occur
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to any significant extent (2, 3). Consistent with this, none of
the n = 5 studies reporting resting endotoxin concentration
showed any changes following supplementation with a pro- or
syn-biotic. In response to an acute exercise bout, since intestinal
injury was not significantly impacted, subsequent systemic
endotoxin remained unaffected to any substantial degree by the
supplementation with the pro- or syn-biotics studied (94, 102).
In contrast, n = 1 study showed an increase in gram-negative
bacterial endotoxin concentration during the recovery period
of exertional-heat stress, as a result of L. casei supplementation
(68). Thus, the evidence to date suggests that supplementation
with pro- or syn-biotics show no benefit to endotoxin response
at rest or following exercise stress.

Pre-, pro-, and syn-biotics and cytokine
response

Cytokine responses, which are consistently reported as
the key pathophysiological endpoint for clinical significance
(i.e., negative health affects), were largely unaffected by the
majority of studied supplements. Where positive effects on
cytokines following probiotic supplementation compared with
placebo were observed, no consistent pattern was seen across
the cytokine profile studied, but rather isolated changes were
observed, such as; an attenuation in the rise in inflammatory
C-C Motif Chemokine Ligand 2 (CCL2) following 2 weeks
supplementation with S. thermophilus, L. delbrueckii spp.
Bulgaricus, and L. rhamnosus GG, compared with placebo
(66) but no change in other inflammatory cytokines observed
(TNF-a, CCL5, IL-6); and an attenuated rise in tumor necrosis
factor alpha (TNF-a) following 12 weeks supplementation with
B. subtilis, compared with placebo, but no change in anti-
inflammatory interleukin IL-10 (88). Furthermore, inconsistent
results were shown following 30 days of supplementation with
a multi-strain probiotic, whereby a greater reduction in pro-
inflammatory interleukin IL-2, an attenuated reduction in anti-
inflammatory IL-4, and a greater reduction in anti-inflammatory
IL-10 was observed, compared with placebo (87). Multi-strain
synbiotic supplementation also showed inconsistent results,
namely a 50% lower circulating IL-16 concentration, compared
to a prebiotic control (i.e., acacia gum) with no difference
observed in II-18, while IL-12 and IFN-y were undetectable
in assay (62). Another study with a multi-strain synbiotic
for 30 days reported greater reduction in circulating IL-
10 concentration in the placebo group than those on the
intervention (93). In response to exercise, only two studies
showed improvements and, in some cases, contradictory
findings in cytokine response following exercise. Eleven weeks of
supplementation with Lactobacillus fermentum VRI-003 PCC®,
resulted in lower pre- to post-exercise increases in plasma IL-1ra,
1L-6, IL-8, IL-10, GM-CSFE, IFN-y, and TNF-a concentrations
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(90) using magnitude based inferences, whereas a significant
increase in IL-10 was observed 1h post-exercise, following 30
days of supplementing with a multi-strain probiotic, and TNF-
a increased only in the placebo group at 1h post-exercise
compared with 24h pre-exercise levels (87). However, most
important to note is that the magnitude of systemic cytokine
responses in these studies were minimal in comparison to more
aggressive exercise models and ultra-endurance field events
(16, 69, 109), and are unlikely to be of clinical relevance. It
therefore appears that there is no compelling evidence that
probiotics or synbiotics exert any clinically relevant effect on
resting cytokines and perhaps less so on cytokine responses
to exercise at the intensities and exercise volumes observed.
Whether these biotic interventions could show an attenuated
systemic inflammatory effect at exercise interventions causing
more activation of the immune system, as reported in Costa et al.
(44), remains unknown.

Pre-, pro-, and syn-biotics and markers
of gastrointestinal function

Gastrointestinal functional responses are an important
component of EIGS, and give rise to many of the unpleasant
GIS experienced by active adults, both at rest and during exercise
(128). Functional responses include measures of gastrointestinal
motility and transit, such as gastric emptying rate, EGG,
OCTT, defecation frequency, and stool consistency (45, 55,
59, 61). Other functional responses include magnitude of
malabsorption to a nutrient challenge and subsequent bacterial
fermentation of intestinal residue, typically assessed through
breath hydrogen and/or methane responses (6, 38, 46, 129).
It was somewhat surprising that only 4/39 included studies
reported data pertaining to functional responses, and none in
response to exercise. Of the measures included, only gastric
emptying rate was reduced by the consumption of prebiotic
inulin enriched pasta, compared with a placebo meal (61),
overall gastrointestinal motility and function appears minimally
affected, and only n = 1 study observed a beneficial reduction
in GIS, with other studies suggesting a possible increase, which
is consistent with bacterial fermentation of poorly absorbed
nutrient/s increasing luminal content and pressure. Whilst
this data was captured at rest, it appears consistent with a
recent study, not included in this review’s inclusion criteria,
showing that a 24 h high FODMAP diet (46.9 g/day) and high
FODMAP pre-exercise meal (26.2g), both which contained a
substantial fructan component (10.1 and 1.4 g, respectively) that
is consistent with prebiotic supplementation doses, increased
upper-GIS severity at rest and in response to exercise in a
healthy active population compared to a 24h low FODMAP
diet (<5 g/day) (35). The authors speculated that reduced
gastric motility was the likely mechanistic cause of such

Frontiersin Nutrition

41

10.3389/fnut.2022.1003620

findings, as FODMAPs pass through the small intestine as
residue, are readily fermentable by commensal bacteria, and the
residue and fermentation contribute to increase intestinal lumen
content and pressure. These outcomes are likely to activate
the gastrointestinal braking mechanism that reduces gastric
emptying rate and intestinal transit (6-10).

Pre-, pro-, and syn-biotics and
gastrointestinal symptoms

Of all the outcomes presented in this systematic review,
the one of most interest and relevance to active adults is
the experience of GIS, given this is likely one of the main
reasons consumers would choose to consume a pre-, pro-,
or syn-biotic product, and the factor that has performance
implications (i.e., GIS directly linked to reduced distance test
performance; and workload reduction, cessation or withdrawal
from exercise activity) (19, 130). At rest, the majority of studies
saw minimal GIS incidence and severity, and therefore minimal
differences between supplement intervention and placebo. Of
those that did show statistically significant differences in GIS,
most were of low incidence and/or severity, or categories of
symptoms were selectively reported, to the exclusion of others
where no change in overall symptoms were observed (83);
and in some cases, GIS were greater during consumption of
the supplement intervention compared to placebo. Due to the
potential health and performance debilitating effect of EIGS
and associated GIS in active populations, there is substantial
interest in manipulating factors that may reduce the incidence
and/or severity of EIGS and associated symptoms. Using the
EIGS model (Figure 1), it can be seen that interventions designed
to reduce either the effect of primary causal mechanisms (i.e.,
splanchnic blood flow, and the neuroendocrine stress response
to exercise), or the secondary outcomes (i.e., intestinal barrier
integrity, nutrient absorption capability, and the presence
or absence of undigested and/or fermentable residue in the
gastrointestinal tract), should theoretically contribute to a
reduction in unwanted outcomes. In the case of pre-, pro- and
syn-biotics, such interventions are mostly aimed at targeting
the secondary mechanisms of the gastrointestinal-circulatory
pathway of EIGS, by potentially enhancing the stability and
function of individual epithelial cells, and their bonded
relationship with adjacent cells within the gastrointestinal
epithelial layer. Only n = 5 studies were identified that have
assessed GIS in response to exercise, none of which provided
compelling evidence that probiotics could improve GIS
incidence or severity. Moreover, it is important to note that the
majority of studies did not use a validated or reliability-checked
GIS assessment tool, instead using in-house or Likert-type
rating scales, or online questionnaires with unclear origins and
symptom types, possibly because GIS was a secondary outcome
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in many study designs. Validated and reliability-checked GIS
assessment tools like the visual analog scales and ROME III
criteria for symptom type were not consistently applied (131-
133). The only study investigating GIS following synbiotic
supplementation, in military recruits engaged in a 5-day
continuous military training exercise following supplementation
regime, showed no difference between groups, pre- to post-
supplementation, or following the multi-day training exercise,
but an effect of time was observed, whereby symptoms reduced
in both groups following the military training exercise bout
(96). This suggests that military training is more effective at
reducing symptoms than the synbiotic supplement provided at
rest. Currently there are no published studies that have assessed
the impact of prebiotic supplementation on GIS during exercise,
warranting further research.

Pre-, pro-, and syn-biotics and gut
microbial composition and short chain
fatty acids

The interaction between the “gut microbiota” and human
biological systems has gained much research interest and
translational application traction. The role of commensal and
pathogenic bacteria, and their metabolic by-products (e.g.,
SCFA) and structural residues (e.g., endotoxins) are increasingly
being recognized as contributing to the attenuation or
exacerbation of pathophysiologic pathways in numerous clinical
conditions (e.g., cardiometabolic, mental health, gastrointestinal
disease and disorders, and systemic inflammatory conditions)
(43). Whilst most of the gastrointestinal mechanistic research
has been conducted with in vitro or animal models, translation
to interventions targeting human gut microbiota are growing
rapidly (40-43, 134-136). From the current literature it
appears that the beneficial role of the gut microbiota is
associated with intestinal commensal bacteria producing SCFA
(i.e., butyrate, acetate, and propionate) and other metabolic
by-products (e.g., anti-inflammatory factors). The family
groups Lachnospiraceae and Ruminoccoccaceae, and genus
Akkamensia, Bacteroides, Bifidobacterium, Clostridium (e.g.,
species leptum), Faecalibacterium, Lactobacillus, and Rosburia
are reported to stimulate luminal host immunity via intestinal
secretion of anti-microbial proteins and activation of innate
immune responses, enhance the intestinal epithelial structural
barrier (i.e., mucus production, enterocyte cell proliferation,
and tight-junction protein expression), reduce pathogenic
adhesion to intestinal epithelial apical surface, and improved
gastrointestinal motility, including facilitating peristalsis.
Conversely, pathogenic bacteria including Escherichia coli,
Salmonella, Shigella, and (or) Campylobacter and their
structural residues (e.g., endotoxins- LPS, peptidoglycan,
flagellin, lipoteichoic acid, and muramyldipeptide) are potent
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stimulators of local epithelial and systemic immune responses
(via Nfkf and phagocytic immune cell activation), through the
TLR-4 activation pathway identifying PAMP on pathogenic
bacterial surfaces. Therefore, it appears increased bacterial
a-diversity, increased relative abundance of SCFA producing
commensal bacteria, and decreased relative abundance of
endotoxin-presenting pathogenic bacteria, meets the criteria for
optimal “gut health” in respect to gut microbiota composition.
Changes in intestinal microbial composition, as determined
by fecal bacterial counts as CFU/g feces via fluorescence
in situ hybridization (FISH), traditional cell cultures, or
quantitative polymerase chain reaction (QPCR), or determined
by fecal bacterial taxa as relative abundance and a-diversity
of operational taxonomic units (OTU) via more modern
sequencing techniques (e.g., 16S or shotgun sequencing), were
highly variable in the included studies. The direct comparison
between studies is difficult to establish due to differences in
the methods of reporting data at different levels of taxonomy,
the diverse or limited bacterial types reported in various
studies, and the differing reporting units used (i.e., absolute
vs. relative values, and reporting bacterial counts per wet vs.
dry mass of feces). For example, determination of bacterial
composition using FISH and/or bacteria specific qPCR methods,
as predominaly used in the older dated studies, provides a value
for bacterial counts relative to the total identifiable bacterial
counts as per weight of sampled feces (e.g., CFU/g). Whereas,
the more recent studies used gene sequencing techniques, which
are limited to the relative abundance of the total bacterial count
detected (e.g., %). Thus, caution is warranted in interpreting
the outcomes obtained in regards to the biotic interventions
when comparing studies using different bacterial determination
techniques. Furthermore, despite attempts to establish a “healthy
gut microbiota profile”—or normative composition, as discussed
by Bennett et al. (33), there is currently no well-established
gut microbiota profile considered as a “healthy athlete” profile.
This is likely due to the large individual variability within and
between individuals, and from an experimental perspective the
heterogeneous experimental designs and lack of confounding
factor control (e.g., dietary, exercise, circadian, ambient
conditions, etc.) within and between studies (33, 44). Within the
current review, and taking these limitations into consideration,
the most consistent changes in gut microbial composition came
from prebiotic supplementation interventions, with increases
in the relative abundance of Bifidobacterium reported in all
included studies, except one, and no change in the abundance
of Lactobacillus in any prebiotic study (Table 4). Probiotic and
synbiotic supplement interventions appeared to significantly
increase the relative abundance of the supplemented strains
where measured. However, the effect on the abundance of other
microbiota appeared inconsistent and mostly negligible, with
the exception of a nine-fold increase in Lactobacillus following
supplementation with Bifidobacterium longum subsp. Longum
(78). In all included studies, any changes in selected bacterial
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taxa did not result in improvements in any measure of bacterial
diversity reported (e.g., a-diversity (Shannon index), richness,
Simpson index or 16SrRNA gene sequencing).

SCFA have previously been proposed as key by-products of
bacteria metabolism that support intestinal epithelial integrity
(137, 138). The presence of greater concentrations of SCFA in
fecal samples following pre-, pro- or syn-biotic supplementation
at rest may indicate a successful increase in the absolute
or relative abundance of SCFA-producing bacteria. A clear
delineation was made between pre- and pro-biotics with respect
to SCFA concentration. AXOS prebiotics are produced as a by-
product of the bread-making process by enzymatic reaction
with naturally occurring arabinoxylans in grains, allowing bread
manufacturers to manipulate prebiotic content of the baked
product, without fortification (139). Higher dose AXOS based
prebiotic supplemental protocols demonstrated an increase in
fecal total SCFA, acetic and butyric acids (7.2 g/day AXOS for
3 weeks) (55) and in one study these changes also included
an increase in propionic acid concentrations (8.0 g/day AXOS
for 3 weeks) (57). These increases in SCFA were not seen
in lower dose prebiotic supplemental protocols (2.4 g/day
AXOS) (57), 2.8 g/day XOS (56) or any dose of inulin-
based prebiotic. No positive effects in resultant fecal SCFA
due to probiotic supplementation were observed. Only one
of the included studies investigated fecal SCFA concentrations
following synbiotic supplementation, that included an acute
exercise component (5 days continuous intense military training
exercise) but no change was reported between groups at
rest or following the prolonged exercise bout (96). Further
research targeting increases in SCFA producing bacteria,
utilizing prebiotic ingredients shown to have such an effect,
and including an exertional-heat stress component, is required
to demonstrate if such supplements can consequently improve
intestinal integrity and reduce EIGS outcomes in athletes. It
has been noted in one of the included studies that a lack
of change in fecal SCFA concentration may not necessarily
reflect a lack of change in production, but instead be caused
by increased metabolism of SCFA by the host (56), suggesting
that any such study should also include measurement of changes
in the abundance of SCFA producing bacteria. Indeed, changes
in SCFA are best measured in blood, as increases in circulatory
SCFA have been noted in the absence of fecal SCFA changes,
indicating higher luminal absorption (140).

Study limitations

The major limitation of this systematic review is the very
small number of studies identified that took a comprehensive
approach of well-validated biomarkers, in such a way that
readers can establish the cause-and-effect relationship between
the supplement intervention, and both the mechanisms and
outcomes of EIGS in a systematic manner. Indeed, a significant
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number of included studies consisted of small sample sizes,
with n = 10 studies consisting of n < 15 participants and
only n = 12 studies consisting of n > 30 participants. Sample
size determination was either not specified, or reported as
underpowdered in n = 20/39 included papers. Additionally,
the complete absence of studies that have provided prebiotic
supplements and investigated the subsequent response to acute
exercise, prevents us from drawing conclusions in this area.
Whilst the possibility exists that we failed to identify all previous
studies related to the research question, this risk was minimized
through the use of six academic databases in the literature
search. In addition, all recent review papers found during the
search were scanned for additional papers, however no further
records were identified. The lack of effective dietary control in
the vast majority of studies included is a significant limitation
to study interpretation, with no dietary control other than
instruction of what foods or beverages to avoid in n = 15
studies, and habitual diet with the request that participants
keep a food-fluid log (e.g., 1-3 days before exercise trial) or
record pre-trial intake and attempt to duplicate intake on any
subsequent trial/s in a further n = 15 studies, many of which only
stated non-significant difference without reporting the actual
data for energy and macronutrients, including fiber. Only n =8
included studies provided food to participants to control dietary
intake prior to measures being taken; one of which dietary
control was inherent to the research setting (military barracks
food service), with no indication of energy or macronutrient
content controlled for. None of the included studies controlled
for FODMAP content of the diet, which is a known prebiotic
food constituent that is broadly represented in the western
diet (141). It is now well established that dietary FODMAP
intake leading into exercise (e.g., experimental trials) influences
gastrointestinal integrity and functional outcomes, systemic
responses, and GIS (35, 44). The absence of a meta-analysis
may also be considered a limitation of this review, highlighting
the heterogeneity in reporting findings of key gastrointestinal
markers. Therefore, in accordance with the data presented in
this systematic literature review the impact of pre-, pro- and syn-
biotics on gastrointestinal outcomes in healthy and active adults
at rest and in response to exercise remains largely negligible,
with no substantial effect on markers of gastrointestinal integrity
and systemic responses, and minimal and inconsistent effects on

function and symptoms.

Implications for research and
practice

As already discussed, the data captured by this review
does not provide any convincing evidence for beneficial effects,
and/or the methodological issues acknowledged and raised in
the included studies does not allow many definitive conclusions
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to be drawn regarding the impact of pre-, pro-, and syn-
biotic supplementation on markers of gastrointestinal status
at rest and in response to exercise. Future research would
benefit from taking a bottom-up approach, utilizing existing
findings in academic literature to build a pathway from
supplementation to changes in gut microbiota, to mechanistic
changes in the host, and finally to beneficial outcomes (e.g.,
barrier integrity, function, systemic responses, and symptoms).
Given that symptoms are likely a main reason consumers would
choose to consume a pre-, pro- or syn-biotic product, future
studies should use exercise protocols of sufficient intensity,
duration and ambient conditions to adequately provoke GIS,
and purposefully recruit athletes with a history of GIS, thus
making it more likely to observe improvements following
a period of supplementation. Considering the acute and
rapid plasticity of the gastrointestinal tract and emerging
evidence that pre-exercise dietary intake can influence the
magnitude of EIGS and exercise-associated GIS (35, 46),
future research in this area should provide participants, and
report on, all food and fluid consumed at least 24h before
experimental procedures and throughout the experimental
period. Laboratory-based research targeting EIGS management
strategies, application and reporting of at least a 24h low
FODMAP, and matching for fiber intake, to meet energy
needs that is macronutrient balanced is recommended (34,
35, 38, 109, 110, 125); this may not necessarily apply to
exploratory field-based research. Prospective food-fluid intake
logs are best used to assess compliance with the control diet
provided. Few studies have investigated the effect of synbiotic
supplementation on EIGS mechanisms or outcomes, but those
that have tended to produce results more closely resembling
probiotics than prebiotics. This probably reflects the very
small quantities of the included prebiotic, as many synbiotic
supplements are consumed in capsule form, preventing larger
quantities of prebiotic ingredients from being consumed.
Mechanistically it appears that AXOS prebiotics exert beneficial
effects on SCFA production and bacterial taxa, warranting
further exploration. Well controlled studies using appropriate
exercise stress models and a range of well validated EIGS
markers would determine whether these changes indeed
confer a benefit to gastrointestinal integrity and resultant
systemic effects.

Conclusion

The effect of pre-, pro- and syn-biotic supplementation,
taken by healthy and active adults, on gastrointestinal outcomes
at rest and in response to exercise are highly varied,
however the following can be concluded: (i) Supplementation
with prebiotic ingredients appears to alter the gut bacterial
microbiota, particularly increasing the relative abundance of
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total Bifidobacterium; (ii) supplementation with probiotics
usually results in an increase in the relative abundance of
the supplemented species and/or strain, however the effect on
other bacterial types is inconsistent and may be specific to the
supplement chosen; (iii) Pre-, pro- and syn-biotic supplements
do not significantly change bacterial a-diversity, as determined
by Shannon index, Simpson index or 16S gene sequencing; (iv)
supplementation with AXOS prebiotic ingredients, appears to
increase fecal SCFA content at rest; (v) both pre- and pro-
biotic supplements do not appear to significantly influence
intestinal injury and permeability, systemic endotoxin and
inflammatory cytokine responses, or GIS at rest, and have
minimal impact on gastrointestinal motility and function at
rest in otherwise, healthy, active adults, with the exception
of gastric emptying which may be delayed (i.e., slower) with
inulin supplementation; (vi) probiotic supplementation with the
species studied to date do not substantially influence intestinal
injury and permeability, and subsequent systemic endotoxin
or inflammatory cytokine responses, or GIS in response to
exercise, although many studies lack adequate exertional stress
or heat stress, or appropriate biomarkers, to definitively make
this conclusion; (vii) currently no studies have investigated the
effect of prebiotic supplements on gastrointestinal responses to
exercise; (viii) synbiotic supplements appear to more closely
resemble the effects of probiotic than prebiotic supplements,
due to the generally very small quantity of prebiotic ingredients
included in them; (ix) the choice of supplements studied to date
appears to lack a logical, evidence-based approach to finding
the ideal prebiotic ingredient and/or probiotic strain/s, based on
existing mechanistic or observational studies of gut microbiota
and EIGS outcomes. Therefore, the above conclusions may
reflect poor choice of supplement ingredients rather than a
failure of pre-, pro- or syn-biotic products in general. In
addition to a more evidence-based approach to ingredient
selection, research methodologies, including biomarker choice,
timing of biological sampling in relation to exercise, the chosen
exercise protocol and ambient conditions, may all contribute
to the success or failure to find suitable pre-, pro- and
syn-biotic products that improve EIGS outcomes in active
adults. Future research should be designed to maximize the
likelihood of exercise-associated gastrointestinal disturbance,
taking biological samples immediately before and after exercise,
as well as in the hours following, and utilize a complete,
well-validated suite of EIGS biomarkers to ensure data is
correctly interpreted.
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