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Abstract

Background: The physiological and biochemical demands of intense exercise elicit both muscle-based and systemic responses. The main
adaptations to endurance exercise include the correction of electrolyte imbalance, a decrease in glycogen storage and the increase of oxidative
stress, intestinal permeability, muscle damage, and systemic inflammatory response. Adaptations to exercise might be influenced by the gut
microbiota, which plays an important role in the production, storage, and expenditure of energy obtained from the diet as well as in inflammation,
redox reactions, and hydration status.

Methods: A systematic and comprehensive search of electronic databases, including MEDLINE, Scopus, ClinicalTrials.gov, Science Direct,

99, < CLIT3

Springer Link, and EMBASE was done. The search process was completed using the keywords: “endurance”; “exercise”; “immune response”;
“microbiota”; “nutrition”; and “probiotics”.

Results: Reviewed literature supports the hypothesis that intestinal microbiota might be able to provide a measureable, effective marker of an
athlete’s immune function and that microbial composition analysis might also be sensitive enough to detect exercise-induced stress and metabolic
disorders. The review also supports the hypothesis that modifying the microbiota through the use of probiotics could be an important therapeutic
tool to improve athletes’ overall general health, performance, and energy availability while controlling inflammation and redox levels.
Conclusion: The present review provides a comprehensive overview of how gut microbiota may have a key role in controlling the oxidative stress
and inflammatory responses as well as improving metabolism and energy expenditure during intense exercise.

© 2016 Production and hosting by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction in muscle,” a rebalance of electrolytes,’ a decrease in glycogen
storage,’ and an increase in mitochondrial biogenesis in muscle
tissue.’ Furthermore, endurance exercise has a profound impact on
oxidative stress,’ intestinal permeability, muscle damage, systemic
inflammation, and immune responses.” An increase in body tem-
perature changes blood flow and increases dehydration, which
causes the release of adrenaline and glucocorticoids as a way to
reestablish homeostatic equilibrium.®
The human gut harbors a vast array of microorganisms that
significantly affect host nutrition, metabolic function, gut devel-
opment, and maturation of the immune system and epithelial
cells.” Overall, the gut microbiota comprises 5 phyla and approxi-
mately 160 species in the large intestine.® Although very few of
these species are shared between unrelated individuals, the func-
tions carried out by these species appear to be similar in every-
body’s gastrointestinal tract.” The gut microbiota promotes
Peer review under responsibility of Shanghai University of Sport. digestion and food absorption for host energy production,‘o
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Endurance exercise can be defined as cardiovascular exercise—
such as running, cross-country skiing, cycling, aerobic exercise, or
swimming—that is performed for an extended period of time.' The
physiological and biochemical demands of endurance exercise
elicit both muscle-based and systemic responses. Endurance ath-
letes expose their bodies to extreme physiological circumstances
that disrupt inner body’s homeostasis, overwhelming organs and
the system’s normal function. Physical exertion at a very high level
for a prolonged time means that the whole body initiates a defense
response through the synthesis of acute phase proteins, hormone
release, and shifts in fluid and metabolic balance. The main
adaptations to endurance exercise include an improvement of
mechanical, metabolic, neuromuscular, and contractile functions
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as n-butyrate, acetate, and propionate. Propionate and acetate are
carried in the bloodstream to a variety of different organs where
they are used as substrates for energy metabolism, particularly by
the hepatocyte cells, which use propionate for gluconeogenesis. !
The gut microbiota also plays a fundamental role in the induction
and function of the host immune system,'? protection from patho-
gens, and stimulation and maturation of epithelial cell."* Endur-
ance athletes present a high prevalence of upper respiratory tract
infections and gastrointestinal troubles, including increased per-
meability of the gastrointestinal epithelial wall, also called “leaky
gut”, disruption of mucous thickness and higher rates of bacterial
translocation.' Understanding the effect of exercise on gut
microbiota composition and structure is still in its infancy and the
function of microbiota on exercise adaptation remains unknown,
but a few studies have shown the impact exercise has on the gut
microbiota composition.

A recent observational study comparing the fecal bacterial
profile of male elite rugby players with non-athlete healthy
subjects'> showed that athletes had lower levels of bacteroidetes
and greater amounts of firmicutes than controls. After analyzing
the gut microbiota composition of the participants of the American
Gut Project,'® it was concluded that increasing moderate exercise
frequency from never to daily causes greater diversity among
the firmicutes phylum (including Faecalibacterium prausnitzii,
and species from the genus Oscillospira, Lachnospira, and
Coprococcus) which contribute to a healthier gut environment. In
the limited studies available in animal models, exercise in rats was
associated with higher bacteroidetes and lower firmicutes in fecal
matter,''® whereas the cecal microbiota following 6 weeks of
exercise activity presented a greater abundance of selected
firmicutes species and lower Bacteroides/Prevotella genera."”
Similarly, at the phyla level, exercise reduced bacteroidetes, while
it increased firmicutes, proteobacteria, and actinobacteria in
mice.””*' Additionally, gut microbiota can improve some of the
other exercise-induced disturbances in the gastrointestinal tract
like oxidative stress'*** and hydration levels.”

Given the gut microbiota’s fundamental role in the regulation
of energy metabolism, hydration, inflammatory response and
oxidative stress, the aim of this systematic review is to review
papers published from 2007 that allow greater understanding of
how the gut microbiota may exert beneficial effects on elite
athletes. With a specific focus on endurance, the proposed sys-
tematic review will first answer whether the microbiota—host
relationships specifically could influence the energy metabolism,
hydration, oxidative stress, and inflammation in the gastrointes-
tinal tract. Second, it will identify probiotics, prebiotics, or other
functional foods that could modify the microbiota composition
and improve both overall health (i.e., improving the conditions of
the intestinal epithelium and the immune system response) and
performance (i.e., improving energy availability from diet and
controlling the inflammation levels in athletes).

2. Methods

This study was executed according to the requirements
established in the preferred reporting items for systematic
review and meta-analysis protocols (PRISMA).**
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The articles selected were divided into the following catego-
ries: (i) generic articles about gut microbiota and exercise;
(i1) articles about the relationship between probiotics consump-
tion and exercise response. With regard to the generic articles
about gut microbiota and exercise, publications of any type
were included if they reported data that linked intestinal
microbiota and exercise in humans and animal models. The
search was not restricted to the type of exercise, exercise inten-
sity, gender, clinical condition, sample size, specie, year of
publication, publication status, or length of follow-up. No study
design limit was imposed on the search, although only studies
published in English were included. We included randomized
controlled trials (RCTs) that compared athletes’ gut microbiota
from sedentary individuals, case—control studies, and prospec-
tive cohort studies. Given that the studies in humans and
animals analyzing the gut microbiota’s involvement in various
responses to exercise are still in its infancy, we did not restrict
the criteria papers selected for this review. The search process
was completed using the keywords “exercise”, “endurance”,
and “microbiota”. For each study, the following information
was retrieved: species, number of individuals, individual char-
acteristics, level and frequency of exercise, experimental
design, and duration of follow-up. The primary outcome was
the gut microbiota profile, the indicators of immune response,
oxidative stress, dehydration, or other clinical outcome.

To understand the relationship between probiotics consump-
tion, gut microbiota, and exercise response, we selected observa-
tional studies in humans, including case—control, prospective
cohort studies, randomized, blinded and counterbalanced cross-
over designs, and pre—post controlled trial with control (but no
placebo treatment). The search process was completed using the
keywords “athletes”, “exercise”, “endurance”, “microbiota”,
“probiotics”, and “prebiotics”. For each study, the following
information was retrieved: number of individuals, individual
characteristics, the experimental intervention, the type of control
used, dosage, frequency, and duration of treatment, patient char-
acteristics, duration of follow-up, and the primary outcomes.

This review was not registered a priori and nor was a pro-
tocol published prior to the start of the study. An addendum of
the original article by Clarke et al.'” has been recently published
under the title of Exercise and Microbiota.”® Based on data from
the Irish international rugby football team, they discuss the
relationship between exercise, associated dietary habits, and
gut microbiota composition.” They also describe the potential
mechanisms by which exercise may exert a direct or indirect
effect on gut microbiota, but they do not explain how the gut
microbiota may contribute to the individual’s exercise perfor-
mance and health. Similarly, the recently published review on
Exercise, Fitness, and the Gut’® explains the benefits of regular
exercise in the treatment and prevention of gastrointestinal con-
ditions, but it does not explain how the gut microbiota may
contribute to individual’s exercise performance.

Due to the nature of our review, no request was performed
for the ethics committee’s approval. We searched MEDLINE,
PubMed, Elsevier Journal, Scielo, ScienceDirect, and Springer
Link for publications in English documenting the role of
microbiota in exercise. Bibliographies of the identified reviews
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Intestinal microbiota and exercise

and original research publications were hand-selected for addi-
tional studies that may have been missed by the database
searches. We also searched Web of Science for conference
proceedings and abstracts that may not have been indexed in the
databases mentioned before.

Records were imported into a bibliographic database. The 2
authors independently assessed titles and abstracts for eligible
publications. If eligibility could not be determined, the full
article was retrieved.

A search conducted in October 2015 yielded the following
list of key term combinations (microbiota and exercise = 46;
probiotic and athlete = 30). Clearly the focus on the research
community investigating how exercise and healthy gut
microbiota help maintain good health and sport performance
is in its early states. Finally, a total of 33 experimental studies
met the inclusion criteria and were included in the review. All
reports were journal articles, except for 1 PhD thesis. Most of
the studies were randomized controlled trials. Periods of data
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collection spanned from 2007 to 2015, including data from
human and animal models (i.e., mice and rats).

3. Results and discussion

Endurance exercise has a profound impact on metabolism in
tissues other than skeletal muscle, including the heart, brain,
adipose tissue, and liver (Fig. 1).”” By reviewing the respective
role microbiota has on exercise regulation, we were able to iden-
tify a large number of biological functions that fit neatly into the
well-characterized context of adaptive regulation in response to
endurance exercise, including energy metabolism, inflammatory
response, stress resistance, and oxidative stress. These changes
may help supply the working muscles with energy or control
excessive inflammatory reactions. They might be involved
in “staleness” and the transient immunosuppression that can
occur during and/or after endurance exercise. Additionally, we
discovered to what extent probiotics, in conjunction with diet

11 Neural activity
<« Blood flow

> 1 Blood distribution
e : 1 Metabolism
-
-
- -
g 1. Neural activity
‘; < Blood flow
\ 1 Blood distribution?

1 Metabolism

-

111 Cardiac output

111 Coronary blood flow
111 Oxygen consumption
1 Blood flow distribution?

o )

T Hemoconcentration
T Oxygen content
/1 Levels of energy substrates

111 Arterial dilatation

t1 Capillary pressure and energy
substrate exchange

1 Blood distribution

1 Venoconstriction

Fig. 1. The physiological and biochemical demands of endurance exercise elicit both muscle-based and systemic responses. The main adaptations to endurance
exercise include an improvement of mechanical, metabolic, neuromuscular and contractile functions in muscle, a rebalance of electrolytes, a decrease in glycogen
storage and an increase in mitochondrial biogenesis in muscle tissue. Moreover, endurance exercise has a profound impact on oxidative stress, intestinal permeability,
muscle damage, systemic inflammation and immune responses. Additionally, there is increased ventilation and pumping function of the heart associated with
substantially decreased peripheral vascular resistance in the muscles. This facilitates the delivery of oxygen and nutrients to working muscles, which consume high
amounts of oxygen and nutrients, especially when exercise intensity increases. T = Increases; <> =no change in response; | = decreases; J = may increase or

decrease.'” Adapted with permission.
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composition and type of exercise and intensity, affect health and
exercise performance in athletes.

3.1. The link between exercise and alterations in the gut
microbiota

The impact gastrointestinal tract microbiota has on health and
performance, including metabolism of nutrients, growth and matu-
ration of the immune response, protection from pathogens, and
stimulation of epithelial cell proliferation, is becoming increas-
ingly apparent.”**’ In humans, there is growing evidence that per-
turbations of the gut microbiota composition and functions may
play an important role in the development of the host metabolism
and diseases.” The current perception is that microbiota composi-
tion and structure are regulated by the metabolic niche (mainly
diet, antimicrobials, and lifestyle behaviors), host genetics,
microbe—-microbe interactions, inflammation status, and host—
microorganism crosstalk.**** Generally, the gut microbiota com-
position is estimated by analyzing fresh fecal samples because they
are relatively easy to obtain. The strength of the associations
between fecal samples and species richness, enterotypes, which are
classifications of bacteriological ecosystems, and the bacterial
community composition in gut emphasizes the importance of
fecal sample assessment in gut metagenome-wide association
studies.”

Although little is known about how the gut microbiome
may contribute to an individual’s exercise performance, accu-
mulating literature shows that exercise alone induces modifications
in the gut microbiota composition (Table 1). After analyzing a
total of 1493 human fecal samples from the participants of the
American Gut Project, McFadzean'® concluded that exercise
leads to an increase in a-diversity, which is the number and
distribution of kinds of taxa or lineages in 1 sample within an
individual, especially in certain members of the firmicutes phylum.
Similarly, a recent study in elite rugby players suggested that
athletes have a greater gut microbial diversity compared to
sedentary individuals." They found significantly higher propor-
tions of the genus Akkermansia in the rugby players as well as
in low body mass index control group,' which is generally
associated with a healthier metabolic profile.** Although the
authors were careful in their interpretation and did not associ-
ate correlation into causation, they suggest that increased microbial
diversity is one of the beneficial effects of exercise.”” Similar
positive effects on the gut microbiota have also been observed
in laboratory animals. Matsumoto et al.*® showed that rats that
participated in voluntary running exercise had increased colonic
butyrate concentrations compared to sedentary rats due to higher
levels of butyrate-producing bacterium from the firmicutes phylum
(SM7/11 and T2-87) in their cecum. Most of the published
works on murine models examine the combined effects of
exercise, dietary interventions, and diseases. For example, ac-
cording to Evans et al.,'”” exercise increases the bacteroidetes
phylum while it decreases firmicutes in a manner that is pro-
portional to the distance ran by mice who were fed a high-fat
diet. In a case—control study, Queipo-Ortuno et al.'® described
that moderate exercise in rats may affect the o-diversity of the
gut microbiota by increasing Lactobacillus, Bifidobacterium,
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and Blautia coccoides—Eubacterium rectale species while
decreasing Clostridium and Enterococcus genera compared to
sedentary male rats. Similarly, Lambert et al.'” showed that 6
weeks of exercise activity in diabetic and control mice resulted
in a greater abundance of some firmicutes species and lower
Bacteroides/Prevotella genera compared to sedentary counter-
parts. Accordingly, it has been reported® that exercise alone
causes modifications in mice gut microbiota at nearly the same
magnitude as high-fat diet. Exercise reduced the Streptococcus
genus and bacteroidetes and tenericutes phyla, while increas-
ing the firmicutes phylum. The results from Petriz et al.* in
obese, non-obese, and hypertensive male rats showed that mod-
erate exercise altered the composition and o-diversity of gut
microbiota.’” Exercise also enhanced the relative abundance of
Lactobacillus, while Streptococcus, Aggregatibacter, and Sutterella
were shown to be more abundant before exercise training.
They also made a significant correlation between the bacterial
families clostridiaceae and bacteroidaceae and the Oscillospira
and Ruminococcus genera and blood lactate accumulation. Results
from Choi et al.?' showed that oral exposure to polychlorinated
biphenyls (PCB, 150 umol/kg) significantly changed the mice
gut microbiota mainly by reducing the amount of proteobacteria.
They also discovered that exercise decreased the PBC-induced
alterations in the gut ecology, which may protect them against
dangerous xenobiotic effects.

Only 1 study in mice has evaluated how the gut microbiota
affects exercise performance. While most of the reviewed lit-
erature focuses on the effect that exercise produces in gut
microbiota, Hsu et al.'” investigated the influence that intestinal
microbiota has on endurance swimming time in specific
pathogen-free (SPF), germ-free (GF), and Bacteroides fragilis
(BF) gnotobiotic mice. Additionally, they found that the serum
levels of glutathione peroxidase and catalase were greater in
SPF than GF mice, while serum superoxide dismutase activity
was lower in BF than SPF and GF mice. In addition, hepatic
glutathione peroxidase level was higher in SPF than GF and BF
mice. The authors found that endurance-swimming time was
longer for SPF and BF than GF mice, suggesting that gut
microbiota composition is crucial for exercise performance and
could also potentially be linked to antioxidant enzyme systems
in athletes (see Section 3.4 for further details).

Additionally, it must be taken into consideration that all
the published articles to date are very bacteria-centric when
looking at the gut microbiota after exercise; there are no
papers that have looked at the viral component (or virome) and
other eukaryotes such as protozoa and fungi. Despite this,
there is no evidence to date that the depletion or enrichment
of a single species (bacterial, fungal, viral, or other eukary-
otes) is associated with better performance or health in athletes.
As pinpointed by Marchesi et al.,” we know that the gut
microbiota is essential for the proper function and develop-
ment of the host (e.g., energy metabolism, the inflammatory
response, stress resistance, and oxidative stress), but we are
unsure which are the key species and whether the microbiota’s
function as a whole is more important than any individual
member of the ecological community for regulating the exer-
cise response.
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Table 1
Relationship between gut microbiota and exercise performance.
Author Year  Species Number of Level and frequency of exercise Experimental Duration of  Results/conclusions
individuals design experiment
Choi et al.”! 2013 Mice 12 Mice were randomly distributed into 2 groups: Randomized 5 weeks, Exercise attenuates changes in microbiota induced by oral
(n = 6/group) (i) exercised and (ii) sedentary. For the exercised mice, controlled 1 sampling exposure to PCBs. Exercise increased phylum firmicutes,
activity on a running wheel was monitored 24 h/day, 7 trial point class bacilli, and most of these were in the order
days/week. Wheels were locked in the cages of sedentary lactobacillales. The taxa that were decreased in the
mice. A total polychlorinated biphenyl (PCB) dose of exercised group belonged to phyla tenericutes and
150 umol/kg was administered to mice, resulting in a PCB bacteroidetes. Exercised mice had a decrease in
plasma level of 5 umol/L. Erysipelotrichaceae bacterium C11_K211 from phylum
tenericutes compared to sedentary mice.
Clarke et al." 2014 Human 86 Male professional rugby players (n =40) and healthy male =~ Case—control 1 sampling Athletes had a higher diversity of gut microorganisms,
controls (n =46) were included in the study. Controls were  study point representing 22 distinct phyla. Bacteroidetes was
divided into 2 groups based on their physical size (body significantly less abundant in athletes. The top changes in
mass index (BMI)) relative to the athletes, gender, and relative abundance were in the firmicutes,
age. Each participant completed a detailed food frequency Ruminococcaceae, S24-7, Succinivibrionaceae, RC9 gut,
questionnaire. and Succinivibrio groups. Notably, there were significantly
higher proportions of Akkermansiaceae and Akkermansia
in elite athletes compared to the high BMI controls.
Evans etal."” 2014 Mice 48 Male littermates (5 weeks old) were randomly distributed Randomized 12 weeks, Exercise induces a unique shift in the gut microbiota that
(n = 12/group) into 4 groups: (i) low fat sedentary (LF/Sed), (ii) low fat controlled 3 sampling was different from dietary effects. The bacteroidetes
exercise (LF/Ex), (iii) high fat sedentary (HF/Sed), and trial points: phylum increased while it decreased firmicutes in a
(iv) high fat exercise (HF/Ex). Mice were individually baseline, manner that was proportional to the distance run in mice
housed and LF/Ex and high fat exercise (HF/Ex) cages 6 weeks, and  fed with high fat diet.
were equipped with a wheel and odometer to record 12 weeks
exercise.
Hsu et al.'’ 2015 Mice 24 Male (12 weeks old) were (i) specific pathogen-free (SPF), Prospective 1 sampling Endurance swimming time was longer for SPF and BF
(n = 8/group) (ii) germ free (GF), or (iii) Bacteroides fragilis (BF) cohort study  point than GF mice, and the weight of liver, muscle, brown
gnotobiotic. Swimming was performed in plastic adipose, and epididymal fat pads was higher for SPF and
containers. Mice were considered exhausted when they BF than GF mice. The serum levels of glutathione
failed to rise to the surface of the water to breathe after 7s. peroxidase (GPx) and catalase were greater in SPF than
GF mice. Serum superoxide dismutase activity was lower
in BF than SPF and GF mice. In addition, hepatic GPx
level was higher in SPF than GF and BF mice. Gut
microbial status could be crucial for exercise performance
and its potential action linked with the antioxidant enzyme
system in athletes.
Kang et al.”’ 2014 Mice 40 Male (8 weeks old) were randomly distributed into 4 Randomized 1 sample Exercise alone caused massive shifts in the gut
(n = 10/group) groups: (i) normal diet (ND), (ii) ND + exercise, (iii) high  controlled point microbiome at nearly the same magnitude as diet but
fat diet (HFD), and (iv) HFD + exercise. Exercised groups  trial shifts were unrelated (orthogonal). At the phyla level,

were placed in running wheels for 1 h at 7 m/min every
morning for 5 days/week. Control “sedentary” groups
were placed in adjacent running wheels that rotated at a
speed that just prevented them from sleeping (~1 m/min)
to control for environmental enrichment and handling.

exercise reduced bacteroidetes, while increased firmicutes,
proteobacteria and actinobacteria. Additionally, exercise
reduced the abundance of Porphyromonadaceae,
Streptococcaceae, Peptococcaceae_2 family, while
increased the peptostreptococcacea, the cryomorphaceae,
the rhizobiaceae, and the Incertae Sedis IV.

(continued on next page)
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Table 1 (continued)

Author Year Species Number of Level and frequency of exercise Experimental Duration of  Results/conclusions
individuals design experiment
Lambert et al.'” 2015 Mice 38 Male (6 weeks old) with (i) type 2 diabetic db/db and Randomized 6 weeks, The interaction between diabetic state and exercise
(n=9-10/group) (ii) db/+ (heterozygote; control) were randomly distributed controlled 1 sampling training affected the cecal abundance of total bacteria;
into 2 groups: sedentary (Sed) or exercise (Ex) group for 6  trial point enterobacteriaceae and Bifidobacterium spp. Specifically,
weeks. Exercise consisted of low-intensity treadmill total bacteria and enterobacteriaceae were similar in
running for 5 days/week. db/+ mice exercised for db/+ mice regardless of exercise, but lower with exercise
60 min/session at 4.79 m/min (287 m/session) and db/db in db/db mice. Bifidobacterium spp. was greater in
mice for 66 min/session at 2.87 m/min (189 m/session). exercised non-diabetic mice. Exercise was independently
associated with lower abundance of Bacteroides/Prevotella
spp. and Methanobrevibacter spp., and greater
Lactobacillus spp. and Clostridium leptum.
Matsumoto 2008 Rats 14 Male (6 weeks old) were randomly distributed by matched =~ Randomized 5 weeks, Exercised rats presented increased colonic butyrate
etal* (n = 7/group) weight into 2 groups: (i) sedentary (control) group or (ii) a block design 1 sampling concentrations compared with sedentary rats. The
voluntary wheel-running exercise group. The rats in the point temperature gradient gel electrophoresis analysis suggested
exercise group were moved to cages equipped with that the appearance of the butyrate-producing bacteria
running wheels. associated with the alteration in the cecal microbiota was
the reason for the n-butyrate increase in the cecum.
McFadzean'® 2014 Human 1493 Each participant was categorized according to his or her Prospective 1 sampling Faecalibacterium prausnitzii was the only species to be
exercise frequency into: (i) never, (ii) rarely, cohort study  point significantly different among exercise. They showed an
(iii) occasionally, (iv) regularly, and (v) daily. increase in Faecalibacterium prausnitzii as exercise
increases. There was a significant increase in o-diversity
among individuals who exercised more frequently.
Petriz et al.* 2014 Rats 15 Three different strains from 2 different genotypes were Prospective 4 weeks Exercise altered the composition and diversity of gut
(n = 5/group) included in the study: (i) an obese genotype, homozygous  cohort study bacteria at genus level in all rat lineages. In obese rats,
(fa/fa) obese (Obese rats) and (ii) hypertensive genotype Pseudomonas and Lactobacillus were both significantly
(Hypertensive rats), and (iii) a strain obtained by the altered after exercise training. Minimal variation in
selective breeding of Wistar-Kyoto rats with high blood Pseudomonas relative abundance was observed between
pressure (WR). Duration and speed on treadmill were samples, while Lactobacillus presented the higher relative
increased progressively (up to 12.5 m/min for obese rats; abundance after exercise from all identified genera.
20 m/min for hypertensive and Wistar rats). All animals Another 3 genera were shown to be more abundant before
were trained for 30 min/day, 5 days/week for 4 weeks. exercise training (Streptococcus, Aggregatibacter, and
Sutterella). A significant correlation was seen in the
clostridiaceae and bacteroidaceae families and
Oscillospira and Ruminococcus genera with blood lactate
accumulation.
Queipo-Ortuno 2013  Rats 40 Weight-matched rats (5 weeks old) were randomly Randomized 6 days Nutritional status and exercise affected the diversity and
etal.'® (n = 10/group) assigned to 1 of 4 experimental groups: (i) Activity based  controlled similarity of the gut microbiota. The number of
anorexia (ABA) group; (ii) Control ABA group: rats trial Lactobacillus, Bifidobacterium, and Blautia

submitted to the same food restriction schedule as ABA
with no wheel access exercise, (iii) Exercise group: rats
feed ad libitum with free access to the activity wheel, and
(iv) Ad libitum group: rats feed ad libitum but without
access to the activity wheel.

coccoides—Eubacterium rectale group was greater in the
exercise group with respect to the ABA, control ABA, and
ad libitum groups. Both Bifidobacteria and Lactobacillus
had the capacity to produce the organic acid lactate, which
is converted into butyrate by butyrate-producing bacteria
in the gut. Clostridium and Enterococcus appeared
decreased in the exercise group.
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3.2. The role of gut microbiota in energy metabolism during
endurance exercise

As previously mentioned, energy availability is an important
limiting factor in the final performance during endurance exer-
cise. After several minutes of muscle contractions, the concen-
tration of phosphocreatine (PCr) declines, resulting in a need to
use other fuels. This stimulus is rapidly sensed and transduced
through signaling pathways into a coordinated transcriptional,
post-transcriptional and allosteric response leading to the syn-
thesis of specific molecules needed to restore the cellular
energy homeostasis. First, the transcription of genes involved in
glycogenolysis is induced to ensure the production of ATP
meets the demand of the cross-bridge cycle (increased myosin
ATPase activity) and muscle ion pumps. Unfortunately, mito-
chondria are unable to oxidize all the pyruvate produced during
intense exercise, which leads to its conversion into lactate in the
myoplasm.* Intracellular acidosis may cause fatigue such as
inhibiting energy metabolism.* At the same time, lipolysis of
adipose tissue provides an increase in fatty acids as well as
increased plasma free fatty acid uptake and fatty acid oxidation.

Given the energy requirements during endurance exercise®
and the recently described complex and reciprocal relationship
between the gut microbiota and whole body energy metabolism, "’
it is not surprising that efforts to identify the mechanisms via
which gut microbiota exerts positive performance effects in elite
athletes are increasing. Carbohydrate fermentation is a core activ-
ity of the human gut microbiota, driving the energy and carbon
metabolism of the colon, although the range of end products gen-
erated by protein digestion is broader than that of carbohydrates.*'
In the colon, complex plant-derived polysaccharides (such as cel-
lulose, B-glucan, xylan, mannan, and pectin) are digested and
subsequently fermented by gut microorganisms into short chain
fatty acids (SCFAs) and gases (Fig. 2), which are also used as
carbon and energy sources by other more specialized bacteria
such as reductive acetogens, sulfate-reducing bacteria, and
methanogens.” The SCFAs affect a range of host processes includ-
ing energy utilization, host-microbe signaling and control of
colonic pH, with consequent effects on microbiota composition,
intestinal gut motility, gut permeability, and epithelial cell
proliferation.*> Gut motility, a gross measure of forces (resistive
and propulsive) in the small intestine transit flow,* is increasingly
gaining interest since it is highly correlated with transit time and
stool consistency. In turn, it has been recently published that stool
consistency is a good biomarker for species richness and commu-
nity composition.**

In addition to being a local nutrient source for colonocytes'
and a minor nutrient source for microorganisms such as
Desulfotomaculum genus in the gut,* n-butyrate has also been
shown in cell-culture models and mice to regulate energy homeo-
stasis by stimulating leptin production in adipocytes as well as
provoking intestinal enteroendocrine L cells to secrete glucagon-
like peptide-1 (GLP-1)."" The main genera that produce n-
butyrate are Clostridia, Eubacteria, and Roseburia. Additionally,
n-butyrate produced by gut bacteria regulates neutrophil function
and migration, inhibits inflammatory cytokine-induced expression
of vascular cell adhesion molecule-1, increases expression of tight
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Fig. 2. Complex polysaccharides are metabolized by the colonic microbiota to
oligosaccharides and monosaccharides and then fermented to short-chain fatty
acid (SCFAs) end products, mainly acetate, propionate, and butyrate. The
SCFAs are absorbed in the colon, where butyrate provides energy for colonic
epithelial cells, and acetate and propionate reach the liver and peripheral
organs, where they are substrates for gluconeogenesis and lipogenesis. The
types and amount of SCFAs produced by gut microorganisms are determined by
the composition of the gut microbiota, the metabolic interactions between
specie.” In addition to being energy sources, short-chain fatty acids control
colonic gene expression involved in the immune response. It must be borne in
mind that endurance diets are rich in protein (1.2—1.6 g/kg/day), which besides
liberating beneficial SCFAs, produces a range of potentially harmful
compounds in the intestine.”''’ Adapted with permission.

junction proteins in colon epithelia and exhibits anti-inflammatory
effects.”” Other SCFAs such as propionate and acetate are sub-
strates for gluconeogenesis and lipogenesis in the liver and periph-
eral organs (e.g., muscle and adipose tissue''*’). The types and
amount of SCFAs produced by gut microorganisms are determined
by the composition of the gut microbiota and the metabolic inter-
actions between microbial species,* but also by the amount, type,
and balance of the main dietary macro- and micronutrients.*!#"
The dietary regime of endurance athletes is based on high protein
and carbohydrate consumption and very low fat intake together
with the consumption of certain key micronutrients such as iron,
calcium, and essential fatty acids.*” Overall, the dietary protein
intake necessary for endurance athletes ranges from 1.2 to
1.6 g/kg/day in the top sport elite athletes™' so that amino acids
are spared for protein synthesis and are not oxidized to assist
in meeting energy needs.’' Carbohydrate intake ranges from
7 to 12 g/lkg/day and fat< 1 g/lkg/day (<20% of total calories
consumed).* Although the fermentation of amino acids can
produce beneficial by-products such as SCFAs, a range of poten-
tially harmful compounds can also be produced.’ Studies in animal
models and in vitro show that compounds like ammonia, phenols,
p-cresol, certain amines and hydrogen sulfide play important roles
in the initiation or progression of increased intestinal permeability
or “leaky gut” and inflammation.” With this in mind, the modula-
tion of the microbiota and its fermentation capacity may provide
the scientific basis for designing diets aimed at improving perfor-
mance by enhancing carbohydrate fermentation during exercise
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and limiting those that produce toxic metabolites from protein
degradation. Modifying athletes’ diets in a way in which they
positively impact the activities of their gut microbiota through
newly recognized inter-kingdom axes of communication such as
the gut-liver axis’ may also benefit sport performance.

It is clear then that the interaction between diet and exercise
needs to be further studied to better assess the contributions of
diet and microbial activities in athletic performance. In fact, an
important confounding effect of the study of Clarke et al.'” that
documented that gut microbial diversity increases with exercise
is that the professional rugby players’ diet differed from that of
the controls. The athletes ate more calories, fat, carbohydrates,
sugars, protein, protein supplements, and saturated fat per day
than the controls. Therefore it is difficult to draw conclusions
from the study of Clarke et al."” and assess the impact diet has
on gut microbial diversity and exercise performance.” As such,
further prospective studies are now planned to determine
whether dietary changes or exercise affect elite athletes’ gut
microbiota profile.’* In the same line, Liu et al.*® have published
a protocol to study the effect of exercise and dietary interven-
tion on the microbiota profile during 6 months in 200 post-
menopausal women and middle-age pre-diabetic men along
with follow-ups 6 and 12 months later. If their program proves
to be effective in reducing serum glucose levels and fatty liver
content while improving gut microbiota composition in the
participants, it will open new strategies to combat chronic dis-
eases through exercise and modifications of gut microbiota
composition.

3.3. Effects of gut microbiota on immune response during
intense exercise

Immune response activation appears to play a key role in
endurance performance. More specifically, there is evidence
that several immune responses are suppressed during prolonged
periods of intense exercise training. These include total leuko-
cyte count, granulocyte, monocyte, lymphocyte and natural
killer cell counts, total T cell counts, cell proliferation in
response to mitogens, and serum immunoglobulin levels among
others.”® As intense exercise continues, plasma cortisol levels
rise, inducing an influx of neutrophils from bone marrow and an
efflux of other leukocyte subsets.”””* In addition to cellular
immune alterations, several studies have reported that intense
exercise causes an acute-phase inflammatory response, which
has some similarities to those seen in sepsis and trauma.*”* In
contrast to habitual light exercise and fitness," strenuous exer-
cise causes an increase in the number of pro-inflammatory
cytokines, such as TNF-a,, IL-1, IL-6, IL-1 receptor antagonist,
TNF receptors, as well as anti-inflammatory modulators like
IL-10, IL-8, and macrophage inflammatory protein-1,°" indicat-
ing a dose-response effect between biological responses to
exercise and host immunity* (Fig. 3). It has been reported that
strenuous aerobic exercise in mice leads to an increase in
TNF-0 and IL-10% in intestinal lymphocytes. In addition, it
has also been demonstrated that intense exercise increases
immunoglobulinA (IgA) expression, which coats the bacteria
helping maintain a tolerant, non-inflammatory host-microbial
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Fig. 3. Endurance: crosstalk between intestinal microbiota, immune responses
and redox status. Endurance exercise may cause an increase in the number of
pro-inflammatory cytokines, such as TNF-o, IL-1, IL-6, IL-1 receptor
antagonist, TNF receptors, but also anti-inflammatory modulators (eg. IL-10,
IL-8), secretory IgA and intestinal lymphocytes. In turn, this inflammatory
response may induce disbiosis and modifications of intestinal microbiome
composition and their secreted products. Additionally there is an increase of
tissue hyperthermia, gastrointestinal permeability and destruction of gut
mucous thickness. Moreover, the activity of antioxidant enzymes may become
weaker, which modify the mesenteric redox environment. In parallel, the
epithelial barrier disruption enhances the toll-like receptors (TLRS)-mediated
recognition of gut commensal bacteria by effector cell types, which potentiate
the immune response. TLRs = Toll-like receptors; ROS = Reactive oxygen
species; RONS = Reactive Oxygen and Nitrogen Species; SIgA = Secretory
IgA.""" Adapted with permission.

relationship® and may thus strengthen the resistance of exer-
cised mice to infections by intestinal pathogens and the colo-
nization of commensal microbiota in mice.® Conversely, when
studying 38 elite America’s Cup yacht racing athletes over
50 weeks of training, a clear correlation was found between
increased training and competition load and decreased levels of
salivary IgA.% These findings have led to a theory that an “open
window” of impaired immunity exists in which viruses and
bacteria are more likely to take over and increase the risk of
subclinical and clinical infections in endurance athletes.”” In
fact, it is known that strenuous exercise increases the prevalence
of upper respiratory tract infections (URTI) and digestive
troubles in athletes.®® For instance, 2311 runners had a higher
incidence of URTI during the week after they had taken part in
the 1988 Olympic marathon competition compared to a control
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group.” Athletes are more prone to URTI because of the physi-
cal and psychological stress of exercise combined with imbal-
anced diet, foreign travel across time zones, disturbed sleep and
exposure to environmental extremes.”’ Their exposure to patho-
gens may also be increased because of elevated lung ventilation
during exercise, skin abrasions, and exposure to large crowds.”
As mentioned previously, some athletes are also susceptible to
the development of gastrointestinal symptoms such as abdomi-
nal discomfort and diarrhea which often occur during long-
distance runs or competitions.”!

Another way endurance training can cause changes in
immune response is by reducing the gastrointestinal blood flow,
oxygen, and nutrients while increasing tissue hyperthermia,
permeability of the gastrointestinal epithelial wall and the
destruction of gut mucous thickness,”® which stimulates an
inflammatory immune response. This so-called “leaky gut”
might lead to endotoxemia'* in which pathogens or endotoxins
are able to cross the intestinal barrier into the bloodstream,
causing a disruption of the immune system—microbiota homeo-
stasis. Thus, in stressful situations, loosening of the tight junc-
tions and adherens junction which strictly control paracellular
trafficking of solutes and fluids between gut epithelial cells may
occur, causing larger substances to escape the intestines pro-
voking an immune response.'** The loosening of the tight
junctions as a result of exercise occurs through a dynamic
interaction with specific toll-like receptors (TLRS) which are
able to recognize motifs expressed by bacterial cells. On the one
hand, the activation of the TLRs starts signaling cascades that
involve the activation of proteins and transcription factors,
inducing the secretion of proinflammatory and cytokines in the
gastrointestinal tract.” In fact, it has recently been shown that in
healthy individuals, commensal bacteria cannot access the liver
through the portal vein and reach the spleen because of the
existence of a gut—vascular barrier which controls the type of
antigens that are translocated across blood endothelial cells to
the portal vein.”” Whether the gut-vascular barrier is compro-
mised under intense exercise is not known yet.

Other studies have shown how increased intestinal perme-
ability caused by exercise can increase serum endotoxicity as
well as stimulate an immune response. Jeukendrup et al.”* ana-
lyzed lipopolysaccharide (LPS) levels, which are endotoxins
found in the outer membrane of gram-negative bacteria, in
blood samples from 29 athletes before, immediately after, and
1, 2, and 16 h after a long-distance triathlon. There was an
increase in LPS immediately after exercise and was even higher
1 h after the race (meaning there was an increase in intestinal
permeability after intense exercise). The highest measured
value was 15.0 pg/mL. If it is assumed that endotoxemia is
present when LPS concentrations are >5.0 pg/mL, then at 1 h
after the race, 68% of the athletes had endotoxemia. Marycz
et al.”” have documented that prolonged strenuous exercise
expands the population of developmentally early stem cells in
bone marrow and transports them into peripheral blood which
may be in part mediated by the derived bacterial LPS. There-
fore, Marycz et al.” proposed to measure the levels of serum
endotoxin in future studies investigating the effect of exercise
on gut microbiota.
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To counteract these inflammatory responses brought on by
intense exercise, the gut microbiota and their resulting SCFA
metabolites may reduce colonic mucosa permeability and
inhibit inflammatory cytokines. These anti-inflammatory
effects of gut microbiota may help delay the fatigue symptoms
in endurance performances. In line with this, the study with
elite rugby players suggested that the observed microbial modi-
fications were accompanied by lower inflammatory status com-
pared to controls (higher IL-10 and IL-8, lower IL-6, TNF-0.,
and IL-1B)."” Whole metagenome sequencing for functional
genomic analysis along with blood immune parameters profil-
ing is needed to ascertain which, if any, immune response
functional pathways are altered during exercise training. Addi-
tionally, it is also plausible to imagine that the gut microbiota
composition and structure could be measured in fecal samples
from patients partaking in endurance exercise and serve as
useful biomarkers to trace metabolic and systemic stress during
and after exercise. Since the alterations of the microbial diver-
sity have been linked to changes in the prevalence of gastroin-
testinal and respiratory tract alterations among professional
athletes, it is important to address this important issue and find,
for example, dietary habits that help ameliorate immune
responses via the modulation of gut microbiota (see probiotics
section below).

3.4. The role of gut microbiota in oxidative stress during
endurance exercise

One of the main physiological adaptations to endurance exer-
cise is the modulation of oxidative and nitrosative stress as a way
to avoid tissue damage, intestinal permeability, and bacterial
translocation."*”® The gastrointestinal tract is a key source of
reactive oxygen species (ROS) and nitrogen oxide species
(RONS) substances, which are by-products of normal cellular
metabolism. The homeostatic control of the intestinal epithelia
redox environment, which is the balance between antioxidant
defense and/or oxidative stress, is central to the functions of the
gut in nutrient digestion and absorption, stem cell proliferation,
apical enterocyte apoptosis and immune response.”” The control
and removal of ROS and RONS substances are accomplished by
(1) an enzymatic system (e.g., superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx)) and (ii) a
non-enzymatic system (e.g., urate, glutathione, ubiquinone,
thioredoxin, ferritin, and lactoferri).” During exercise, the activ-
ity of antioxidant enzymes such as SOD, CAT, and GPx becomes
weaker during chronic fatigue and intense exercise. Additionally,
there is an increased production of catecholamines that subse-
quently undergo autoxidation which may increase the oxidative
stress’ and thus limit the final performance.

Investigation of the effect microbiota has in controlling the
gastrointestinal redox environment is still in its infancy. However,
some initial datasets have opened the way toward identifying
microbiota—redox status relationships that are specifically regu-
lated in the gastrointestinal tract. Xu et al.”> have demonstrated
that the host redox status is related to a balanced gut microbiota
composition. They observed that oxidative status was nega-
tively correlated with Lactobacillus and Bifidobacterium and
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positively correlated with gut Escherichia coli. In mice, data
reveal that the colonic microbiota where there are higher levels
of bacteroidetes play a critical role in protecting against intes-
tinal infection by inducing pro-inflammatory and pro-oxidant
responses that control pathogen load as well as ion transporter
gene expression which may prevent fatal dehydration.™ In mice,
it has also been reported that gut microbiota affects the host’s
amino acid metabolism which thus regulates glutathione
metabolism.*" Given the modulatory effects of gut microbiota
on antioxidant enzyme activity and the ability of antioxidant
enzymes to augment recovery following extreme exercise, Hsu
et al.'” examined the antioxidant enzyme activity and endur-
ance exercise time in SPF, GF, and BF gnotobiotic mice following
an exhaustive exercise challenge. As mentioned above, the
absence of microbiota decreased antioxidant enzyme activities
and the overall exercise performance. Therefore, the authors
concluded that different microbiota composition and structure
might affect exercise performance by modifying the activity of
the antioxidant enzymes, such as CAT and GPx. The higher
levels of CAT in SPF than GF and BF gnotobiotic mice led
them to conclude that gut microbiota may promote increased
CAT activity and thus reduce exercise-induced fatigue. It was
also observed that germ-free animals presented lower serum
and hepatic GPx activity as well as lower epididymal fat pad
weight, which may limit the exercise performance. No effects
were observed when analyzing the SOD activity which is re-
sponsible for the breakdown of superoxide into hydrogen peroxide
and oxygen.*? While the role the microbiota has on controlling
the redox homeostasis during exercise is not well-defined,” we
believe that understanding the signaling events initiated by
free radicals as well as the role of microbiota in such processes
is key to furthering our understanding of ROS and RONS-
mediated response in the gastrointestinal tract during exercise.

3.5. The role of gut microbiota on dehydration status during
endurance exercise

Endurance athletes are at particular risk for dehydration,
primarily because of increased fluid losses from sweating as a
result of prolonged and intensive periods of exercise.”” Exer-
cise performance is impaired when an individual is dehydrated
and loses as little as 2% of one’s body weight. An excess loss
of 5% body weight can decrease athletic performance by about
30%.% Therefore, an adequate hydration status is essential for
endurance performance. A primary physiologic function of
mucosal epithelial cells is electrolyte transport.** Water trans-
port and mucosal hydration function are thought to be necessary
components of a normal functioning and protective intestinal
barrier.* The study by Musch et al.*> reported that activation
of electrogenic Cl™ secretion in the intestinal mucosa altered
the composition of mucus and intestinal microbiota by increas-
ing the abundance of Lactobacillus (firmicutes phylum) and
Alistipes genera. In addition, another study has reported that
active electrogenic Cl™ secretion functions as a primitive innate
defense mechanism, substantially shifting the colonic microbiota
with notable changes (increasing the number of bacteria of the
firmicutes and bacteroidetes phyla).’® Very recently the gut
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microbiota has been related to the maintenance of proper hy-
dration during exercise and the prevention of an inflammatory
response. Redondo et al.** demonstrated that the bacteroidetes
phylum reduced plasma sodium levels, whereas the Clos-
tridium genus reduced the plasma osmolality levels in 23 healthy
young individuals. In plasma, the sodium substance concentra-
tion, together with potassium, bicarbonate, urea and glucose,
constitutes 95% of total osmolarity.*” These results suggested
that microbiota influence the cellular transport of solutes through
the gut mucosa and contribute to the hydration state, while
reducing the plasma osmolality. In the same experiment, an
abundance of Bifidobacterium influenced T lymphocyte levels,
reflecting an interaction with the immune response of the host.
Because a good hydration state and a well-functioning protec-
tive intestinal barrier are essential for sports performance, and
since ultra-endurance athletes typically do not meet their fluid
needs during exercise, it is important to understand the role
that microbiota has on water transport and the associated changes
to the mucus intestinal layer.

3.6. Diet modulation of gut microbiota profiles and its
fermentation capacity to improve endurance performance

The overall aim of the studies of the gut microbiota in health
and disease is to find associations between lifestyle changes,
primarily diet, and functional consequences of alterations in the
gut microbiota. Currently, it is known that the ingestion of
probiotics, prebiotics, polyphenols, and antibiotics modify the
gut microbiota,” but their effects in athletes are in the early
stages of investigation.

There is now a reasonable body of evidence that shows
consuming probiotics regularly may positively modify the
gut microbiota’s population and structure and may influence
immune function as well as intestinal epithelium cell prolifera-
tion, function, and protection in individuals who follow exercise
programs (Table 2). Probiotics are food supplements that contain
live microorganisms, especially lactic acid bacteria, which when
administered in adequate amounts confer a health benefit for the
host.® They are available commercially in tablets, capsule form,
as a powder (added to drinks), probiotic-enriched chews or in
selected dairy products such as fermented milk or yogurt.*” For
further details on probiotic supplementation in athletes, see the
recently published review by Pyne et al.*

Most recently, interest in the use of probiotics has focused
on preventing respiratory illness or persistent common cold
and flu-like symptoms in athletes. For example, Salarkia et al.®
studied the effects of probiotic yogurt in 46 female endurance
swimmers. The intervention group consumed 400 mL of probiotic
yogurt containing Lactobacillus acidophilus spp., Lactobacil-
lus delbrueckii bulgaricus, Bifidobacterium bifidum, and
Streptococcus salivarus thermophilus, while the control group
received the same amount of ordinary yogurt (produced using
a culture of L. delbrueckii subsp. bulgaricus and S. thermophilus).
They observed that consuming probiotic yogurt resulted in a
reduction in the number of episodes of respiratory infections
after endurance swimming competition and the duration of
some of the symptoms. Ingesting probiotic yogurt also resulted
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g = Effect of probiotics and prebiotics in trained individuals. Studies were selected from 2007 to 2015. Updated fromRef. 40.

=5
E Author Year Number of Functional food treatment Experimental Duration of Results/conclusions
; individuals design experiment
> Clancy et al.”! 2006 27 A total of 18 healthy athletes and 9 fatigued athletes Prospective single 4 weeks, Athletes complaining of fatigue had significantly less
éj were included in the study. Fatigued athletes were group intervention 1 sampling secretion of IFNy from blood CD4+ T-cells than
=z self-referred to a medical sports clinic complaining of point healthy control athletes. After treatment with
5 fatigue, recurrent sore throats, and impaired L. acidophilus there was a significant increase in
b performance. All individuals were supplemented with secretion of whole-blood IFNY to levels similar to
_% Lactobacillus acidophilus, 2 x 10" cells/day. those found in the control athlete group. No effect on
; whole blood culture secretion of I1L-4, IL-12 or
% salivary IgA concentration was observed.
g Cox et al.” 2010 20 Distance runners were randomly distributed into 1 of Randomized, 4 weeks of L. fermentum VRI-003 treatment elicited greater
2 (n =10/group) the 2 groups: (i) supplementation with Lactobacillus blinded, winter training change in the whole-blood culture of IFNy compared
F fermentum daily at the dose of 1.26 x 10'° cells or (ii) placebo-controlled, to placebo, and significantly reduced (50%) the
5 placebo capsules contained an inert excipient. cross-over trial number of days of respiratory illness and its severity.
g No substantial changes in running performance
§ measures were seen over the study. There were no
o significant differences in the mean change in salivary
g IgA and IgAl levels, or in IL-4 and IL-12 levels
g between treatments.
E_ Gill et al.'”? 2015 8 Endurance trained males were randomly assigned to 1 Randomized, 1 week, L. casei supplementation did not show significant
o of the 2 groups: (i) supplementation with Lactobacillus blinded, and 7 sampling changes in resting circulatory endotoxin concentration
; casei (1 x 10" cells/day) or (ii) placebo. After counterbalanced points: or plasma cytokine profile compared to placebo. A
g{ treatment, individuals were exposed to exertional-heat cross-over trial baseline, main effect of time was observed for IL-6, TNF-c.,
=3 stress (EHS), which comprised of 2 h running exercise pre-EHS, IL-10, and IL-8; whereby levels increased in response
£ at 60% of maximum oxygen uptake (VOanay) in hot post-EHS to EHS. Relative to pre-EHS concentrations, higher
f ambient conditions (34.0°C and 32% RH). (1h,2h,4h, plasma concentrations of endotoxin, and plasma
g and 24 h). TNF-o concentration was observed after probiotic
2 supplementation compared to placebo group.
§' Gill et al.'” 2015 8 Endurance trained males were randomly assigned to 1 Randomized, 1 week Probiotic supplementation did not induce significant
g of 2 groups: (i) supplementation of Lactobacillus casei blinded, and 7 sampling changes in resting S-AMP responses compared with
; (1 x 10" cells/day) or (ii) placebo. After treatment, counterbalanced points: placebo. Increases in S-IgA, S-o-amylase, and
% individuals were exposed to exertional-heat stress cross-over trial baseline, S-cortisol responses, but not S-lysozyme responses,
g (EHS), which comprised of 2 h running exercise at pre-EHS, were observed after EHS. No main effects of trial or
g 60% VOoumax in hot ambient conditions (34.0°C and post-EHS time X trial interaction were observed for S-AMP and
; 32% RH). (1h,2h,4h, S-cortisol responses.
% and 24 h).
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Table 2 (continued)

Author Year Number of Functional food treatment Experimental Duration of Results/conclusions
individuals design experiment
Gleeson et al.'* 2012 66 Highly active individuals were randomly distributed Randomized, 16 weeks, The proportion of subjects on placebo group who
(n =33/group) into 1 of the 2 groups: (i) probiotic supplementation blinded, 3 sampling experienced 1 or more weeks with upper respiratory
(Lactobacillus salivarius; 2.0 x 10'° live cells/day) or placebo-controlled points: tract illness (URTI) symptoms was not different from
(ii) placebo. trial baseline, individuals supplemented with probiotics. The number
8 and 16 of URTI episodes was similar between groups.
weeks Severity and duration of symptoms were not
significantly different between treatments. Blood
leukocyte, neutrophil, monocyte, and lymphocyte
counts; saliva IgA; and lysozyme concentrations did
not change over the course of the study and were not
different between groups.
Gleeson et al.®® 2011 84 Endurance runners were randomly distributed into 1 of Randomized, 16 weeks, 3 The proportion of subjects on placebo group who
(n =42/group) the 2 groups: (i) probiotic supplementation with blinded, sampling experienced 1 or more weeks with URTI symptoms
Lactobacillus casei Shirota (6.5 x 10° live cells/day) or placebo-controlled points: was 36% higher than those on probiotic
(ii) placebo. trial baseline, 8 supplementation. The number of URTI episodes was
and 16 weeks significantly higher in the placebo group than in the
probiotic group. Severity and duration of symptoms
were not significantly different between treatments.
Saliva IgA concentration was higher on probiotic
group than placebo.
Haywood 2014 30 Rugby union players were randomly distributed into Randomized 4 weeks During the probiotic treatment 14/30 participants
etal.” 1 of the 2 groups: (i) probiotics multi-species controlled, single never experienced a single URTT or gastrointestinal
(Lactobacillus gasseri: 2.6 x 10" cells/day, cross-over design episode, compared to 6/30 on the placebo
Bifidobacterium bifidum: 0.2 x 10" cells day, and with 28-day supplementation. The number of days of illness
Bifidobacterium longum: 0.2 X 10'? cells/say) or washout period tended to be higher for the placebo than probiotic.
(ii) placebo. There was no significant difference in the severity of
the symptoms between the 2 treatment groups.
Kekkonen 2007 141 Marathon runners were randomly assigned to one of Randomized, 12 weeks The number of healthy days was 79.0 in the probiotic
etal.®’ 2 groups: (i) Lactobacillus rhamnosus GG (LGG, double-blinded group and 73.4 in the placebo group. There were no
4.0 x 10" cells/day) or (ii) placebo. intervention study differences in the number of respiratory infections or
gastrointestinal-symptom episodes. The duration of
gastrointestinal-symptom episodes in the probiotic
group was 2.9 vs. 4.3 day in the placebo group during
the training. Hematological parameters within
reference range for both groups throughout study.
Lamprecht 2012 23 Trained men were randomly distributed into 1 of the 2 Randomized, 14 weeks, 2 Zonulin, a marker indicating improved intestinal
etal.”” groups: (i) multi-species probiotic group (1 x 10" double-blinded, sampling barrier integrity, decreased in feces (~25%) after
cells/day, Ecologic®Performance or placebo controlled points: probiotic supplementation. Probiotic supplementation
OMNi-BiOTiC*POWER, n = 11) or (ii) placebo group trial baseline and reduced TNF concentration by ~25% at rest and
(n =12). Individuals were submitted to a triple-step 16 weeks post-exercise, and exercise-induced protein oxidation

test cycle ergometry.

by ~8% and IL-6 production.
(continued on next page)

Cl

e[[o30g-103SN] "(J Pue YorN ‘N

61/C1 M 910T 2unf 6 M Jooid /8ZSHSI



100°S0°910Z'sUsCl/9101°01

0P “(91(7) Q0USIS IBIH Pue 10dS JO [BUINO[ ‘MSIASI Y :BJOIGOIONW NS PUB ISIOIAXS OUBINPUY ‘B[[I0F-IISN] SIO[O ‘YOBJN BLNN :St ssaid Ul o[onte siyy 9o 3ses[d

Nieman et al.'”® 2014

O’Brien et al.'” 2015

Salarkia et al.*’ 2013

Salehzadeh'”’ 2015

67

46
(n =23/group)

30
(n =15/group)

Lactobacillus rhamnosus IMC 501 and Lactobacillus
paracasei IMC 502; ~10 x 10° cells/day) or (ii) control
group. They did not consume any supplements during
the 4 weeks.

Cyclists were engaged in 2 75-km time trials after 2
weeks pistachio or no pistachio supplementation

(480 kcal per 3 of serving) with a 2-week washout
period. Pistachios were used because they are
nutrient-dense nuts that contain a unique nutrient
profile of proteins and carbohydrates (~30% of
energy), fats (~70% of energy), minerals (in particular,
copper, iron, magnesium), potassium, vitamins B6 and
thiamin, carotenoids, phytosterols, and phenolic acids.
Active individuals were randomly assigned to 1 of the
4 groups: (i) endurance training + control beverage,
(ii) endurance training + kefir beverage, (iii) active
control + control beverage, or (iv) active control + kefir
beverage. The exercise groups completed 15 weeks of
structured endurance training while the active control
groups maintained their usual exercise routine.
Additionally, each group was assigned to either a kefir
or a calorie/macronutrient matched placebo beverage
that was consumed twice per week.

Endurance swimmers girls were randomly assigned
into 1 of the 2 groups: (i) consumption 400 mL of
probiotic yogurt or (ii) ordinary yogurt daily

Male students were randomized to (i) probiotic yogurt
drink (1 x 10° cells/g) along with physical activities or
(ii) ordinary yogurt drink and physical activities. Both
groups had 200 mL of yogurt drink daily.

with control (but
no placebo
treatment) group

Randomized,
cross-over design

Prospective group
intervention

Randomized
controlled design

Randomized,
double-blinded,
placebo-controlled
trial

Sampling at
S min
pre-exercise,
and
immediately
post-, 1.5h
post-, and
21h
post-exercise
15 weeks

8 weeks, 2
sampling
points:
beginning and
at the end of
the study

10 weeks, 2
sampling
points: 24 h
before the first
training
session and at
the end of the
study

Table 2 (continued)
Author Year Number of Functional food treatment Experimental Duration of Results/conclusions
individuals design experiment
Martarelli 2011 24 Active individuals were randomly distributed in 1 of Pre—post 4 weeks Probiotic supplementation increased plasma
etal”® (n =12/group) the 2 groups: (i) mixture of the 2 probiotic strains (1:1 controlled trial antioxidant levels (~9%), thus neutralizing reactive

oxygen species. The 2 strains, L. rhamnosus and
L. paracasei exerted strong antioxidant activity.

Two weeks pistachio nut supplementation was
associated with reduced 75-km cycling time trial
performance and increased post-exercise plasma
levels of raffinose, sucrose, and metabolites related to
leukotoxic effects and oxidative stress.

The endurance training was effective in improving
1.5-mile (2.41 km) times and kefir supplementation
may have been a factor in attenuating the increase in
C-reactive protein that was observed over the course
of the intervention period.

Consumption of probiotic yogurt resulted in a
reduction in the number of episodes of respiratory
infections and in duration of some of their symptoms.
Intake of probiotic yogurt also resulted in a
significant improved in VO,pax possibly due to the
reduction of upper respiratory tract infections.

Both types of yogurt drink significantly increase HDL
and decrease C-reactive protein; yet, the decreasing
effects of C-reactive protein on athletes’ records were
significantly higher in probiotic group compared to
the ordinary drink group.

(continued on next page)
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Table 2 (continued)

Author Year Number of Functional food treatment Experimental Duration of Results/conclusions
individuals design experiment
Shing et al.” 2014 10 Male runners were randomly distributed into 1 of the 2 Randomized, 4 weeks Four weeks of supplementation with a multi-strain
(n =5/group) groups: (i) supplementation with a probiotics capsule double-blinded, probiotic increased running time to fatigue in high
(45 billion cells/day of Lactobacillus, Bifidobacterium cross-over design temperatures. There was a small to moderate
and Streptococcus strains) or (ii) placebo, separated by reduction in urine lactulose:rhamnose and a small
a washout period. After each treatment, the runners reduction in symptoms of gastrointestinal discomfort
exercised to fatigue at 80% of their ventilatory following probiotics supplementation.
threshold at 35°C and 40% humidity.
Valimaki 2012 127 Runners were randomly assigned to 1 of the 2 groups: Randomized, 3 months prior Probiotics did not have any effect on oxidized LDL
etal.'® (1) Lactobacillus rhamnosus GG (LGG, probiotic double-blinded to marathon lipids, antioxidants, and serum antioxidant potential
group; 3 x 10'° cells/day) or (ii) placebo drink group. intervention during the study. Oxidized LDL lipids increased by
28% and 33% during the preparation period and
decreased by 16% and 19% during the marathon run
in the placebo and probiotic groups, respectively. No
changes were seen in serum antioxidant potential
before marathon, but during run serum antioxidant
potential raised by 16% in both groups.
West et al.” 2014 465 Individuals were randomly distributed to 1 of the 3 Randomized, 150 days. The risk of an upper respiratory illness episode was
(241 males, groups: (i) Bifidobacterium animalis subsp. lactis double-blinded Sampling time significantly lower in the B1-04 group compared to
224 females) BI1-04 (BI-04), 2.0 x 10° cells/day; (ii) Lactobacillus placebo-controlled at baseline, placebo.
acidophilus NCFM and Bifidobacterium animalis trial before 6 day
subsp. lactis Bi-07 (NCFM & Bi-07) 5 x 10° cells/day; preparation,
and (iii) placebo mixed in a drink. before and
immediately
after the
marathon
West et al.”’ 2011 99 Ninty-nine cyclists (64 males, 35 females) were Double-blinded, 11 weeks Lactobacillus numbers increased 7.7-fold more in

randomized distributed into 1 of the 2 groups: (i)
probiotic supplementation (1 x 10° cells/day
Lactobacillus fermentum or (ii) placebo treatment.

randomized,
controlled trial

males on the probiotic, while there was an unclear
2.2-fold increase in females taking the probiotic. The
number and duration of mild gastrointestinal
symptoms were ~2-fold greater in the probiotic
group. The load (duration X severity) of lower
respiratory illness symptoms was less by a factor of
0.31 in males taking the probiotic compared with
placebo but increased by a factor of 2.2 in females.
Differences in use of cold and flu medication
mirrored these symptoms. There were clear reductions
in the magnitude of acute exercise-induced changes in
some cytokines.
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in a significant improvement in maximum oxygen uptake pos-
sibly due to the reduction of upper respiratory tract infections.
Meanwhile, Cox et al.”’ evaluated the ability of the probiotic
Lactobacillus fermentum VRI-003 (PCC) to enhance the mucosal
immune system in a cohort of 20 highly-trained distance runners.
Athletes who were administered the probiotic for 1 month
reported less than half the number of days of respiratory symp-
toms during the 30 days of PCC treatment compared to the
control-placebo group. Illness severity was also milder for
episodes occurring during the PCC treatment. There were no
significant differences in salivary IgA levels or interleukin (IL-4
and IL-12) levels. However, prophylactic probiotic administra-
tion treatment elicited a 2-fold greater change in whole-blood
culture interferon gamma (IFNYy) compared to the placebo group,
suggesting that the maintenance of IFNYy levels may be one of
the underlying mechanisms for positive clinical outcomes. A
study in endurance athletes (n =42) who took Lactobacillus
casei supplements for 4 months showed a reduced prevalence
of upper respiratory illness compared to the control group. The
subjects presented improved levels of salivary IgA during a
winter period of training and competition.®® Clancy et al.”" also
found that fatigued athletes (» = 9) had clinical characteristics
similar to those seen in patients who experienced reactivated
Epstein—Barr virus infections, including a significantly less
secretion of IFNY from blood CD4+ T-cells compared to healthy
control athletes (n = 18). After 4 weeks of treatment with cap-
sules containing 2.0 X 10'° cells or colony forming units (CFU)
of L. acidophilus, the fatigued athletes increased the quantity
of IFNy secretion to levels similar to those of the healthy
subjects. The administration of L. acidophilus in healthy ath-
letes also resulted in increased concentrations of mucosal IFNY,
suggesting that probiotic therapy may reverse a T-cell defect,
Treg cells in particular, in fatigued athletes while enhancing
mucosal IFNy concentrations in healthy athletes. A number of
research groups continue to explore the role of Tregs in main-
taining inflammatory control in various athlete cohorts.”>*
Other studies have documented beneficial effects of probiotic
interventions on improvements in cytokines and immune-marker
panels, reductions in oxidative stress as well as respiratory and
gastrointestinal symptoms. For example, West et al.” observed that
probiotic supplementation (Bifidobacterium animals subsp. lactis;
2 x 10° CFU/day) for 28 days reduced the risk of respiratory and
gastrointestinal illness in a cohort of 461 healthy active men and
women compared to a placebo group. In a smaller randomized
controlled trial of elite rugby players, the administration of a multi-
species probiotic for 4 weeks also reported a reduction in the
frequency of upper respiratory tract disorders and gastrointestinal
symptoms.” To address the question if females and males respond
differently to probiotics, West et al.” investigated 99 physically
active healthy men and women through a randomized controlled
trial. They observed a substantial reduction in respiratory and gas-
trointestinal symptoms in males, but not females after 88 days of
L. fermentum supplementation. The extent to which the observed
differences between the 2 sexes were biological and/or environ-
mental in nature is unclear. Conversely, a randomized double-
blinded intervention study in 141 runners taking either a placebo or
probiotic supplement of Lactobacillus rhamnosus for 3 months
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showed no significant differences in the number of episodes of
respiratory or gastrointestinal tract disorders in 2 weeks after the
marathon.”” Furthermore, probiotics may counteract exercise-
induced oxidative stress. In a randomized double-blinded, placebo-
controlled trial, Lamprecht et al.” reported that trained male
athletes who consumed a multispecies probiotic supplement for a
14-week period had normalized fecal zonulin concentrations,
which is a marker for intestinal permeability, compared to the
placebo group, in which exercise showed no effect on TNF-o.
serum concentrations. The authors also reported that probiotic
supplementation does not enhance antioxidant enzyme level,
which subsequently neutralized excessive oxidative stress during
intense exercise. However, the oxidative stress in athletes who took
Lactobacillus paracasei and L. rhamnosus supplements during a
4-week period of intense physical activity was reduced.”® The
results demonstrated that intense physical activity induced oxida-
tive stress and that probiotic supplementation with L. rhamnosus
or L. paracasei increased plasma antioxidant levels, thus exerting
strong antioxidant activity in athletes. Of particular interest is a
small cross-over study of 10 runners who were exercised until they
were fatigued at 80% of their ventilatory threshold in 35°C and
40% humidity and supplemented with probiotic capsules contain-
ing 45 billion CFU of Lactobacillus, Bifidobacterium, and Strep-
fococcus strains in runners.” The dominant Lactobacillus and
Bifidobacterium strains were selected because they have been
shown to increase the expression of tight junction proteins and thus
maintain the integrity of the intestinal barrier in response to various
physiological stressors. Following probiotic supplementation,
serum levels of LPS were reduced, resulting in an improvement in
gut mucosa permeability and an increase in the time it took to
reach fatigue while exercising in hot temperatures.

Most of the articles reviewed do not specifically identify an
ergogenic role of probiotic therapy but suggest that immune
function is enhanced, the effects of reactive oxygen species are
neutralized and gut mucosa permeability is normalized, which
might improve performance in athletes undergoing intense
physical training. Thus, probiotic supplementation could act as
an indirect ergogenic aid. However, these studies in athletes’
performances who take probiotic supplements have design
flaws. Dose-response experimental studies of probiotic supple-
mentation should investigate parallel changes in exercise
outcome, clinical outcome, immune function as well as dietary
and exercise regime over a period of several weeks to a few
months. As suggested by Pyne et al.,*’ more well-designed
studies of probiotic supplementation in various athlete groups
are warranted to understand the complex relationship between
diet, activity levels, clinical outcome, and gut microbiota modi-
fications caused by probiotic supplementation is essential.
Future studies that examine the relationship between probiotic
supplementation and exercise-induced disorders should also
discuss the most appropriate bacterial strains, the best encap-
sulation form in which probiotics are manufactured and the
concentrations/dosage that could increase its benefits on ath-
letic performance and oxidative stress and immunity.'

Given the small number of studies that have examined the
effects of probiotic supplementation in athletes and other highly
active individuals, it is somewhat premature to issue definitive
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clinical and practical guidelines.” However, it appears that

probiotic supplementation in combination with a well-formulated
dietary plan could assist athletes with a history of respiratory and
gastrointestinal disorders during intense periods of training and
competition.*’

Unlike probiotics, the effects of prebiotics have not been tested
in athletes. Prebiotics represent a specific type of dietary fiber
that when fermented mediate measurable changes within the
gut microbiota composition such as increasing the levels of
bifidobacteria or certain butyrate products. Similarly, no reports
exist on the effect polyphenols have on the gut microbiota compo-
sition and athletic performance. However, recent studies show that
the consumption of polyphenol extracts, such as wine, cocoa, and
blueberry, modulates the human gut microbiota toward a more
“health-promoting profile” by increasing the relative abundance of
bifidobacteria and lactobacilli.'” It is now evident that gut
microbiota can play a critical role in transforming dietary polyphe-
nols into bioactive polyphenol-derived metabolites which thus
benefit the microbiota composition and host health.'” At the same
time, polyphenols may control microbiota sub-populations by
changing the intestinal redox state; therefore, the link between
microbiota and polyphenol consumption represents an additional
marker of oxidative-stress-mediated processes.'”' These data again
raise the possibility that certain functional foods may tap into the
underlying ecological processes that regulate gut microbiome
community structure and function, contributing to the athlete’s
health and performance.”'”

As we enter the post-metagenomic era and gain a better under-
standing of the microbiota’s role in health and metabolism, we
could aim to effectively integrate an athlete’s microbiota into
some form of personalized training and diet plan. With a more
complete understanding of the physiological processes that the
microbiota regulate, nutritionists will be able to determine
whether or not the gut microbiota is a potential target that we can
modulate in order to enhance the performance and health of elite
athletes.

4. Conclusion

During endurance exercise, transient immunosuppression
and inflammatory alterations are observed as well as the regu-
lation of lipid and carbohydrate metabolism, mitochondrial bio-
genesis, oxidative stress, and dehydration. In the last decade,
interest in human microbiome has increased considerably. Gut
microbiota ferment complex dietary polysaccharides into small
chain fatty acids, which may be used as sources of energy in
liver and muscle cells and improve endurance performance by
maintaining glycemia over time. In addition, the resulting short
chain fatty acids seem to regulate neutrophil function and
migration, reduce colonic mucosal permeability, inhibit inflam-
matory cytokines and control the redox environment in the cell,
which might help delay fatigue symptoms in endurance athlete.
However, the fermentation of amino acids produces a range of
potentially harmful compounds. Given that many endurance
dietary plans are based on high protein and carbohydrate levels,
a key challenge is to design diets that limit the microbial pro-
files that produce toxic metabolites from protein degradation
while increasing the number of microorganisms that improve
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energy metabolism, reduce oxidative stress and regulate sys-
temic inflammation. Currently, the main dietary strategy to
modulate gut microbiota includes probiotics. In athletes, the
administration of different Lactobacillus and Bifidobacterium
strains might help maintain a state of general health, enhance
immune function, improve gut mucosal permeability, reduce
oxidative stress and obtain energy from plant-carbohydrate
sources. By better understanding the mechanisms by which
microbiota respond to exercise, we hope to develop novel thera-
peutic and nutritional strategies to modulate the microbiota and
enhance the athlete’s overall performance and health. It is
therefore important for future research to tease apart the respec-
tive influences that high intensity exercise and the intestinal
microbiota have on the immune, redox system, and energy
metabolism and to track the impact that ongoing functional
foods have on the intestinal microbiota. In the future, it may be
possible to use the gut microbiota profile as a tool to predict
performance and detect potential disorders before conventional
diagnostic tools can.
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