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	e human gastrointestinal tract (GIT) is inhabited by a wide cluster of microorganisms that play protective, structural, and
metabolic functions for the intestinal mucosa. Gut microbiota is involved in the barrier functions and in the maintenance of
its homeostasis. It provides nutrients, participates in the signaling network, regulates the epithelial development, and a
ects
the immune system. Considering the microbiota ability to respond to homeostatic and physiological changes, some researchers
proposed that it can be seen as an endocrine organ. Evidence suggests that di
erent factors can determine changes in the gut
microbiota.	ese changes can be both quantitative and qualitative resulting in variations of the composition andmetabolic activity
of the gut microbiota which, in turn, can a
ect health and di
erent disease processes. Recent studies suggest that exercise can
enhance the number of bene�cial microbial species, enrich the micro�ora diversity, and improve the development of commensal
bacteria. All these e
ects are bene�cial for the host, improving its health status. In this paper, we intend to shed some light over the
recent knowledge of the role played by exercise as an environmental factor in determining changes in microbial composition and
how these e
ects could provide bene�ts to health and disease prevention.

1. Introduction

Intestinal microbiome has protective, structural, and meta-
bolic functions in the intestinal mucosa [1, 2]. A lot of current
knowledge about these functions is due to the use of germ-
free (GF) animals, in which postnatal colonization of the
gastrointestinal tract was prevented through surgical delivery
instead of natural childbirth [3]. Comparing these animals
with normal controls, several studies have demonstrated that
GF animals present a reduction of the intestinal surface
area, thinner villous, and smaller Peyer’s Patches [1]. Several
researchers focused on gut microbes to better understand
their functions, characteristics, and impact on human health.
	e metabolic activity of the gut micro�ora is comparable to
that of an organ inside another organ, being able to in�u-

ence the mucosal homeostasis and immune responses [2].
Furthermore, gut micro�ora provides nutrients, regulates the
epithelial development, and a
ects the immune system [4].
Consequently, it appears as an essential organ and knowledge
about it could help in understanding the factors that in�uence
human health and disease processes, such as in�ammation,
infections, and tumors [4]. In light of this, humans may
be considered as a superorganism in which microbes and
human attributes determine their metabolism [1]. Among
healthy subjects, there is a high interindividual variability
in the composition of the gut micro�ora and an enriched
microbial diversity is associated with improvement in health
status and variations in immune system. 	ese observations
suggest the presence of di
erent host-microbiota correlations
[4, 5]. Yet, the gut ecosystem development and its stability can
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be in�uenced by an existing dynamic balance between intrin-
sic and extrinsic factors such as host physiology, lifestyle,
exercise, and diet, which in turn can impact health [6]. For
example, decreased microbiota diversity and a higher ratio
Firmicutes:Bacteroidetes are associated with obesity type II
diabetes and altered blood glucose [7, 8]. On the other
hand, exercise and high �ber diet, such as fruits, vegeta-
bles, legumes, and whole-wheat grain products, increase the
microbic diversity [9, 10]. Recent studies suggest that an
increase in exercise can enhance the number of bene�cial
microbial species and that the microbiota is responsive to the
homeostatic and physiological variations due to exercise [5,
11]. In this paper, we review the recent knowledge of the role
played by exercise as an environmental factor in determining
changes in the microbial composition and how these e
ects
could provide bene�ts to health and disease prevention.

2. The Gut Microbiota Composition
and Development

	e human gastrointestinal tract (GIT) is inhabited by 1013-
1014 microorganisms and their genome, the “microbiome,”
contains a gene set which is about 150 times greater than
that of human genome [12, 13].	ismicrobiome derives from
about 1,000–1,150 bacterial species,mostly anaerobes, and it is
primarily made up of two bacterial phyla, Bacteroidetes and
Firmicutes [4, 13]. 	ere is great variability in the number,
type, and function of microorganisms along the entire GIT
but most are located in the large bowel where they ferment
nondigestible food components allowing us to obtain other-
wise inaccessible nutrients [14, 15]. Microbiome development
starts in early life. In fact, during fetal life, the GIT is sterile
due to the sterile uterine environment [6]. A�er birth, the
infant gut is exposed to complex surrounding environment
and maternal micro�ora which begin to colonize the GIT,
showing an initial microbiome with a maternal signature
[6, 16]. Several intrinsic and extrinsic factors in�uence the
development and variation of bacteria in infants (such as
the passage from liquid to solid feed), so that the GIT is
colonized by di
erent microorganisms. By 1 year of age the
microbiome presents an adult-like pro�lewith a densemicro-
bial population [17, 18].Moreover, also genetic, epigenetic and
environmental factors, like country of origin and antibiotics,
and life events (including puberty, ovarian cycle, pregnancy,
and menopause) a
ect the microbial population develop-
ment and its activity [3, 19].	is population, once established,
presents a high interindividual variability [20]. Furthermore,
the gut microbe populations change in old age showing
a signi�cant decrease in Bacteroidetes and an increase in
Firmicutes, but the reason for this is not yet clear [19].

3. Functions of the Intestinal Microbiome

	e gut microbiota plays various important functions for the
host health. 	e gut microbiota is essential for the motility
of the gastrointestinal tract, facilitating peristalsis [21], and
it is involved in the forti�cation of the barrier and in the
maintenance of its homeostasis. 	is has been proven by

the fact that the recognition of commensal bacteria by toll-
like receptors (TLRs) is necessary to stimulate the epithelial
cell proliferation, protecting the epithelial surface against gut
injury [22]. Furthermore, Paneth cells, which are secretory
cells of the small intestine epithelium, perceive enteric bac-
teria through TRLs activation and trigger the expression of
various antimicrobial factors. 	is allows exerting control
over intestinal barrier penetration by pathogenic bacteria
[23]. 	e microbiota is also related to the development of
the gut associated lymphoid tissue (GALT), the host immune
system stimulating IgA secretion and inhibiting colonization
of the GIT by pathogens [21, 24, 25]. In addition, protective
functions are performed by the microbiota through com-
petition with pathogens for nutrients and receptors and the
production of antimicrobial molecules to avoid colonization
by pathogens [26].	rough ligands fromcommensal bacteria
(as lipopolysaccharide, LPS), the gut microbiota in�uences
the mucosal immune system development and function [22].
	e innate immune system can also recognize potentially
pathogenic microbes through TLRs identi�cation of particu-
lar molecules called pathogen associated molecular patterns
(PAMP) [27]. 	is leads to an increase in cytokine levels
and T-cell activation which are necessary for appropriate
immune responses to pathogens [2, 21]. 	e microbiota has
also important e
ects on metabolic functions. It can ferment
nondigestible dietary residues producing short-chain fatty
acids (SCFAs, such as n-butyrate, acetate, and propionate)
which, in turn, canmodulate the host energy balance increas-
ing the nutrients availability [28]. SCFAs, secreted into the
gut lumen, exceed the epithelial barrier and are released into
the bloodstream. In this way they reach di
erent organs and
may be used as substrates for energy metabolism; hepatocyte
cells, in particular, use propionate for gluconeogenesis [28].
SCFAs are involved in the gut-brain axis, stimulating the
release of peptide YY (PYY) and 5-hydroxytryptamine (5-
HT).	ey also act as signalingmolecules to regulate immune
and in�ammatory responses [29, 30]. For instance, n-butyrate
regulates neutrophil function and migration, increases the
expression of tight junction proteins in colon epithelia,
reduces mucosal permeability, and inhibits in�ammatory
cytokines [19]. Beside producing SCFAs, bacterial species of
the intestinal microbiota synthesize glycan, amino acids, and
vitamins (e.g., K, B12, Biotin, Folate, and 	iamine), thus
participating in the host metabolism [1, 12, 19, 31].

4. Microbiota and Diseases

	e gut microbiota is essential to maintain homeostasis and
normal gut physiology [1]. Several diseases have been associ-
ated with an altered composition of the microbiota, such as
obesity, coronary heart disease, diabetes, and in�ammatory
bowel disease [32–37]. 	ese diseases have a multifactorial
origin, comprising environmental and genetic factors. In
recent years, the contribution of the microbiota is considered
an important environmental factor [38]. Ley and coworkers
(2005) [32] have shown that genetically obese mice (ob/ob
mice) exhibit a strong reduction of Bacteroidetes and an
increase of Firmicutes. In humans, lower levels of Bacteroides
and higher levels of Firmicutes are also present in the fecal
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microbiota of obese individuals when compared with lean
controls. Interestingly, the ratio between the two phyla can be
reversed by a caloric restricted diet [20]. Alterations inmicro-
biota composition are also associated with in�ammatory
bowel disease (IBD), a gastrointestinal disorder that encloses
both ulcerative colitis (UC) and Crohn’s disease (CD) [39,
40]. 	ese alterations are characterized by a reduction of
Firmicutes and Bacteroidetes and increase in Proteobacteria.
However, it is unclear if this contributes to IBD or is a conse-
quence of the in�ammatory state related to IBD [37, 41]. Fur-
thermore, in the IBD pathogenesis, psychological stress has
been recognized as a factor that can in�uence the micro�ora
and worsen the physical state [42]. Another gastrointestinal
disorder, in which the microbiota plays an important role, is
the irritable bowel syndrome (IBS).	e IBS is a stress-related
brain-gut axis disorder characterized by abdominal pain or
discomfort and alteration in intestinal habit [43]. Studies on
postinfectious IBS (IBS development following a bacterial
gastroenteritis) supported a link between the dysfunctions
in the micro�ora and mucosal in�ammation [44]. In IBS
patients, the micro�ora shows a doubled increased ratio of
the Firmicutes to Bacteroidetes, a reduction in the number
of Bacteroidetes, and an increase in numbers of Dorea,
Ruminococcus, and Clostridium spp. compared with healthy
controls [45]. Even in this disorder, it is unclear whether
these micro�ora alterations are a cause or an e
ect of the
pathophysiology [44].

5. Gut Microbiota, Exercise, and Disease

In spite of the great interindividual variation in the GIT
microbial composition, its reduction or alteration is asso-
ciated with negative health e
ects. On the other hand, an
increase in the diversity of intestinal population improves
metabolic and immunological functions [4, 46]. An increas-
ing body of evidence suggests that gut microbiota can be
modulated by di
erent factors, such as infection, disease,
diet, antibiotics, and exercise, and, in turn, thesemodulations
can a
ect some diseases [1, 6]. Interestingly, exercise can
determine changes in the gut microbial composition playing
a positive role in energy homeostasis and regulation [5, 11].

5.1. Exercise and Gut Physiology. Low intensity exercise can
in�uence the GIT reducing the transient stool time and
thus the contact time between the pathogens and the gas-
trointestinal mucus layer [5]. As a consequence, it seems
that exercise has protective e
ects, reducing the risk of
colon cancer, diverticulosis, and in�ammatory bowel disease
[47]. In addition, even in the presence of high fat diet,
exercise may reduce in�ammatory in�ltrate and protect the
morphology and the integrity of the intestine [48]. High fat
diet, accompaniedwith sedentary behavior, leads to increased
villi width due to plasmacytoid and lymphocytic in�ltrates.
Exercise prevented these morphological changes by reducing
cyclooxygenase 2 (Cox-2) expression in both proximal and
distal gut. Conversely, it appears that endurance exercise
determines a variation in the GIT due to the reduction of
the splanchnic blood �ow, as much as 80% of basal levels,
resulting in toxicity e
ects [47, 49]. 	is reduction depends

on the increase of arterial resistance in the splanchnic vascu-
lar bed, secondary to augmentation of sympathetic nervous
system input [47]. Prolonged exercise also determines an
increase of intestinal permeability, compromising gut-barrier
function and resulting in bacterial translocation from the
colon [47, 50].

5.2. Voluntary Exercise and Gut Micro�ora. 	e earliest
evidence about the e
ects of voluntary exercise on the
gut microbiota is derived from observations of Matsumoto
and colleagues [51]. 	e authors [51] reported that, in rats,
voluntary running exercise determined a variation in micro-
biota composition, an increase of n-butyrate concentration,
and an increase in the cecum diameter. Since n-butyrate
protects against colon cancer and IBD a
ecting cellular NF-
B activation [52], Matsumoto et al. [51] proposed that the
increase in n-butyrate is involved in the reduction of the
colon diseases risk associated with exercise. In addition,
Evans et al. [53] have demonstrated that, in obese-induced
mice through high fat feeding, exercise can prevent obesity
and induces changes in the percentage of major bacterial
phyla. Furthermore, Evans et al. [53] found that the total
distance run was inversely correlated with the Bacteroidetes-
Firmicutes ratios. 	e authors [53] suggested that exercise
plays an important role in prevention of diet-induced obesity
producing a microbial composition similar to lean mice [53].
Similar results were found by Campbell et al. [48]. 	ey
[48] showed that exercise manifested a unique microbiome
independent of diet. Moreover, Campbell et al. [48] have
suggested that in exercised mice there are bacteria related to
Faecalibacterium prausnitzii which may protect the digestive
tract by producing butyrate and lowering the oxygen tension
in the lumen by a �avin/thiol electron shuttle [48]. On
the other hand, the association between food restriction
and exercise seems to determine a decrease of bene�cial
bacteria and an increase of bacteria that cause gut mucosal
barrier disorders [54]. Moreover, serum leptin levels show
a positive correlation with the quantity of Bi�dobacterium
and Lactobacillus and a negative correlation with the quantity
of Bacteroides and Prevotella. Serum ghrelin levels show an
inverse correlation with these bacteria [54]. 	ese series of
evidence demonstrate that nutritional status and exercise
in�uence gut microbiota and that the gut microbiota is asso-
ciated with appetite; regulating hormones have investigated
whether, in rats, there were di
erences in the microbial
composition when exercise started in the juvenile period
or in adulthood. 	e authors observed that when exercise
started in juvenile period it modi�ed various phyla with
an increase of Bacteroidetes and a decrease of Firmicutes
[11]. Furthermore, juveniles exercise, compared with adult
exercise, modi�ed more genera and led to an increase in lean
body mass [11]. 	ese data suggest that early life exercise
can in�uence the gutmicrobiota composition stimulating the
development of bacteria able to determine adaptive changes
in host metabolism [11]. Furthermore, exercise initiated in
early life may favor optimal development of brain function,
promoting health-enhancing microbial species [55]. Using
GF mice models, recent studies suggested that the gut
microbiota may alter brain function [56–58]. For example,
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in rats, Lactobacillus rhamnosus can reduce anxiety and
depressive-like behavior, attenuate hypothalamic-pituitary-
adrenal axis activation following a stress challenge, and
produce changes in GABA receptor expression via the vagus
nerve [59]. Evidence suggests that di
erent metabolites and
signaling molecules produced by gut microorganisms (as
SCFAs) can activate vagal a
erents receptors of the enteric
nervous system [59]. 	ese signals are propagated by the
nucleus of the solitary tract to various projection regions,
such as limbic structures important for mood and behavior
[55]. 	erefore, especially during juvenile period, exercise
and gut microbiota represent important factors to promote
both brain and metabolic development [11, 55].

5.3. Controlled Exercise and Gut Microbiota. Although exer-
cise-altered microbiota could be an approach for the treat-
ment of diseases associated with alterations of the intestinal
micro�ora, very few studies have investigated the bene�cial
e
ects of exercise on the micro�ora composition in relation
to disease. Among these studies, Cook et al. [60] have
highlighted the e
ects of habitual exercise on gut health
and disease. 	ey [60] stressed that exercise played an anti-
in�ammatory action in the gut, although in mice, di
erent
forms of exercise training induced distinct e
ects on the
gut microbiome during an in�ammatory insult. Speci�cally,
forced and voluntary exercise di
erentially altered themicro-
biome in both the cecum and feces of mice, resulting in
di
erent microbial taxonomy [60]. 	ese microbial changes
may be related to gut immune function and microbiota-
immune interactions and they may also be involved in the
pathogenesis of IBD, nutrient absorption, immune function,
and host physiology [61]. Petriz et al. [62] examined the
e
ect of controlled exercise training on the gut microbiome
of obese and hypertensive rats. 	ey found that nonobese
and hypertensive rats showed a di
erent composition of the
intestinal micro�ora compared with the obese rats. Further-
more, exercise led to an improvement in the composition
and diversity of gut bacteria. Petriz et al. suggested that the
exercise may be a therapeutic approach for obesity and/or
hypertension through themodulation of gut microbiota [62].
Other studies in rats demonstrated that high fat diet (HFD)
determines obesity which, in turn, decreased plasticity and
led to anxiety and cognitive problems [63–66]. On the other
hand, exercise can improve the cognitive decline associated
with HFD [63–65]. Moreover, some studies have demon-
strated that diet induces changes in bacteria diversity which,
in turn, can in�uence anxiety, memory, and learning [67, 68].
Based on these observations, Kang et al. [69] investigated
the e
ects of HFD and controlled the e
ects of exercise
on the gut microbiome. 	e authors observed that HFD
determined anxiety phenotypes that were not rescued by
exercise, while exercise increased cognitive abilities without
being in�uenced by the HFD. Furthermore, they found that
exercise determined changes in the gut microbiome and the
levels of some speci�c bacteria (such as, Lachnospiraceae and
Ruminococcaceae) were directly proportional to anxiety or
cognition. Kang et al. [69] proposed that diet and exercise
in�uence the behavior and the gut microbiome even if in
unrelated ways. Exercise determines also an increase in lactic

acid bacteria (LAB). LAB are associated with the mucosal
surface of the GIT and produce lactic acid that can modulate
mucosal immunity and exclusion of pathogens [64, 70]. Also
the levels of B. coccoides and E. rectal are increased with the
exercise and, in the gut, they convert the lactate derived from
LAB into butyrate which, in turn, plays an important role in
the mucin synthesis and gut epithelium protection [54, 59].

5.4. Exercise and Human Gut Microbiota. In humans, a
major study conducted on elite rugby players demonstrated
that exercise enriched the diversity of gut micro�ora and
positively correlated with protein intake and creatine kinase
levels [10]. In particular, there was a greater diversity among
the Firmicutes phylum (such as Faecalibacterium prausnitzii)
that helped to maintain a healthier intestinal environment
[10]. 	ese results indicated that both diet and exercise
determined the microbial biodiversity of the gut. In support
of this, Estaki et al. [71] analyzed the fecal microbiota
of individuals with di
erent �tness levels and comparable
diets. As indicator of physical �tness, they used peak oxy-
gen uptake, the gold standard of cardiorespiratory �tness
(CRF). 	e results demonstrated that, regardless of diet,
CRF was correlated with increased gut microbial diversity.
Furthermore �t individuals showed a microbiome enriched
in butyrate-producing taxa, such as Clostridiales, Rose-
buria, Lachnospiraceae, and Erysipelotrichaceae, resulting in
increased butyrate production, an indicator of gut health [71].
Estaki et al. [71] proposed that exercise could be used as a
therapeutic support in the treatment of dysbiosis-associated
diseases. Increased diversity is associated with increased
health also in the elderly, while, reduction of biodiversity
is linked to di
erent conditions such as obesity-associated
in�ammatory characteristics and gastrointestinal diseases
(as IBD and IBS) [32, 40, 43, 72, 73]. 	en the increase
of microbial biodiversity related to the exercise could have
bene�cial e
ects on the pathogenesis of these conditions.
Furthermore, since athletes show lower in�ammatory and
improved metabolic markers relative to controls, and the
exercise is associated with reduced morbidity due to lower
chronic in�ammation, it is possible to hypothesize that age-
appropriate exercise and diet could help to decrease in�am-
mation and age-related pathologies [10, 71, 74–76]. Moreover,
compared with subjects with high BMI, subjects with low
BMI and athletes show higher Akkermansia muciniphila
levels in their micro�ora [10]. 	ese bacteria are mucin-
degrading bacteria which reside in the mucus layer and they
are inversely correlated with BMI, obesity, andmetabolic dis-
orders probably because they improve barrier function [77].
Juneau et al. [78] suggested that the combination of high-
intensity interval training (HIIT) and high-quality diet could
prevent cardiovascular (CV) disease development. Other
studies, instead, investigated the e
ects of exercise on the
micro�ora of obese subjects. In particular, obesity, through
in�ammation, insulin resistance, and visceral adiposity, is
also considered a major cause of several sleep disorders,
such as obstructive sleep apnea (OSA) sleepiness, and the
associated cardiovascular comorbidities [79]. In subjects with
obesity-related sleep disorders, some researchers investigated
the e
ects of exercise and diet and observed that these
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factors determined an improvement of sleep quality and
changes in the gut microbiota composition [80]. Alterations
in microbiome were also present in subjects with myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS), a
disease characterized by intense and debilitating fatigue not
due to physical activity and associated with neuroin�amma-
tory and oxidative processes [81–83]. Patients with ME/CFS
showed a worsening of symptoms following exercise associ-
ated with intestinal dysbiosis. 	is could be due to increased
intestinal permeability and increased bacterial translocation
from the intestine into the bloodstream, resulting in fur-
ther in�ammation which, in turn, contributed to increase
ME/CFS symptoms (such as pain, fatigue, and mood) [83].
In these patients, the characterization of the gut microbiome
demonstrated signi�cant alterations compared with healthy
controls with an increase of Firmicutes, particularly of
Clostridium spp., in blood samples a�er exercise [81–84]. In
light of this, it was suggested that the recognition of changes
in the intestinal micro�ora and bacterial translocation into
the bloodstream in response to exercise could be a method to
evaluate the e
ectiveness of treatments of these patients.

6. Exercise, Probiotic Supplementation,
and Gut Microbiota

Some studies evaluated how the use of probiotics could
modify the microbiota composition. Probiotics are food
supplements containing livemicroorganisms, generally lactic
acid bacteria, which give bene�cial e
ects for the host [84].
Chen et al. [85] examined the e
ects of six weeks of supple-
mentation with probiotics, Lactobacillus plantarum TWK10
(LP10), on exercise performance, physical fatigue, and gut
microbial pro�le inmice.	eir results show that LP10 supple-
mentation increasedmusclemass and grip strength in a dose-
dependent way and enhanced energy harvesting and exercise
performance [85]. It was possible that Lactobacillus spp.
in�uenced exercise performance by producing lactic acid,
which, in turn, could be used by lactate-utilizing bacteria to
produce butyrate [86]. Along this pathway, there was forma-
tion of adenosine triphosphate (ATP).	us, probiotic supple-
mentation could play important roles in energy production
during exercise [86]. Furthermore, Chen and coworkers [85]
showed that LP10 supplementation had antifatigue e
ects by
decreasing levels of serum lactate, ammonia, and creatine
kinase (biochemical indicators of exercise-induced muscle
fatigue) and enhanced exercise performance in mice. 	is
might be related to the reduction of in�ammation induced
by LP10 which determined an improvement of skeletal
muscle atrophymarkers [85].	ese �ndings support the view
that gut microbiota had health-promotion, performance-
improvement, and antifatigue e
ects on the host during
exercise in terms of energy balance and body composition.

7. Conclusion

Collectively, the available data strongly support that, in
addition to other well-known internal and external factors,
exercise appears to be an environmental factor that can
determine changes in the qualitative and quantitative gut

microbial composition with possible bene�ts for the host.
In fact, stable and enriched micro�ora diversity is indis-
pensable to the homeostasis and normal gut physiology
contributing also to suitable signaling along the brain-gut
axis and to the healthy status of the individual. Exercise
is able to enrich the micro�ora diversity; to improve the
Bacteroidetes-Firmicutes ratio which could potentially con-
tribute to reducing weight, obesity-associated pathologies,
and gastrointestinal disorders; to stimulate the proliferation
of bacteria which can modulate mucosal immunity and
improve barrier functions, resulting in reduction in the
incidence of obesity and metabolic diseases; and to stim-
ulate bacteria capable of producing substances that protect
against gastrointestinal disorders and colon cancer (such as,
SCFAs). 	erefore the exercise can be used as a treatment
to maintain the balance of the micro�ora or to rebalance
his eventual dysbiosis, thus obtaining an improvement of
the health status. Nevertheless further studies are needed to
fully understand the mechanisms that determine changes in
the composition and functions of the micro�ora caused by
exercise and all their related e
ects. In addition exercise-
altered microbiota could be used to look for new approaches
in the treatment of metabolic and in�ammatory diseases in
which it is well known that themicrobiota plays an important
role.
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