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Abstract: (1) Background: The gut microbiota might play a part in affecting athletic performance and
is of considerable importance to athletes. The aim of this study was to search the recent knowledge
of the protagonist played by high-intensity and high-duration aerobic exercise on gut microbiota
composition in athletes and how these effects could provide disadvantages in sports performance.
(2) Methods: This systematic review follows the PRISMA guidelines. An exhaustive bibliographic
search in Web of Science, PubMed, and Scopus was conducted considering the articles published
in the last 5 years. The selected articles were categorized according to the type of study. The risk of
bias was assessed using the Joanna Briggs Institute’s Critical Appraisal Tool for Systematic Reviews.
(3) Results: Thirteen studies had negative effects of aerobic exercise on intestinal microbiota such as
an upsurge in I-FABP, intestinal distress, and changes in the gut microbiota, such as an increase in
Prevotella, intestinal permeability and zonulin. In contrast, seven studies observed positive effects of
endurance exercise, including an increase in the level of bacteria such as increased microbial diversity
and increased intestinal metabolites. (4) Conclusions: A large part of the studies found reported
adverse effects on the intestinal microbiota when performing endurance exercises. In studies carried
out on athletes, more negative effects on the microbiota were found than in those carried out on
non-athletic subjects.

Keywords: aerobic exercise; adults; elite athletes; large intestine; gut microbiota

1. Introduction

The intestinal or gut microbiota is “the set of microbes that colonize our digestive tract
that interact with each other and with the host” [1-3]. Currently, more than one thousand
different microbial species have been found that can reside in the human gastrointestinal
tract [4]. Approximately one hundred sixty species are found in the large intestine [3],
developing a biomass of more than 1.5 kg [5]. The microbiota contain bacteria, as well as
fungi, viruses, and protists [1]. The most abundant and diverse families of bacteria in the
adult gastrointestinal tract are Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria,
and less diverse are Verrucomicrobia, Lentisphaerae, Sinergistetes, Planctomycetes, Tenericutes,
and Deinococcus-Thermus [2,3].
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The composition of the gut microbiota is formed throughout early childhood, induced
by genetic and environmental factors [1-3]. The maturation of the intestinal microbiota
in the adult type is gone at the age of three years [1,6]. Factors such as age, lifestyle, diet,
and genetics can alter the gut microbiota, creating a dynamic ecosystem [7]. Other related
factors could include mode of delivery, geography, breastfeeding, weaning, and exposure
to environmental bacteria [1]. Some researchers proposed that the intestinal microbiota can
act as an endocrine organ [8] and can have an enormous impact on human health, including
the immune function, physiology, metabolism, and nutrition of the host [9]. In the same
line, the gut microbiota performs a series of protective, structural, and metabolic functions
essential to the health of the host, including food handling, the ingestion of complex
polysaccharides not digestible by the host, the movement of pathogens, and the synthesis
of vitamins among others [10]. Observational studies have found that intestinal microbiota
may contribute either to the pathogenesis of various common metabolic disorders including
type 2 diabetes, obesity, cardio-metabolic diseases, malnutrition, and non-alcoholic liver
disease, as well as to the metabolic health of the human host [11]. Healthy gut microbiota
shows an essential role in the configuration of the local and systemic immune function of
intestinal bacteria throughout life, favoring the maintenance of tolerance toward antigens
of the commensals and activation against antigens of commensal pathogens [12]. The
intestinal microbiota plays an important role in the regulation of host energy metabolism,
hydration status, systemic inflammatory responses, and oxidative stress [13].

Physical exercise is described as the implementation of some activity in order to
improve or preserve overall health and physical fitness [14,15]. Currently, physical exercise
is recognized as a formidable preventive and treatment mediation that is recognized to be
efficient in causing benefits for immune and metabolic health [15,16]. Endurance exercise
is described as cardiovascular activity, for example: cycling, running, swimming, skiing,
and rowing that is performed for a long time, four to six hours per day, six days per
week [17]. This intense exercise includes processes that involve physiological, affective,
cognitive-behavioral, and biochemical responses in an effort to recover homeostasis [9].

Some professional athletes experience immunosuppression or gastrointestinal symp-
toms, such as abdominal pain, diarrhea, or leaky gut syndrome [8]. Alterations in the
intestinal microbiota produced by strenuous exercise can also produce exercise-induced
gastrointestinal disorders [18]. Some symptoms that are stated during the performance of
endurance exercise include bloating, nausea, cramps, and diarrhea [19]. It has been studied
that exercising to exhaustion can disrupt the balance among the gut microbiota and the
immune system [12]. Exercise-induced gastrointestinal damage or inflammation could
adversely affect athletic routine and, in some cases, have competition dropout [20]. An-
other study mentions that intense exercise creates increased gastrointestinal damage, mild
endotoxemia, and intestinal permeability [21]. The main finding in post-exercise gastroin-
testinal problems is possible ischemia-reperfusion injury developing from a momentary
interruption of splanchnic blood flow. When the intense physical exercise finishes, we ob-
served triggering reactive oxygen species (ROS) production, damage to the gastrointestinal
mucosa, and inflammation [22].

Likewise, it is little known thus far how high-intensity exercise influences the intestinal
microbiota [21]. The importance of knowing the mechanisms in which the intestinal
microbiota might have an important role in affecting athletic routine is of significant
attention to athletes working to expand their competitive performance and diminish
recuperation time during training [12]. Such information could have an advantage in the
comprehension of gut microbiota influences on athlete health [12].

Therefore, the main aim of this systematic review is to elucidate the knowledge of
the function played by high-intensity and high-duration aerobic exercise on gut micro-
biota composition in athletes and how these effects could provide disadvantages in their
sports performance.
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2. Materials and Methods
2.1. Search Strategy

This systematic review follows the PRISMA guidelines [23]. An exhaustive biblio-
graphic search of three databases (Web of Science, PubMed, and Scopus) was conducted
considering the articles published in the last 7 years (from 1 January 2015 to 31 August 2021).
Table 1 shows the search strategy in the Web of Science, PubMed, and Scopus databases.
This systematic review was listed on the PROSPERO (International prospective register of
systematic reviews) website on 5 May 2022, with the following record CRD42022323300.
Available from: https://www.crd.york.ac.uk/prospero/display_record. php?ID=CRD420
22323300 (accessed on 14 June 2022).

Table 1. Search strategy in databases.

Database Search Strategy Limits Filters
(ALL (Physical activity AND gut microbiota OR Physical
activity AND intestinal barrier OR Physical activity AND Title
Web of Science intestinal permeability OR Physical exercise AND gut Articles 238 items filtered
microbiota OR Physical exercise AND intestinal barrier OR English
Physical exercise AND intestinal permeability))
Title
(Physical activity OR physical exercise) AND (gut microbiota Articles . .
PubMed OR intestinal barrier OR intestinal permeability) English 104 items filtered
Humans
TITLE-ABS-KEY (physical AND activity AND gut AND
microbiota) OR (physical AND activity AND intestinal AND
barrier) OR (physical AND activity AND intestinal AND
permeability) OR (physical AND exercise AND gut AND
microbiota) OR (physical AND exercise AND intestinal AND
barrier) OR (physical AND exercise AND intestinal AND Title
Scopus permeability) AND (LIMIT-TO (OA, “all”)) AND (LIMIT-TO Articles 5934 items filtered
(PUBYEAR, 2022) OR LIMIT-TO (PUBYEAR, 2021) OR English

LIMIT-TO (PUBYEAR, 2020) OR LIMIT-TO (PUBYEAR, 2019)
OR LIMIT-TO (PUBYEAR, 2018) OR LIMIT-TO (PUBYEAR,
2017) OR LIMIT-TO (PUBYEAR, 2016) OR LIMIT-TO
(PUBYEAR, 2015)) AND (LIMIT-TO (DOCTYPE, “ar”)) AND
(LIMIT-TO (LANGUAGE, “English”))

2.2. Selection and Exclusion Criteria

The selection criteria were: (i) articles written in English, (ii) databases aforementioned,
(iif) human studies, (iv) original articles: clinical trials, randomized controlled trials (RCTs)
quasi-experimental, long-term, prospective, and cross-sectional studies, (v) articles from
January 2015 to August 2021. The exclusion criteria were: (i) studies that include people
with pathologies, (ii) studies that include animals, (iii) studies that comprise children under
18 years of age and older adults (+65 years), (iv) studies that intervened with supplements
or some diet, (v) case studies, case reports, letters to the editor, systematic review and
meta-analyses and narrative review. No restrictions were placed on the body composition
of the trained subject.

After removing repeated documents, suitability was measured by evaluation of the
manuscript title and abstract and later evaluation of the full text.

2.3. Data Extraction and Reliability

The search was carried out by five independent reviewers (R.B.-G., ER.-R., ].P.-D.,
C.J.-A. and A.R.-R.). They read the titles and abstracts of all retrieved articles. A meeting
was held to resolve disagreements about eligibility. The following information was collected
from each included study: the first author, year of publication, type of study, objective,
the number of subjects, body mass index (BMI), maximum oxygen consumption (VOzmax),
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gender, and age when it was available, type of exercise, how the exercise was carried
out, the molecular analysis used for the detection of the gut microbiota, the main results
obtained, and conclusions.

The selected articles were categorized according to the type of study (low-, medium-,
or high-intensity or long-term exercise interventions). The results of the studies that met
the selection criteria for their recovery were examined.

2.4. Assessment of the Quality and Level of Evidence

The risk of bias was assessed using the Joanna Briggs Institute’s Critical Appraisal Tool
for Systematic Reviews. In summary, this tool includes four specific checklists depending
on the study design (i.e., cross-sectional, quasi-experimental, cohort, RCTs studies). The
answers for each of them had four possible categories: “yes” (criterion met) and “no”
(criterion not met). Specific tools included: eight items for cross-sectional studies, nine
items for quasi-experimental, and thirteen items for RCTs. According to the above, the
studies were considered as “low quality” evidence when <49% of the items were classified
as “yes” (criterion met). Following, the articles were considered as “medium quality”
evidence between 50-74% of the items were scored as “yes” and “high quality” evidence
when >75% of the items were classified as “yes”. The answers “not applicable” and “non-
clear” were excluded by percentage [24-26]. The five reviewers assessed the studies” quality
separately. A consensus meeting was organized to resolve possible differences between
the reviewers.

3. Results

Figure 1 displays the chosen reporting elements for systematic reviews and the flow
chart for the search strategy. A total of 6277 studies were located in the three databases
assessed. Then, 95 studies were excluded for duplicates and 6136 studies were excluded
after reading the title and abstract that were outside the topic of the review. A total of
45 studies were assessed for eligibility. After analyzing the exclusion criteria, sixteen
studies were included. Seven studies had an observational design (i.e., five cross-sectional
and two long-term designs), and nine studies had an experimental design (eight were
quasi-experimental, and one was RCT).

Table 2 shows the summary of the studies included. This review is focused on data
from 513 participants, and the sample size ranged from 4 to 86 subjects. Two of the sixteen
studies involved only women [18,27], six involved only men [5,13,16,28-30], five involved
both men and women [7,9,22,31,32] and three studies did not report the sex of the sub-
jects [19,33,34]. The age of the subjects ranged from 18 and 49 years; two studies did not
report the age of the subjects [28,33]. The samples were from 10 different countries: three
studies were led in Poland, two in Spain, two in the United States, two in China, two in
Ireland, one in the United Kingdom, one in Australia, one in Belgium, one in Germany and
one from Japan.

Regarding the characteristics of the sample, eleven studies of the sixteen were con-
ducted on endurance athletes (runners, cyclists, and triathletes). Among these nine studies
considering medium- and long-distance runners [5,13,16,18,22,29,30,32,33], three studies
incorporated physically active subjects [27,31,34], one study on triathletes [19], a study
on cyclists [7], a study included martial arts professionals [9], and a study on rugby play-
ers [28]. Most of the studies incorporated in this systematic review (81%) used fecal samples
to determine changes in the intestinal microbiota. Of these, mainly 75% determined the 165
ribosomal RNA genetic sequence that is commonly used for identification, classification,
and quantitation of microbes within complex biological mixtures such as environmental
samples and intestinal samples. A minority of four studies (25%) used plasma samples
through the protein enzyme-linked immunosorbent assay test to determine markers such
as intestinal fatty-acid binding protein (I-FABP) related to mucosal damage, zonulin associ-
ated with intestinal permeability, and cortisol, c-reactive protein, and TNF-« related to a
proinflammatory status.
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Figure 1. Flowchart of articles through the search process.

The results revealed that nine studies showed negative effects of aerobic exercise on
the intestinal microbiota. Among these adverse effects, three studies found an increase in
I-FABP [5,16,29], one study presented intestinal distress [5], three studies observed negative
changes in the microbiome [30-32], two studies found an increase in Prevotella [7,33], three
studies observed an increase in intestinal permeability [16,19,29], and two studies reported
an increase in zonulin [19,29]. In contrast, seven studies observed positive effects of en-
durance exercise, including an increase in the level of bacteria such as Roseburia hominis,
Bifidobacterium spp., Akkermansia muciniphila, Faecalibacterium prausnitzii [18,27], Coriobacteri-
aceae [22], increased microbial diversity [9,13,33] and increased intestinal metabolites [28].

Additionally, an analysis has been performed to determine the study qualities included
in this review. For this, the Joanna Briggs Institute’s criterium checklist (Table 3) was
used. Different criteria were used according to the characteristics of the studies. In this
regard, one study fulfilled 100% of the criteria [27], and seven studies fulfilled >75% of the
quality criteria [7,9,13,27,28,31,33], classifying themselves as high quality. The rest of the
studies [5,16,18,19,22,29,30,32,34] were classified as medium quality because they obtained
a value between >50% and <75% of the criteria (among 50-69.2%). No studies with low
quality were found (<50% of the criteria).
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Table 2. Characteristics as the type of study, aim, sample, design, and mean results of the studies.

Author, Year

Type of Study

AIM

Sample

Study Design

Results

Pugh et al. (2017) [5]

Quasi-Experimental

Characterize the HIIT
effects on small intestinal
damage markers

n =11 (men runners trained)

Aged 33.1 + 10.4; VOppmax
60.0 + 3.2 mL/kg/min

Acute HIIT episode markers of
intestinal permeability and damage
were evaluated and compared with

resting conditions. Minimum
running performance of 10 km
(39 min) and a minimum of
5 workout sessions per week, using
serum sampling, pre-exercise, after
each set of exercises,
and 2 h post-baseline

HIIT significantly increased the
serum lactulose: rhamnose ratio and
sucrose concentrations Compared
with rest. In contrast, urinary
lactulose: rhamnose or sucrose
concentrations did not vary between
study groups. Plasma I-FABP
augmented in the recuperation
period from HIIT only. After 24 h of
HIIT, the researchers found mild
symptoms of GI distress

Liang et al. (2019) [9]

Cross-sectional

Whether
the intestinal microbiota is
distinctive between
higher-level and
lower-level athletes

n = 31 (professional martial
arts athletes).
15 women and 16 men;
aged 20-24

Martial arts athletes; Wushu routine,
vigorous, fast and dynamic sports.
The researchers used 165 rRNA gene
sequencing to determine the
intestinal changes

Higher-level athletes have
augmented metabolic capacity and
diversity in the intestinal microbiota
compared with lower-level athletes.

Petersen et al. (2017) [7]

Cross-sectional

Determine the presence of
distinctive organisms in
professional and amateur
level competitive cyclists

n = 33 (professional and
amateur level competitive
cyclists); 11 women and
22 men; aged 1949

The study used metatranscriptomic
(RNA-Seq) sequencing and mWGS

The increase in Prevotella was
associated with time reported
exercising during an average week.
Several professional cyclists have
augmented levels of
Methanobrevibacter smithii transcripts
compared with amateur cyclists.

Bressa et al. (2017) [27]

Cross-sectional

Compare intestinal
composition among two
groups divided by physical
exercise levels

n=40
(premenopausal women).
19 active and 21 sedentary
Aged 18-40;
BMI 20-25 kg/m?

The researchers used 16S rRNA gene
sequencing to determine the
intestinal changes

Performance of physical activity was
associated with the presence of
health-promoting bacteria
(R. hominis, A. muciniphila,
Bifidobacterium spp., and
F. prausnitzii). Decreased levels of
diversity were correlated with
sedentary parameters
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Table 2. Cont.

Author, Year

Type of Study

AIM

Sample

Study Design

Results

Karhu et al. (2017) [16]

Quasi-experimental

Evaluate the effect of
running on GI
function markers

n =17 (active runners);
8 women and 9 men;
aged 1845

The researchers measured secondary
variables, such as zonulin, levels of
serum intestinal I-FABP, and
bacterial LPS, among others

Both, serum I-FABP and intestinal
permeability increased after running,
without differences amongst groups.

No changes were observed in the

bacterial LPS in serum

Keohane et al.
(2019) [13]

Long-term

Analyze the changes in the
intestinal microbiota of four
well-trained male athletes
to prolonged, high-intensity
trans-oceanic rowing

n =4 (men athletes
transatlantic rowing). Aged
25-27; BMI 23-25 kg/m?;
VOoMax 46-50 mL/kg/min

Metagenomic whole-genome
shotgun sequencing was used

Intense exercise clearly impacts the
diversity of the intestinal microbiota,
with changes in specific bacteria
related to metabolic pathways

Bycura et al. (2021) [31]

Quasi-experimental

Impact of CRE or RTE on
intestinal microbiota

n =56
n =28 CRE group

(21 women; Aged 20.7; BMI
24.5 kg/m? and 7 men; aged
20; BMI 24.0 kg/m?. n = 28
RTE group (17 women; aged

20.4; BMI 23.2 kg/m? and

11 men; aged 22.6; BMI
24.59 kg/m?

Intestinal microbiota was measured
using 165 rRNA gene sequencing

The observed changes were
associated only with the CRE group,
resulting in disturbance of the
intestinal microbiota

Morishima et al.
(2020) [18]

Cross-sectional

Effects of
highly intensive endurance
exercise on the intestinal
microbiota and its
relationship with the onset
of the exercise-induced
GI disorders

n =29 (15 women Japanese
endurance runners and
14 nonathletic but
healthy women).
Aged 20-21;

BMI 20.7-21.9 kg/m?

Fecal microbiota was tested using
16S rRNA metagenomics, and other
variables such as moisture content,
organic acids, and putrefactive
metabolites concentrations
were examined

Female elite endurance runners have
more abundance of Faecalibacterium,
and these changes could be
associated with the succinate
concentration in this group

Tota et al. (2019) [19]

Long-term

Evaluate intestinal and
muscle damage
in triathletes

n = 15 (triathletes).
Aged 6-14;
VOZmax
58.8 £ 4.5 mL/kg/min

Variables used for the analysis were:
cortisol, c-reactive protein, zonulin,
and TNF-a

Zonulin and variables of
permeability were augmented after
the race
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Table 2. Cont.

Author, Year

Type of Study

AIM

Sample

Study Design

Results

Zhao et al. (2018) [22]

Quasi-experimental

The gut microbiota
immediately responds to
the enteric changes
in amateur
half-marathon runners

n =20 (4 women and 16 men
amateur
half-marathon runners).
Aged 31.3;

BMI 22.6 kg/m?

Fecal samples were analyzed before
and after the marathon using 16
rDNA sequencing analyses

Coriobacteriaceae changes were

related to the exercise role in

avoiding disease and refining
health outcomes.

Moitinho-Silva et al.
(2021) [34]

Randomized
controlled trial

Analyze the changes in the
intestinal microbiota on
previously physically
inactive, healthy adults in
comparison to controls that
did not perform
regular exercise

n =36 (11 controls;
13 endurance group;
12 strength group). Aged

22-41.3; BMI 19.7-32.5 kg/m?

Fecal microbiota was tested using
16S rRNA metagenomics

Mucosal damage and inflammation
were found after short-term
resistance training. No changes were
observed in intestinal microbiota

Sadowska-Krepa et al.
(2021) [29]

Quasi-experimental

Evaluate intestinal damage
in middle-aged
male subjects

n =10 (amateur
long-distance runners).
Aged 21-35

Variables used for the analysis were:

TAS, TOS/TOC, hs-CRP, I-FABP,
and zonulin

After the exercise, the levels of
intestinal permeability biomarkers
as, hs-CRP, I-FABP, zonulin, and
inflammation were augmented

Kulecka et al.
(2020) [33]

Quasi-experimental

Evaluate differences in
intestinal microbiota
amongst healthy controls
and endurance athletes

n=71
n = 14 marathon runners;
n =11 cross-country skiers;
n = 46 healthy
control individuals

Fecal microbiota was tested using
16S rRNA metagenomics

Excessive training is associated with
changes in Bacteroides and Prevotella
and bacterial diversity

Tabone et al. (2021) [30]

Quasi-experimental

Determine whether the
changes are driven
by exercise
on the gut microbiota (with
16S rRNA gene) and the
serum and
fecal metabolome

n =40 (men endurance
cross-country runners).
Aged 35.8 & 8.0; BMI
22.8 4 2.1 kg/m?; VOpmax
58.8 £ 3.24 mL/kg/min

Fecal microbiota was tested using
16S rRNA metagenomics

The changes in gut microbiota could
be related to physiological changes
in ammonia, uric acid, and lactate
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Table 2. Cont.

Author, Year

Type of Study

AIM

Sample

Study Design

Results

Barton et al. (2017) [28]

Cross-Sectional

Evaluate differences in
intestinal microbiota
amongst
exercise and a more
sedentary state

n = 86 (40 men professional
international rugby union
players and 46 men controls)

Fecal microbiota was tested using
16S rRNA metagenomics

Professional international rugby
union players had more favorable
effects in metabolic pathways than

the control group

Craven et al. (2021) [32]

Quasi-experimental

Evaluate differences in
intestinal microbiota
according to
training volume

n = 14 (highly trained
middle-distance runners).
n =6 women; aged 22.0 & 3.4;
VO2max
59.0 + 3.2 mL/kg/min
n =8 men; aged 20.7 £ 3.2;
VO2max
70.1 &£ 4.3 mL/kg/min

Fecal microbiota was tested using
16S rRNA metagenomics

No changes were observed in
intestinal microbiota according to
training volume in upper taxons.
Changes in family, genus, and
species were observed, these changes
did not return to pre-levels

Abbreviations: AFT, after fecal; BEF, before fecal; BMI, body mass index; CRE, cardiorespiratory exercise; DS, standard deviation; FCCS, female cross-country skiers; FDR, false discovery
rate; FMR, female marathon runners; GI, gastrointestinal; HIIT, high-intensity interval training; hs-CRP, High-sensitivity C-reactive protein; HvolTr, high-volume training; I-FABP,
intestinal fatty acid-binding protein; kg/m?, kilogram per square meter; LPS, lipopolysaccharide; MCCS, male cross-country skiers; MCHC, mean corpuscular hemoglobin concentration;
mL/kg/min, milliliters per minute per kilogram; MMR, male marathon runners; mWGS, metagenomic whole genome shotgun; NormTr normal training; PGM, personal genome
machine; PWC, physical working capacity; rRNA, ribosomal ribonucleic acid; RTE, resistance training exercise; TaperTr, exponential reduction in training; TAS, total antioxidant status;
TOC, total oxidant capacity; TOS, total oxidant status; VOpmax, the maximum amount of oxygen; WHO, World Health Organization; WSER, Western States Endurance Run.
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Table 3. Checklist from Joanna Briggs Institute’s criterium according to kind of study, percentage of
criterium reached, and quality level of evidence.

Criteriums According to Kind of Study

Authors

1 Percentage  Quality

N

3 4 5 6 7 8 9 10 11 12 13

Reached Level
Pugh et al. [5] 1 0 0 0 1 1 1 1 1 66.7 MQ
Liang et al. [9] 0 1 1 1 1 0 1 1 75.0 HQ
Petersen et al. [7] 0 1 1 1 1 0 1 1 75.0 HQ
Bressa et al. [27] 1 1 1 1 1 1 1 1 100.0 HQ
Karhu et al. [16] 1 0 0 0 1 1 1 1 0 55.6 MQ
Keohane et al. [13] 0 1 1 1 1 1 1 1 87.5 HQ
Bycura et al. [31] 1 1 1 0 1 1 1 1 1 88.9 HQ
Morishima et al. [18] 0 0 1 1 1 0 0 1 50.0 MQ
Tota et al. [19] 0 1 1 1 0 0 1 0 50.0 MQ
Zhao et al. [22] 0 0 0 0 1 1 1 1 1 55.6 MQ
Moitinho-Silva et al. [34] 1 0 1 0 0 0 1 1 1 1 1 1 1 69.2 MQ
Sadowska-Krepa et al. [29] 1 0 0 0 1 1 0 1 1 55.6 MQ
Kulecka et al. [33] 0 1 1 1 1 1 1 1 1 88.9 HQ
Tabone et al. [30] 1 0 0 0 1 1 1 1 1 66.7 MQ
Barton et al. [28] 1 0 1 1 0 1 1 1 75.0 HQ
Craven et al. [32] 0 0 0 0 1 1 1 1 1 55.6 MQ

HQ: high quality; MQ: medium quality.

4. Discussion

The main aim of this study was to elucidate the recent knowledge of the function
played by high-intensity and high-duration aerobic exercise on gut microbiota composition
in athletes and how these effects could provide disadvantages in sports performance.

Since the beginning of the metagenomic era, microbial communities have been associ-
ated with human health [35]. We have described that the microbiota, the full collection of
microbes, are important in the development of several diseases [36]. However, the presence
of these microbes is not the only factor that affects the host. The genetics of all the microbes
(bacteria, fungi, protozoa, and viruses), defined as the microbiome, and the metabolic
products that they produce are other sources of important changes [37]. Centenarians have
shown specific intestinal microbiota that are improved in microbes that are efficient in
generating exclusive secondary bile acids comprising different lithocholic acid isoforms:
isoallolithocholic acid, iso-, 3-oxo, allo-, and 3-oxoallo- [38].

The metabolic catalog of the intestinal microbiome is immense, but the well-being
associations of these bacterial pathways is weakly comprehended. In the case of physical
exercise, Veillonella atypica increases run time in humans via its metabolic conversion of
exercise-induced lactate into propionate, thus recognizing a natural, microbiome-encoded
enzymatic process that enhances athletic performance [39].

Following these lines, the main topics in the present systematic review were: (i) the
strategies of analysis, (ii) the effects of exercise duration on microbiota, and finally, (iii) the
effects of exercise intensity on the microbiota.

4.1. Strategies of Analysis

These microbes could be analyzed by several molecular techniques, for example using
probes that detected a long range of bacterial strains [40]. This approach is more general, in
which microbes could be presented in the sample, and is less effective in an individual and
precise identification. In addition, another alternative is using the conserved 16S ribosomal
RNA gene [41], which allows us better sensibility and precision in identification. These
methods are joined with plenty of bioinformatic tools and processes [42]. Finally, other
biochemical techniques such as assessment of intestinal permeability and gastrointestinal
discomfort were used.
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Since the initiation of high-throughput sequencing, PCR-amplified 16S sequences
have habitually been gathered based on similarity to produce operational taxonomic units
(OTUs), amplicon sequence variants (ASVs), and these descriptive sequences compared
with reference databases such as Silva [43] or Greengenes [44], and Ribosomal Database
Project (RDP) [45] to extrapolate the taxonomy [46].

In the total of 16 studies, we found that the majority of the studies used the 165 rRNA
technique and metagenomic approaches (12/16; 75.0%), which ensure strong identification
of the microbes that are presented in the different samples. The remaining studies (4/16;
25.0%) have reported secondary values, such as intestinal permeability or the release of
different proteins, which could show a general perspective about gut microbiota.

The conclusions that were based on 16S and metagenomic approaches were more
consistent and allowed the investigators to attribute the effects or not to individual genera
or singular strains. Another important issue in the strategies of analysis was the type
of study. Here, we have eight quasi-experimental studies, five cross-sectional studies,
two long-term studies, and one RCT.

4.2. Effects of Exercise Duration on Microbiota

Physical activity, exercise, or physical fitness are considered advantageous therapies
to decrease inflammatory pathways [47]. Recent evidence proposes that exercise can
positively modify the intestinal microbiota composition in healthy adults [47,48]. These
changes can also be discovered in patients with inflammatory bowel disease. Exercise
programs of at least 12 weeks produce modifications in the gut microbiota composition
through immunometabolic pathways associated with anti-inflammatory effects [49].

A recent systematic review has found that Prevotella relative abundance looks to
be associated with training duration [50]. In our systematic review, we found a similar
result with a high Prevotella abundance associated with time-reported exercising during an
average week. In addition, the authors have found that Methanobrevibacter smithii transcripts
were more predominant in professional cyclists in comparison to amateur cyclists [7]. In
the same line, a higher Faecalibacterium abundance was found in the intestinal microbiota
of female elite endurance runners related to the accumulation of succinate [18]. Marathon
runners have shown increased levels of Prevotella and bacterial diversity [33] and alterations
in the intestinal microbiota related to Coriobacteriaceae [22]. Both Faecalibacterium and
Prevotella are related to human health benefits [51,52] and to plant-rich diets characterized
by high levels of complex carbohydrates and vegetable and fruit intake [51,52]. The family
Coriobacteriaceae may partly mediate the positive effects of Roux-en-Y gastric bypass on
type 2 diabetes [53].

According to the secondary variables related to the gut microbiota, the studies have
shown that running induced an upsurge in serum I-FABP concentration and intestinal
permeability, but there were no differences between asymptomatic and symptomatic run-
ners [16]. Serum LPS activity did not change from baseline following the running test,
but the symptomatic group exhibited higher LPS activity at baseline compared to the
asymptomatic runners [16]. Twelve-hour runs would provoke metabolic stress in middle-
aged amateur runners and elevated levels of biomarkers such as zonulin, hs-CRP, and
I-FABP [29]. Endurance-sport athletes have excessive gastrointestinal disorders prevalence
and bargaining performance, possibly affecting general health status. Ultramarathoners
and triathlon athletes have shown an increase in several proinflammatory cytokines and
proteins [54]. The analyzed studies have shown a pro-inflammatory status related to in-
testinal microbiota, similar to the recent systematic review that states that exercise duration
could be related to a higher pro-inflammatory bacteria abundance [50,55,56].

Exercise is a powerful intervention to fight obesity that is also related to a proinflam-
matory status and poorer vascular function [57]. Studies relating to intestinal microbiota
changes have stated that exercise could raise the microbial variance and enhance the
Firmicutes / Bacteroidetes ratio, and both actions could neutralize obesity progression and
diminish body weight [47]. Finally, the duration of the exercise should change the intestinal
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microbiota composition, especially in beneficial-related bacteria, and as a consequence,
permeability intestinal [58]. There is no detailed information regarding the ideal duration
of the exercise, how the exercise could interact with the diet, and how other microbes
(Archaea, viruses, and fungi) could be influenced by the duration of the exercise. Those
issues remain unclear, and further studies are required.

4.3. Effects of Exercise Intensity on Microbiota

Several studies mention that aerobic exercise can be a beneficial strategy for modulat-
ing the microbiota composition in the presence of metabolic diseases, specifical exercises of
moderate or vigorous intensity [59]. It has also been reported that stress induced by intense
exercise increases intestinal inflammation and an increase in Ruminococcus gnavus, as well
as Butyrivibrio, Coprococcus, and Oscillospira, and a decrease in Turicibacter spp. [17].

In athletes who practice intense and prolonged exercises, they report a particular
microbiota composition, described by a bigger abundance of bacteria involved in inflamma-
tory processes, such as Haemophilus and Rothia [60], Mucispirillum [61,62], and Ruminococcus
gnavus [63]. Faecalibacterium abundance, generally recognized as favorable to human
health [64-66], has been detected concurrently with an excessive pro-inflammatory abun-
dance of bacteria in endurance runners whose abnormal gut environment may cause it to
act as an opportunistic bacterium [18]. Finally, in a recent RCT [67], a reduction in microbial
heterogeneity was observed in the intense-exercise group versus the control group.

On the contrary, it has been studied that intense exercise can reduce intestinal inflam-
mation by changing the microbial profile [68]. An increase in Bacteroidetes has also been
observed, which might be helpful to athletes by having a crucial role in the metabolic
conversion of protein, complex sugar polymers degradation [4,68-71], improvements in
glucose metabolism, and branched-chain amino acid degradation [72-75]. Another study
defined that high-intensity exercise increases mitochondrial function and grows essential
bacteria in urease production and lactate metabolism [76].

Likewise, a study showed that high-intensity interval training and resistance work
modified the composition of the intestinal microbiota [77]. Regarding resistance work, it
is capable of modestly modifying the microbiota composition and function compared to
other types of exercise [78].

Regarding moderate-intensity exercise, a study in obese mice showed alterations in the
gut microbiota of the colon and effective activation of the AMPK/CDX2 signaling pathway
to improve the intestinal barrier [79]. In this sense, this has defined a correlation between
cardiorespiratory fitness and greater microbial diversity in healthy subjects; therefore,
enhanced cardiovascular fitness and oxygen consumption correlate positively with a more
diverse microbial profile [80]. In accordance with the above, it has also been studied that
subjects with low aerobic capacity display a greater Eubacterium rectale-Clostridium coccoides
presence, related to metabolic disorders [81,82]. However, moderate-low intensity training
has also been indicated to produce limited gut microbiota changes, and higher intensity
appears to be essential in provoking changes in obese and overweight subjects [50]. Some
specific microbial genera were related to specific diets and exercise-induced regulation
of cardiometabolic health [83]. Figure 2 summarizes the main findings in the present
systematic review.

4.4. Limitations of the Study

This study has found some limitations. The first of these is that not all the studies
were controlled trials. Furthermore, only 7 of the 16 studies are of high quality. This
makes interpretation difficult and increases bias. Therefore, caution should be exercised
in interpreting the data obtained in this review. In addition, a combination of methods
of measuring the quality of the articles had to be carried out based on the type of study.
That is, one type of criterion was used for a cross-sectional study, another criterion for
controlled trials, another criterion for quasi-experimental, etc. Finally, the studies used
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Figure 2. Interaction of different intensities and duration of exercise on the intestinal microbiota.
Abbreviations: CRP, C-reactive protein; hs-CRP, high-sensitivity C-reactive protein; I-FABP, intestinal
fatty-acid binding protein; IL, interleukin.

5. Conclusions

Using the main findings of the present systematic review, it can be established that
a large part of the studies found reported adverse effects on the intestinal microbiota
when performing endurance exercises, such as an increase in distress, bacteria, a decrease
in microbial diversity, and an intestinal permeability decrease. However, the rest of the
studies found positive effects with aerobic exercise. In addition, in the studies carried out
on athletes, more negative effects on the microbiota were found than in those carried out on
non-athletic subjects. It was observed that strength training obtains the lowest benefits to
the microbiota. In general, it is appreciated that the studies obtain molecules that favor the
microbiota and other pro-inflammatory elements at the same time. This leads us to think
that there is no absolute clarity of the mechanisms and personal and environmental factors
that influence an improvement or worsening of the microbiota as a function of exercise.
Future studies should propose what is the amount of exercise that must be achieved in
order to have favorable effects on the microbiota and what is the cut-off point in the dose
of exercise that begins to worsen the conditions of the intestinal microbiome.

Author Contributions: R.B.-G., J.P-D., C]J.-A., A.R.-R. and FR.-R. participated in the bibliographic
search, discussion, and writing of the manuscript. R.B.-G.,].P-D., CJ.-A., A.R-R. and ER.-R. designed
the work. RB.-G,, J.P.-D., CJ.-A., AR.-R. and ER.-R. revised the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: J.P.-D. is part of the “UGR Plan Propio de Investigacién 2016” and the “Excellence actions:
Unit of Excellence on Exercise and Health (UCEES), University of Granada”. ].P-D. is supported by a
fellowship awarded to postdoctoral researchers at foreign universities and research centers from the
“Fundacion Ramoén Areces”, Madrid, Spain.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Environ. Res. Public Health 2022, 19, 9518 14 of 17

References

1.  Sokol, H. Definition and roles of the gut microbiota. La Rev. Du Prat. 2019, 69, 776-782.

2. Hold, G.L. The gut microbiota, dietary extremes and exercise. Gut 2014, 63, 1838-1839. [CrossRef]

3. Mach, N.; Fuster-Botella, D. Endurance exercise and gut microbiota: A review. J. Sport Health Sci. 2016, 6, 179-197. [CrossRef]

4. Rajili¢-Stojanovié, M.; De Vos, WM. The first 1000 cultured species of the human gastrointestinal microbiota. FEMS Microbiol. Rev.
2014, 38, 996-1047. [CrossRef] [PubMed]

5. Pugh, ].N.; Impey, S.G.; Doran, D.A; Fleming, S.C.; Morton, J.P; Close, G. Acute high-intensity interval running increases markers
of gastrointestinal damage and permeability but not gastrointestinal symptoms. Appl. Physiol. Nutr. Metab. 2017, 42, 941-947.
[CrossRef]

6. Monda, V., Villano, I.; Messina, A.; Valenzano, A.; Esposito, T.; Moscatelli, F; Viggiano, A.; Cibelli, G.; Chieffi, S.; Monda, M.; et al.
Exercise Modifies the Gut Microbiota with Positive Health Effects. Oxid. Med. Cell. Longev. 2017, 2017, 3831972. [CrossRef]
[PubMed]

7.  Petersen, L.M.; Bautista, E.J.; Nguyen, H.; Hanson, B.M.; Chen, L.; Lek, S.H.; Sodergren, E.; Weinstock, G.M. Community
characteristics of the gut microbiomes of competitive cyclists. Microbiome 2017, 5, 98. [CrossRef]

8. Schmitz, L.; Ferrari, N.; Schwiertz, A.; Rusch, K.; Woestmann, U.; Mahabir, E.; Graf, C. Impact of endurance exercise and probiotic
supplementation on the intestinal microbiota: A cross-over pilot study. Pilot Feasibility Stud. 2019, 5, 76. [CrossRef] [PubMed]

9. Liang, R.; Zhang, S.; Peng, X.; Yang, W.; Xu, Y.; Wu, P.; Chen, ].; Cai, Y.; Zhou, ]. Characteristics of the gut microbiota in professional
martial arts athletes: A comparison between different competition levels. PLoS ONE 2019, 14, e0226240. [CrossRef]

10. Clarke, G;; Stilling, R.M.; Kennedy, PJ.; Stanton, C.; Cryan, J.F; Dinan, T.G. Minireview: Gut Microbiota: The Neglected Endocrine
Organ. Mol. Endocrinol. 2014, 28, 1221-1238. [CrossRef]

11. Fan, Y.; Pedersen, O. Gut microbiota in human metabolic health and disease. Nat. Rev. Microbiol. 2021, 19, 55-71. [CrossRef]
[PubMed]

12. Ticinesi, A.; Lauretani, F.; Tana, C.; Nouvenne, A.; Ridolo, E.; Meschi, T. Exercise and immune system as modulators of intestinal
microbiome: Implications for the gut-muscle axis hypothesis. Exerc. Immunol. Rev. 2019, 25, 84-95. [PubMed]

13.  Keohane, D.M.; Woods, T.; O’Connor, P.; Underwood, S.; Cronin, O.; Whiston, R.; O’Sullivan, O.; Cotter, P.; Shanahan, F.; Molloy,
M.G. Four men in a boat: Ultra-endurance exercise alters the gut microbiome. . Sci. Med. Sport 2019, 22, 1059-1064. [CrossRef]

14. Caspersen, C.J.; Powell, K.E.; Christenson, G.M. Physical activity, exercise, and physical fitness: Definitions and distinctions for
health-related research. Public Health Rep. 1985, 100, 126-131.

15. Ortega, EB.; Ruiz, J.R.; Castillo, M.].; Sjostrém, M. Physical fitness in childhood and adolescence: A powerful marker of health.
Int. J. Obes. 2008, 32, 1-11. [CrossRef] [PubMed]

16. Karhu, E.; Forsgard, R.A.; Alanko, L.; Alfthan, H.; Pussinen, P.; Hamaildinen, E.; Korpela, R. Exercise and gastrointestinal
symptoms: Running-induced changes in intestinal permeability and markers of gastrointestinal function in asymptomatic and
symptomatic runners. Eur. J. Appl. Physiol. 2017, 117, 2519-2526. [CrossRef] [PubMed]

17.  Clark, A.; Mach, N. Exercise-induced stress behavior, gut-microbiota-brain axis and diet: A systematic review for athletes. J. Int.
Soc. Sports Nutr. 2016, 13, 43. [CrossRef] [PubMed]

18.  Morishima, S.; Aoi, W.; Kawamura, A.; Kawase, T.; Takagi, T.; Naito, Y.; Tsukahara, T.; Inoue, R. Intensive, prolonged exercise
seemingly causes gut dysbiosis in female endurance runners. . Clin. Biochem. Nutr. 2021, 68, 253-258. [CrossRef]

19. Tota, L.; Piotrowska, A.; Patka, T.; Morawska, M.; Mikul'akova, W.; Mucha, D.; Zmuda-Patka, M.; Pilch, W. Muscle and intestinal
damage in triathletes. PLoS ONE 2019, 14, e0210651. [CrossRef]

20. Grosicki, GJ.; Durk, RP; Bagley, ].R. Rapid gut microbiome changes in a world-class ultramarathon runner. Physiol. Rep. 2019, 7, €14313.
[CrossRef]

21. Dalton, A.; Mermier, C.; Zuhl, M. Exercise influence on the microbiome—gut-brain axis. Gut Microbes 2019, 10, 555-568. [CrossRef]
[PubMed]

22. Zhao, X.; Zhang, Z.; Hu, B.; Huang, W.; Yuan, C.; Zou, L. Response of Gut Microbiota to Metabolite Changes Induced by
Endurance Exercise. Front. Microbiol. 2018, 9, 765. [CrossRef]

23. Page, M.].; McKenzie, ].E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A.; Brennan,
S.E,; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. Int. J. Surg. 2021, 88, 105906.
[CrossRef]

24. Haynes, A.; Kersbergen, I; Sutin, A.; Daly, M.; Robinson, E. A systematic review of the relationship between weight status
perceptions and weight loss attempts, strategies, behaviours and outcomes. Obes. Rev. 2017, 19, 347-363. [CrossRef] [PubMed]

25. Molina-Garcia, P.; Migueles, ].H.; Cadenas-Sanchez, C.; Esteban-Cornejo, I.; Mora-Gonzalez, J.; Rodriguez-Ayllon, M.; Plaza-
Florido, A.; Vanrenterghem, J.; Ortega, E.B. A systematic review on biomechanical characteristics of walking in children and
adolescents with overweight/obesity: Possible implications for the development of musculoskeletal disorders. Obes. Rev. 2019,
20,1033-1044. [CrossRef]

26. Van Ekris, E.; Altenburg, T.; Singh, A.S.; Proper, K.I.; Heymans, M.; Chinapaw, M. An evidence-update on the prospective

relationship between childhood sedentary behaviour and biomedical health indicators: A systematic review and meta-analysis.
Obes. Rev. 2016, 17, 833-849. [CrossRef] [PubMed]


http://doi.org/10.1136/gutjnl-2014-307305
http://doi.org/10.1016/j.jshs.2016.05.001
http://doi.org/10.1111/1574-6976.12075
http://www.ncbi.nlm.nih.gov/pubmed/24861948
http://doi.org/10.1139/apnm-2016-0646
http://doi.org/10.1155/2017/3831972
http://www.ncbi.nlm.nih.gov/pubmed/28357027
http://doi.org/10.1186/s40168-017-0320-4
http://doi.org/10.1186/s40814-019-0459-9
http://www.ncbi.nlm.nih.gov/pubmed/31198580
http://doi.org/10.1371/journal.pone.0226240
http://doi.org/10.1210/me.2014-1108
http://doi.org/10.1038/s41579-020-0433-9
http://www.ncbi.nlm.nih.gov/pubmed/32887946
http://www.ncbi.nlm.nih.gov/pubmed/30753131
http://doi.org/10.1016/j.jsams.2019.04.004
http://doi.org/10.1038/sj.ijo.0803774
http://www.ncbi.nlm.nih.gov/pubmed/18043605
http://doi.org/10.1007/s00421-017-3739-1
http://www.ncbi.nlm.nih.gov/pubmed/29032392
http://doi.org/10.1186/s12970-016-0155-6
http://www.ncbi.nlm.nih.gov/pubmed/27924137
http://doi.org/10.3164/jcbn.20-131
http://doi.org/10.1371/journal.pone.0210651
http://doi.org/10.14814/phy2.14313
http://doi.org/10.1080/19490976.2018.1562268
http://www.ncbi.nlm.nih.gov/pubmed/30704343
http://doi.org/10.3389/fmicb.2018.00765
http://doi.org/10.1016/j.ijsu.2021.105906
http://doi.org/10.1111/obr.12634
http://www.ncbi.nlm.nih.gov/pubmed/29266851
http://doi.org/10.1111/obr.12848
http://doi.org/10.1111/obr.12426
http://www.ncbi.nlm.nih.gov/pubmed/27256486

Int. J. Environ. Res. Public Health 2022, 19, 9518 150f 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Bressa, C.; Bailén-Andrino, M.; Pérez-Santiago, J.; Gonzélez-Soltero, R.; Pérez, M.; Montalvo-Lominchar, M.G.; Maté-Mufioz, J.L.;
Dominguez, R.; Moreno, D.; Larrosa, M. Differences in gut microbiota profile between women with active lifestyle and sedentary
women. PLoS ONE 2017, 12, e0171352. [CrossRef]

Barton, W.; Penney, N.C.; Cronin, O.; Garcia-Perez, I.; Molloy, M.G.; Holmes, E.; Shanahan, F.; Cotter, P.D.; O’Sullivan, O. The
microbiome of professional athletes differs from that of more sedentary subjects in composition and particularly at the functional
metabolic level. Gut 2018, 67, 625-633. [CrossRef]

Sadowska-Krepa, E.; Rozpara, M.; Rzetecki, A.; Barikowski, S.; Zebrowska, A.; Pilch, W. Strenuous 12-h run elevates circulating
biomarkers of oxidative stress, inflammation and intestinal permeability in middle-aged amateur runners: A preliminary study.
PLoS ONE 2021, 16, €0249183. [CrossRef] [PubMed]

Tabone, M.; Bressa, C.; Garcia-Merino, J.A.; Moreno-Pérez, D.; Van, E.C.; Castelli, FEA.; Fenalille, F.; Larrosa, M. The effect of acute
moderate-intensity exercise on the serum and fecal metabolomes and the gut microbiota of cross-country endurance athletes.
Sci. Rep. 2021, 11, 3558. [CrossRef]

Bycura, D.; Santos, A ; Shiffer, A.; Kyman, S.; Winfree, K.; Sutliffe, J.; Pearson, T.; Sonderegger, D.; Cope, E.; Caporaso, J. Impact of
Different Exercise Modalities on the Human Gut Microbiome. Sports 2021, 9, 14. [CrossRef] [PubMed]

Craven, J.; Cox, A.],; Bellinger, P.; Desbrow, B.; Irwin, C.; Buchan, J.; McCartney, D.; Sabapathy, S. The influence of exercise training
volume alterations on the gut microbiome in highly-trained middle-distance runners. Eur. J. Sport Sci. 2021; in press. [CrossRef]
Kulecka, M.; Fraczek, B.; Mikula, M.; Zeber-Lubecka, N.; Karczmarski, J.; Paziewska, A.; Ambrozkiewicz, F,; Jagusztyn-Krynicka,
K.; Cieszczyk, P.; Ostrowski, . The composition and richness of the gut microbiota differentiate the top Polish endurance athletes
from sedentary controls. Gut Microbes 2020, 11, 1374-1384. [CrossRef] [PubMed]

Moitinho-Silva, L.; Wegener, M.; May, S.; Schrinner, F.; Akhtar, A.; Boysen, T.].; Schaeffer, E.; Hansen, C.; Schmidt, T.; Rithlemann,
M.C. Short-term physical exercise impacts on the human holobiont obtained by a randomised intervention study. BMC Microbiol.
2021, 21, 162. [CrossRef] [PubMed]

Turnbaugh, PJ.; Gordon, J.I. The core gut microbiome, energy balance and obesity. J. Physiol. 2009, 587, 4153—4158. [CrossRef]
[PubMed]

Shreiner, A.B.; Kao, ].Y.; Young, V.B. The gut microbiome in health and in disease. Curr. Opin. Gastroenterol. 2015, 31, 69-75.
[CrossRef] [PubMed]

Berg, G.; Rybakova, D.; Fischer, D.; Cernava, T.; Verges, M.-C.C.; Charles, T.; Chen, X.; Cocolin, L.; Eversole, K.; Corral, G.H.; et al.
Microbiome definition re-visited: Old concepts and new challenges. Microbiome 2020, 8, 103. [CrossRef]

Sato, Y.; Atarashi, K.; Plichta, D.R.; Arai, Y.; Sasajima, S.; Kearney, S.M.; Suda, W.; Takeshita, K.; Sasaki, T.; Okamoto, S.; et al.
Novel bile acid biosynthetic pathways are enriched in the microbiome of centenarians. Nature 2021, 599, 458-464. [CrossRef]
Scheiman, J.; Luber, ].M.; Chavkin, T.; Macdonald, T.; Tung, A.; Pham, L.-D.; Wibowo, M.C.; Wurth, R.C.; Punthambaker, S.;
Tierney, B.; et al. Meta-omics analysis of elite athletes identifies a performance-enhancing microbe that functions via lactate
metabolism. Nat. Med. 2019, 25, 1104-1109. [CrossRef]

Curk, T.; Brackley, C.A.; Farrell, ].D.; Xing, Z.; Joshi, D.; Direito, S.; Bren, U.; Angioletti-Uberti, S.; Dobnikar, J.; Eiser, E.; et al.
Computational design of probes to detect bacterial genomes by multivalent binding. Proc. Natl. Acad. Sci. USA 2020, 117,
8719-8726. [CrossRef]

Clarridge, J.E. Impact of 16S rRNA Gene Sequence Analysis for Identification of Bacteria on Clinical Microbiology and Infectious
Diseases. Clin. Microbiol. Rev. 2004, 17, 840-862. [CrossRef]

Peterson, D.; Bonham, K.S.; Rowland, S.; Pattanayak, C.W.; Klepac-Ceraj, V.; RESONANCE Consortium; Deoni, S.C.L.; D’Sa,
V.; Bruchhage, M.; Volpe, A_; et al. Comparative Analysis of 165 rRNA Gene and Metagenome Sequencing in Pediatric Gut
Microbiomes. Front. Microbiol. 2021, 12, 670336. [CrossRef] [PubMed]

German Network for Bioinformatic Infrastructure. SILVA rRNA Database Project. Available online: https:/ /www.arb-silva.de
(accessed on 22 May 2022).

McDonald, D.; Price, M.N.; Goodrich, J.; Nawrocki, E.P.; DeSantis, T.Z.; Probst, A.; Andersen, G.L.; Knight, R.; Hugenholtz, P. An
improved Greengenes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea. ISME ].
2012, 6, 610-618. [CrossRef] [PubMed]

Wang, Q.; Garrity, G.M.; Tiedje, ].M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261-5267. [CrossRef] [PubMed]

Johnson, ].S.; Spakowicz, D.J.; Hong, B.-Y.; Petersen, L.M.; Demkowicz, P.; Chen, L.; Leopold, S.R.; Hanson, B.M.; Agresta, H.O.;
Gerstein, M.; et al. Evaluation of 165 rRNA gene sequencing for species and strain-level microbiome analysis. Nat. Commun. 2019,
10, 5029. [CrossRef] [PubMed]

Aragon-Vela, |.; Solis-Urra, P.; Ruiz-Ojeda, FJ.; Alvarez-Mercado, A.L; Olivares-Arancibia, J.; Plaza-Diaz, J. Impact of Exercise on
Gut Microbiota in Obesity. Nutrients 2021, 13, 3999. [CrossRef] [PubMed]

Ramos, C.; Gibson, G.R.; Walton, G.E.; Magistro, D.; Kinnear, W.; Hunter, K. Systematic Review of the Effects of Exercise and
Physical Activity on the Gut Microbiome of Older Adults. Nutrients 2022, 14, 674. [CrossRef]

Mc Gettigan, N.; O'Toole, A.; Boland, K. “Role of exercise in preventing and restoring gut dysbiosis in patients with inflammatory
bowel disease”: A letter to the editor. World ]. Gastroenterol. 2022, 28, 878-890. [CrossRef]


http://doi.org/10.1371/journal.pone.0171352
http://doi.org/10.1136/gutjnl-2016-313627
http://doi.org/10.1371/journal.pone.0249183
http://www.ncbi.nlm.nih.gov/pubmed/33793597
http://doi.org/10.1038/s41598-021-82947-1
http://doi.org/10.3390/sports9020014
http://www.ncbi.nlm.nih.gov/pubmed/33494210
http://doi.org/10.1080/17461391.2021.1933199
http://doi.org/10.1080/19490976.2020.1758009
http://www.ncbi.nlm.nih.gov/pubmed/32401138
http://doi.org/10.1186/s12866-021-02214-1
http://www.ncbi.nlm.nih.gov/pubmed/34078289
http://doi.org/10.1113/jphysiol.2009.174136
http://www.ncbi.nlm.nih.gov/pubmed/19491241
http://doi.org/10.1097/mog.0000000000000139
http://www.ncbi.nlm.nih.gov/pubmed/25394236
http://doi.org/10.1186/s40168-020-00875-0
http://doi.org/10.1038/s41586-021-03832-5
http://doi.org/10.1038/s41591-019-0485-4
http://doi.org/10.1073/pnas.1918274117
http://doi.org/10.1128/CMR.17.4.840-862.2004
http://doi.org/10.3389/fmicb.2021.670336
http://www.ncbi.nlm.nih.gov/pubmed/34335499
https://www.arb-silva.de
http://doi.org/10.1038/ismej.2011.139
http://www.ncbi.nlm.nih.gov/pubmed/22134646
http://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
http://doi.org/10.1038/s41467-019-13036-1
http://www.ncbi.nlm.nih.gov/pubmed/31695033
http://doi.org/10.3390/nu13113999
http://www.ncbi.nlm.nih.gov/pubmed/34836254
http://doi.org/10.3390/nu14030674
http://doi.org/10.3748/wjg.v28.i8.878

Int. J. Environ. Res. Public Health 2022, 19, 9518 16 of 17

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Cataldi, S.; Bonavolonta, V.; Poli, L.; Clemente, EM.; De Candia, M.; Carvutto, R.; Silva, A.F.; Badicu, G.; Greco, G.; Fischetti, F.
The Relationship between Physical Activity, Physical Exercise, and Human Gut Microbiota in Healthy and Unhealthy Subjects:
A Systematic Review. Biology 2022, 11, 479. [CrossRef]

Ley, R.E. Gut microbiota in 2015: Prevotella in the gut: Choose carefully. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 69-70.
[CrossRef] [PubMed]

Kovatcheva-Datchary, P; Nilsson, A.; Akrami, R.; Lee, Y.S.; De Vadder, E; Arora, T.; Hallen, A.; Martens, E.; Bjorck, I.; Backhed, F.
Dietary Fiber-Induced Improvement in Glucose Metabolism Is Associated with Increased Abundance of Prevotella. Cell Metab.
2015, 22, 971-982. [CrossRef]

Liu, H.; Zhang, H.; Wang, X.; Yu, X.; Hu, C.; Zhang, X. The family Coriobacteriaceae is a potential contributor to the beneficial
effects of Roux-en-Y gastric bypass on type 2 diabetes. Surg. Obes. Relat. Dis. 2018, 14, 584-593. [CrossRef] [PubMed]

Ribeiro, EM.; Petriz, B.; Marques, G.; Kamilla, L.H.; Franco, O.L. Is There an Exercise-Intensity Threshold Capable of Avoiding
the Leaky Gut? Front. Nutr. 2021, 8, 627289. [CrossRef] [PubMed]

Yiicel, G.; Zhao, Z.; El-Battrawy, L.; Lan, H.; Lang, S.; Li, X.; Buljubasic, F; Zimmermann, W.-H.; Cyganek, L.; Utikal, J.; et al.
Lipopolysaccharides induced inflammatory responses and electrophysiological dysfunctions in human-induced pluripotent stem
cell derived cardiomyocytes. Sci. Rep. 2017, 7, 2935. [CrossRef] [PubMed]

Ngkelo, A.; Meja, K.; Yeadon, M.; Adcock, I; Kirkham, P.A. LPS induced inflammatory responses in human peripheral blood
mononuclear cells is mediated through NOX4 and Gix dependent PI-3kinase signalling. J. Inflamm. 2012, 9, 1. [CrossRef]
Pedrinolla, A.; Venturelli, M.; Kirmizi, E.; Moschetta, F.; Zardini, M.; Rudi, D.; Bacchi, E.; Schena, F.; Moghetti, P.; Lanza, M.
Role of Exercise in Vascular Function and Inflammatory Profile in Age-Related Obesity. J. Immunol. Res. 2018, 2018, 7134235.
[CrossRef] [PubMed]

Roberts, J.D.; Suckling, C.A.; Peedle, G.Y.; Murphy, J.A.; Dawkins, T.G.; Roberts, M.G. An Exploratory Investigation of Endotoxin
Levels in Novice Long Distance Triathletes, and the Effects of a Multi-Strain Probiotic/Prebiotic, Antioxidant Intervention.
Nutrients 2016, 8, 733. [CrossRef]

Silva, J.S.; Seguro, C.S.; Naves, M.M.V. Gut microbiota and physical exercise in obesity and diabetes—A systematic review.
Nutr. Metab. Cardiovasc. Dis. 2022, 32, 863-877. [CrossRef] [PubMed]

Gevers, D.; Kugathasan, S.; Denson, L.A.; Vazquez-Baeza, Y.; Van Treuren, W.; Ren, B.; Schwager, E.; Knights, D.; Song, S.J.;
Yassour, M.; et al. The Treatment-Naive Microbiome in New-Onset Crohn’s Disease. Cell Host Microbe 2014, 15, 382-392. [CrossRef]
Khan, I; Ullah, N.; Zha, L.; Bai, Y.; Khan, A.; Zhao, T.; Che, T.; Zhang, C. Alteration of Gut Microbiota in Inflammatory Bowel
Disease (IBD): Cause or Consequence? IBD Treatment Targeting the Gut Microbiome. Pathogens 2019, 8, 126. [CrossRef]

Loy, A; Pfann, C.; Steinberger, M.; Hanson, B.; Herp, S.; Brugiroux, S.; Gomes-Neto, ].C.; Boekschoten, M.V.; Schwab, C.; Urich, T.; et al.
Lifestyle and Horizontal Gene Transfer-Mediated Evolution of Mucispirillum schaedleri, a Core Member of the Murine Gut
Microbiota. mSystems 2017, 2, e00171-16. [CrossRef] [PubMed]

Getachew, B.; Aubee, ].L; Schottenfeld, R.S.; Csoka, A.B.; Thompson, K.M.; Tizabi, Y. Ketamine interactions with gut-microbiota
in rats: Relevance to its antidepressant and anti-inflammatory properties. BMC Microbiol. 2018, 18, 222. [CrossRef]

Miquel, S.; Martin, R.; Bridonneau, C.; Robert, V.; Sokol, H.; Bermudez-Humaran, L.G.; Thomas, M.; Langella, P. Ecology
and metabolism of the beneficial intestinal commensal bacteriumFaecalibacterium prausnitzii. Gut Microbes 2014, 5, 146-151.
[CrossRef] [PubMed]

Meehan, C.; Beiko, R.G. A Phylogenomic View of Ecological Specialization in the Lachnospiraceae, a Family of Digestive
Tract-Associated Bacteria. Genome Biol. Evol. 2014, 6, 703-713. [CrossRef] [PubMed]

Sdaemann, M.D.; Bohmig, G.A; Osterreicher, C.H.; Burtscher, H.; Parolini, O.; Diakos, C.; Stockl, J.; Horl, WH.; Zlabinger, G.J.
Anti-inflammatory effects of sodium butyrate on human monocytes: Potent inhibition of IL-12 and up-regulation of IL-10
production. FASEB ]. 2000, 14, 2380-2382. [CrossRef] [PubMed]

Kern, T.; Blond, M.B.; Hansen, T.H.; Rosenkilde, M.; Quist, ].S.; Gram, A.S.; Ekstrom, C.T.; Hansen, T.; Stallknecht, B. Structured
exercise alters the gut microbiota in humans with overweight and obesity—A randomized controlled trial. Int. J. Obes. 2019, 44,
125-135. [CrossRef] [PubMed]

Motiani, K.K.; Collado, M.C.; Eskelinen, ].J.; Virtanen, K.A.; Loyttyniemi, E.; Salminen, S.; Nuutila, P.; Kalliokoski, K.K,;
Hannukainen, J.C. Exercise training modulates gut microbiota profile and improves endotoxemia. Med. Sci. Sports Exerc. 2020, 52,
94-104. [CrossRef]

McKee, L.S.; La Rosa, S.L.; Westereng, B.; Eijsink, V.G.; Pope, P.B.; Larsbrink, J. Polysaccharide degradation by the Bacteroidetes:
Mechanisms and nomenclature. Environ. Microbiol. Rep. 2021, 13, 559-581. [CrossRef] [PubMed]

Flint, H].; Scott, K.P,; Duncan, S.H.; Louis, P.; Forano, E. Microbial degradation of complex carbohydrates in the gut. Gut Microbes
2012, 3, 289-306. [CrossRef] [PubMed]

Davila, A.-M.; Blachier, F; Gotteland, M.; Andriamihaja, M.; Benetti, P-H.; Sanz, Y.; Tomé, D. Intestinal luminal nitrogen
metabolism: Role of the gut microbiota and consequences for the host. Pharmacol. Res. 2013, 68, 95-107. [CrossRef] [PubMed]
Newgard, C.B.; An, J.; Bain, ].R.; Muehlbauer, M.]; Stevens, R.D.; Lien, L.E; Haqq, A.M.; Shah, S.H.; Arlotto, M.; Slentz, C.A ; et al.
A Branched-Chain Amino Acid-Related Metabolic Signature that Differentiates Obese and Lean Humans and Contributes to
Insulin Resistance. Cell Metab. 2009, 9, 311-326. [CrossRef] [PubMed]

Newgard, C.B. Interplay between Lipids and Branched-Chain Amino Acids in Development of Insulin Resistance. Cell Metab.
2012, 15, 606—-614. [CrossRef]


http://doi.org/10.3390/biology11030479
http://doi.org/10.1038/nrgastro.2016.4
http://www.ncbi.nlm.nih.gov/pubmed/26828918
http://doi.org/10.1016/j.cmet.2015.10.001
http://doi.org/10.1016/j.soard.2018.01.012
http://www.ncbi.nlm.nih.gov/pubmed/29459013
http://doi.org/10.3389/fnut.2021.627289
http://www.ncbi.nlm.nih.gov/pubmed/33763441
http://doi.org/10.1038/s41598-017-03147-4
http://www.ncbi.nlm.nih.gov/pubmed/28592841
http://doi.org/10.1186/1476-9255-9-1
http://doi.org/10.1155/2018/7134235
http://www.ncbi.nlm.nih.gov/pubmed/30510967
http://doi.org/10.3390/nu8110733
http://doi.org/10.1016/j.numecd.2022.01.023
http://www.ncbi.nlm.nih.gov/pubmed/35227549
http://doi.org/10.1016/j.chom.2014.02.005
http://doi.org/10.3390/pathogens8030126
http://doi.org/10.1128/mSystems.00171-16
http://www.ncbi.nlm.nih.gov/pubmed/28168224
http://doi.org/10.1186/s12866-018-1373-7
http://doi.org/10.4161/gmic.27651
http://www.ncbi.nlm.nih.gov/pubmed/24637606
http://doi.org/10.1093/gbe/evu050
http://www.ncbi.nlm.nih.gov/pubmed/24625961
http://doi.org/10.1096/fj.00-0359fje
http://www.ncbi.nlm.nih.gov/pubmed/11024006
http://doi.org/10.1038/s41366-019-0440-y
http://www.ncbi.nlm.nih.gov/pubmed/31467422
http://doi.org/10.1249/MSS.0000000000002112
http://doi.org/10.1111/1758-2229.12980
http://www.ncbi.nlm.nih.gov/pubmed/34036727
http://doi.org/10.4161/gmic.19897
http://www.ncbi.nlm.nih.gov/pubmed/22572875
http://doi.org/10.1016/j.phrs.2012.11.005
http://www.ncbi.nlm.nih.gov/pubmed/23183532
http://doi.org/10.1016/j.cmet.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19356713
http://doi.org/10.1016/j.cmet.2012.01.024

Int. J. Environ. Res. Public Health 2022, 19, 9518 17 of 17

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Yoon, M.-S. The Emerging Role of Branched-Chain Amino Acids in Insulin Resistance and Metabolism. Nutrients 2016, 8, 405.
[CrossRef] [PubMed]

Shou, J.; Chen, P--J.; Xiao, W.-H. The Effects of BCAAs on Insulin Resistance in Athletes. J. Nutr. Sci. Vitaminol. 2019, 65, 383-389.
[CrossRef]

Suryani, D.; Alfaqih, M.S.; Gunadi, ].W.; Sylviana, N.; Goenawan, H.; Megantara, I.; Lesmana, R. Type, Intensity, and Duration of
Exercise as Regulator of Gut Microbiome Profile. Curr. Sports Med. Rep. 2022, 21, 84-91. [CrossRef] [PubMed]

Dupuit, M.; Rance, M.; Morel, C.; Bouillon, P.; Boscaro, A.; Martin, V.; Vazeille, E.; Barnich, N.; Chassaing, B.; Boisseau, N. Effect of
Concurrent Training on Body Composition and Gut Microbiota in Postmenopausal Women with Overweight or Obesity. Med. Sci.
Sports Exerc. 2021, 54, 517-529. [CrossRef] [PubMed]

Munukka, E.; Ahtiainen, J.P.; Puigbo, P; Jalkanen, S.; Pahkala, K.; Keskitalo, A.; Kujala, U.M.; Pietild, S.; Hollmén, M.; Elo, L.; et al.
Six-Week Endurance Exercise Alters Gut Metagenome That Is not Reflected in Systemic Metabolism in Over-weight Women.
Front. Microbiol. 2018, 9, 2323. [CrossRef] [PubMed]

Wang, J.; Zhang, Q.; Xia, J.; Sun, H. Moderate Treadmill Exercise Modulates Gut Microbiota and Improves Intestinal Barrier in
High-Fat-Diet-Induced Obese Mice via the AMPK/CDX2 Signaling Pathway. Diabetes Metab. Syndr. Obes. 2022, 15, 209-223.
[CrossRef] [PubMed]

Estaki, M.; Pither, ].; Baumeister, P; Little, ].P.,; Gill, S.K.; Ghosh, S.; Ahmadi-Vand, Z.; Marsden, K.R.; Gibson, D.L. Cardiorespira-
tory fitness as a predictor of intestinal microbial diversity and distinct metagenomic functions. Microbiome 2016, 4, 42. [CrossRef]
[PubMed]

Guinane, C.M.; Cotter, P.D. Role of the gut microbiota in health and chronic gastrointestinal disease: Understanding a hidden
metabolic organ. Ther. Adv. Gastroenterol. 2013, 6, 295-308. [CrossRef]

Huang, W.-C.; Chen, Y.-H.; Chuang, H.-L.; Chiu, C.-C. Investigation of the Effects of Microbiota on Exercise Physiological
Adaption, Performance, and Energy Utilization Using a Gnotobiotic Animal Model. Front. Microbiol. 2019, 10, 1906. [CrossRef]
Sun, S.; Lei, O.K,; Nie, J.; Shi, Q.; Xu, Y.; Kong, Z. Effects of Low-Carbohydrate Diet and Exercise Training on Gut Microbiota.
Front. Nutr. 2022, 9, 884550. [CrossRef] [PubMed]


http://doi.org/10.3390/nu8070405
http://www.ncbi.nlm.nih.gov/pubmed/27376324
http://doi.org/10.3177/jnsv.65.383
http://doi.org/10.1249/JSR.0000000000000940
http://www.ncbi.nlm.nih.gov/pubmed/35245243
http://doi.org/10.1249/MSS.0000000000002809
http://www.ncbi.nlm.nih.gov/pubmed/34628447
http://doi.org/10.3389/fmicb.2018.02323
http://www.ncbi.nlm.nih.gov/pubmed/30337914
http://doi.org/10.2147/DMSO.S346007
http://www.ncbi.nlm.nih.gov/pubmed/35087282
http://doi.org/10.1186/s40168-016-0189-7
http://www.ncbi.nlm.nih.gov/pubmed/27502158
http://doi.org/10.1177/1756283X13482996
http://doi.org/10.3389/fmicb.2019.01906
http://doi.org/10.3389/fnut.2022.884550
http://www.ncbi.nlm.nih.gov/pubmed/35592627

	Introduction 
	Materials and Methods 
	Search Strategy 
	Selection and Exclusion Criteria 
	Data Extraction and Reliability 
	Assessment of the Quality and Level of Evidence 

	Results 
	Discussion 
	Strategies of Analysis 
	Effects of Exercise Duration on Microbiota 
	Effects of Exercise Intensity on Microbiota 
	Limitations of the Study 

	Conclusions 
	References

