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Abstract: The gut microbiota is a complex heterogeneous microbial community modulated by
endogenous and exogenous factors. Among the external causes, nutrition as well as physical activity
appear to be potential drivers of microbial diversity, both at the taxonomic and functional level,
likely also influencing endocrine system, and acting as endocrine organ itself. To date, clear-cut
data regarding which microbial populations are modified, and by which mechanisms are lacking.
Moreover, the relationship between the microbial shifts and the metabolic practical potential of the
gut microbiota is still unclear. Further research by longitudinal and well-designed studies is needed
to investigate whether microbiome manipulation may be an effective tool for improving human
health and, also, performance in athletes, and whether these effects may be then extended to the
overall health promotion of general populations. In this review, we evaluate and summarize the
current knowledge regarding the interaction and cross-talks among hormonal modifications, physical

performance, and microbiota content and function.

Keywords: gut microbiota; microbial composition; health; exercise; athletes; physical performance;

hormones

1. Introduction

It has been largely demonstrated that a wrong nutrition and a sedentary lifestyle are
linked to a high incidence of chronic metabolic diseases such as cardiovascular disease
(CVD), type 2 diabetes mellitus (T2DM), cancer and osteoporosis [1], while exercise plays a
fundamental role in preventing and treating these pathologies [2]. Interestingly, the health-
promoting actions of exercise are mediated by metabolic and immune effects that involve
several mechanisms, such as the promotion of an anti-inflammatory state, activation of
the hypothalamic-pituitary-adrenal (HPA) axis, augmentation of synaptic plasticity and
reinforcement of neuromuscular function [3,4]. Moreover, skeletal muscle acts like an
endocrine organ by producing a multitude of hormones and cytokines in response to
muscle contraction, which exert their impacts on several organs and tissues [5]. In recent
years, scientific research has been considered the gut microbiota as a new potential target
by which physical activity might impact health status, gut microbiome profile, in terms
of quali/quantitative features (i.e., microbial richness, presence/absence, or number of
certain taxa) since it is not a rigid trait, but instead it reacts to environmental and life-style
factors [6]. Alterations of the gut bacterial community, both at the taxonomic and functional
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level, have been linked with many diseases, from obesity [7] and metabolic disorders [8] to
brain-related dysfunctions [9,10]. Interestingly, various studies have demonstrated that the
manipulation of gut microbiota and its by-products through exercise prescription might
represent a promising novel approach in preventing and treating metabolic pathological
conditions [11-14]. Moreover, several studies suggest that gut microbiome modification
(i.e., abundance of health-promoting bacterial species, increased microbial diversity) in
response to exercise may provide insights for improving athletic performance and/or
recovery time after training [15-18]. This review will evaluate latest findings on exercise-
induced alterations of the gut microbiota both in animals and humans, with a particular
focus on physical performance and athlete populations.

2. Gut Microbiota: Composition, Characterization and Function

The human gut microbiota is a complex system of mutualistic microorganisms that
live all through the gastrointestinal tract (GI tract), increasing in number and diversity
from the stomach to the colon. It consists of almost 39 trillion microbes, which is a 1:1
ratio of microbial to eukaryotic cells in the human body, over 1000 unique bacterial species
and over 3 million unique genes [19,20]. Along with bacteria, the gut microbiota also
houses other prokaryotes (i.e., Archaea), fungi, and viruses (10). In healthy adult sub-
jects, two main bacterial phyla are prevalent: Gram-positive Firmicutes (ranging from
60% to 80%) and the Gram-negative Bacteroidetes (ranging from 15% to 30%) [21,22]. The
Firmicutes phylum contains over 250 genera of bacteria, including Lactobacillus and Clostrid-
ium, while Bacteroidetes phylum contains nearby 20 genera, the most abundant being
Bacteroides [23], while the minority bacteria belong to the Proteobacteria, Actinobacteria,
Fusobacteria, and Verrucomicrobia phyla [24]. With the advent of next-generation DNA
sequencing, the culture-based methodologies for gut microbes studies were replaced by
culture-independent genomic analysis of microbiota, the most applied of which is based on
the amplicon sequencing of the 165 ribosomal ribonucleic acid (rRNA) gene in archaea and
bacteria [18,25]. This technique allows the taxonomical classification of bacteria at the genus
or species level [26], thus giving a general idea of the taxonomic composition of a microbial
ecosystem [18,27]. In particular, this technique is different from amplicon sequencing, as it
produces sequences from random fragments of the whole microbiota DNA [27] and, thanks
to advances in allying complete metagenome-assembled genomes with shotgun analyses,
it permits to detect bacteria taxa even at the strain level [28], the lower level of taxonomic
classification describing genetic variants or subtypes of a species [18]. The central role
of microbiota in human health maintenance and homeostasis depends on its numerous
protective, metabolic, and structural functions [29] (Table 1), exerted by the production
and release of various molecules, such as amino acids, short-chain fatty acids (SCFAs) and
regulatory enzymes.

Table 1. Health-related functions of gut microbiota.

Metabolic-Endocrine Functions References Protective and Structural Functions References
Production of Short Chain Fatty Acids (SCFAs) [30-34] Secretion of mucus and antimicrobial factors [35-37]
Biosynthesis and absorption of nutrients (i.e., . . -

. Prevention of pathogenic colonization by

salts/water absorption, carbohydrate " 5 .

. . . ! [38] competition for nutrients and attachment sites and [39-42]
fermentation, vitamins and amino L . ..

. . antimicrobial activity
acids production)
Bio-transformation of bile acids [43,44] Influence ‘Of innate and adaptive immune system [45-47]
and functions

Production of local neurotransmitters such as
nitric oxide (NO)’ y—ammobutync acid (GABA) [48-52] Regulation of inflammatory cytokines production [53-55]
and monoamines (noradrenaline,
dopamine, serotonin)
Activation of protein kinases [56] Modulation of tight junctions and intestinal [57,58]

permeability
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Table 1. Cont.

Metabolic-Endocrine Functions References Protective and Structural Functions References
Modulation of mitochondrial biogenesis [59] P%'omotlc?n .Of epithelial cell growth and [39,40]
differentiation
Improvement of myofibers efficiency and [60,61] Micro-vascularization of intestinal villi and [62-65]

protection of muscle protein catabolism
Maintenance of glucose homeostasis and

development of the crypts

. Ot B ome [15,66,67]
promotion of insulin sensitivity
Regulation of host adiposity, leptin production [15,68-70]
and body weight -
Regulation of food intake and appetite [66]
Metabolism of drugs and xenobiotics [39-42]
Differentiation of enteroendocrine cells [71]

In fact, the microbiome is involved in digestion functions, biosynthesis and absorp-
tion of nutrients, maintenance of epithelial integrity and mucosal homeostasis, interface
with immune system, competitive inhibition of conceivable invasion and colonization by
pathogenic microorganisms, drugs and xenobiotics metabolism [39-42].

3. Gut Microbiota Produces Molecules with Endocrine Activity

Beyond the local gastrointestinal functions, the gut microbiota exerts its effects also
on distal organs and systems, by releasing in the bloodstream molecules that act as hor-
mones [43,72]; this interaction is bidirectional, indeed specific members of the overall
microbial community could be modulated by hormones secreted by the host (i.e., stress
and catabolic hormones) as suggested by a new area of study termed Microbial Endocrinol-
ogy [73-75]. For this reason, microbiota is now considered as a virtual complex endocrine
organ [35,43], that influences host metabolism and energy homeostasis, by regulating
several functions including insulin sensitivity, fat storage, adiposity and body weight [15],
ultimately affecting host’s health and disease. Moreover, microbiota itself influenced by
host endocrine secretions.

3.1. Short Chain Fatty Acids

Among the microbial metabolites with endocrine activity, a key role is played by
short chain fatty acids (SCFAs), predominantly acetate, propionate, and butyrate, whose
production and absorption occurs mainly in the proximal large intestine, where colonic
bacteria including Bacteroides, Bifidobacterium, Propionibacterium, Eubacterium, Lactobacillus,
Clostridium, Roseburia and Prevotella ferment undigested food [35,76]. Acetate and propi-
onate are mostly absorbed from the colonic lumen and transported in the bloodstream to
a variety of different organs (i.e., skeletal muscle, adipose tissue, liver) where they serve
as substrates for energy metabolism [77,78], while n-butyrate is the substrate of colono-
cytes [79,80]. The latter has an impact on numerous functions, such as colon cancer and
inflammatory bowel disease protection, immune modulation, intestinal barrier regulation,
oxidative stress decrease [62,63]. In skeletal muscle, butyrate may play a pivotal role in ac-
tivating several regulatory pathways resulting in increased ATP production and improved
metabolic efficiency of myofibers [60], and it also inhibits histone deacetylase, preventing
apoptosis and protecting against muscle protein catabolism [61]. SCFAs represent the key
hormonal mediators of the gut microbiota, they can activate specific receptors, such as
G-protein coupled receptors, GPR43 and GPR41 [30], expressed in several different tissues
and cell types (i.e., endocrine cells, adipocytes, skeletal muscle cells) [30-34]. For instance,
SCFA-GPR43 signaling might contribute to regulate immune and inflammatory responses,
including intestinal inflammation [53], by controlling neutrophil chemotaxis [54] and by
acting on the proliferation of T regulatory cells [55]. GPR43 may influence adipocyte
function as suggested by its induction during adipocyte differentiation as well as by its
increase during high-fat diet in rodents [81]. Moreover, an effect on lipid accumulation
and inhibition of lipolysis by acetate and propionate, mainly through GPR43, has been
demonstrated by Hong et al. [82], while GPR41/GPR43 have been associated with regula-
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tion of host adipose tissue and leptin production by the gut microbiota [68-70]. GPR41 and
GPR43 are expressed in enteroendocrine L-cells in ileum and colon intestinal portions [71],
and activation of these receptors by SCFAs promotes the secretion of the anorexigenic
gut peptide glucagon-like peptide-1 (GLP-1) and peptide YY (PYY), as shown by several
reports [71,77,83], thus regulating food intake and appetite, gut barrier and glucose home-
ostasis (i.e., insulin sensitivity) via direct interactions with organs but also through nervous
routes [66]. The modulation of glucose uptake and metabolism, as well as the promotion of
insulin sensitivity, occurs also in skeletal muscle cells [67], where SCFAs derived from the
systemic circulation bind to both GPR41 and GPR43 receptors [33,34]. Interestingly, it has
been shown that GPR41 is highly expressed in rat brain tissue [67], and monocarboxylate
transporters used by SCFA are abundantly expressed at the blood-brain barrier [84-87],
thus suggesting that circulating SCFAs could cross the blood-brain barrier, thus entering
the central nervous system (CNS), where they are thought to play a role as major energy
source in cellular metabolism [38], neutrophil cells signaling [45-47] and neurotransmitter
synthesis [48].

3.2. Neurotransmitters

Moreover, gut microbiota is itself a source of local neurotransmitters, influencing the
HPA axis, thus affecting mood, motivation, and sensation of exhaustion in both sedentary
individuals and athletes [49]. These molecules include nitric oxide [50,51], GABA, produced
by several Lactobacillus and Bifidobacterium with large interspecies variation [88], and
monoamines such as noradrenaline, dopamine and serotonin, produced by certain strains
of bacteria [89,90]. Additionally, the circulating concentrations of the aminoacid tryptophan,
a precursor of serotonin, a key neurotransmitter in the gut-brain axis both at the enteric
level [91] and the central nervous system [52], are controlled by the bacteria in the gut.
Strenuous training and competition might cause mood disturbances, fatigue, insomnia, and
depression in athletes, ultimately affecting physical performance. Moreover, the production
and modulation of different neurotransmitters and hormones by gut microbes might also
contribute to behavior regulation [49,52]. Interestingly, tryptophan could also stimulate
insulin-like growth factor 1/Ribosomal protein S6 kinase 3-1 (p70S6K)/mammalian target
of the rapamycin (mTOR) pathway in muscle cells, promoting the expression of genes
involved in myofibrillar synthesis [56].

3.3. Secondary Bile Acids

Other microbial by-products with relevance in host metabolism include secondary bile
acids, which affect glucose homeostasis by activating receptors similar to those activated
by the parent compounds (e.g., farnesoid X receptor-«) [43], and trimethylamine, derived
by choline degradation [44]. Trimethylamine conversion to trimethylamine-N-oxide is
involved in cardiovascular disease [92,93] and choline deficiency is related to nonalcoholic
fatty liver disease and altered glucose metabolism [8,94,95].

4. Endogenous and Exogenous Factors Influence Gut Microbiota

Composition of the gut microbiota communities shows high interindividual variability,
especially at levels below the phylum [96]. Host-specificity is influenced by several endoge-
nous and exogenous determinants, including host genetics [36,97], gender [98], geographic
origin [99,100], pregnancy [101], type of birth (natural or caesarian) [102], method of infant
feeding (breastfeeding or infant formula) [103], stress, drugs [104] and diet (Table 2).
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Table 2. Endogenous and exogenous determinants of gut microbiota community.

Determinants of Gut Microbiota References
Host genetics and physiopathology [36,97]
Age [36]
Gender [98]
Geographic origin [99,100]
Pregnancy [101]
Type of birth (natural or caesarian) [102]
Method of infant feeding (breastfeeding or infant formula) [103]
Dietary habits [105-109]
Physical exercise and individual fitness status [11,13,14,43,62,110,111]
Antibiotic and other drugs intake [104]
Stress [104]

Indeed, dietary habits strongly impact gut microbiota composition. Thus, western
diets, characterized by a high content of sugars and fats and low content of fiber, have
been linked with a decrease in community diversity, permanent loss of bacteria and dys-
biosis [105-107]. Conversely, high fiber diets, including fruits, vegetables, legumes, and
whole-wheat grain products, can increase microbial diversity [108,109]. Shifts in the micro-
bial community in response to different factors impair the symbiotic relationship between
pathogenic and nonpathogenic bacteria, potentially causing the onset of a proinflammatory
state, and gut dysbiosis, with health implications [112], including autoimmune and allergic
conditions, colorectal cancer, metabolic diseases [9,113,114]. Although gut microbiota alter-
ations have been identified as contributing factors of different host diseases, the existence
of “health-associated” microbial profiles, is still unknown, despite some bacterial species,
have been suggested as crucial for the development of a healthy microbiota [20,96,115].
Increased gut microbial species diversity and/or richness are recognized as features of
healthy individuals [64] showing a positive association with overall gut microbial richness.
Interestingly, Roager et al. have observed that human slower colonic transit time, assessed
by radiopaque markers, was strongly related to a shift in colonic metabolism from carbohy-
drate fermentation to protein catabolism while shorter colonic transit time appeared linked
to metabolites possibly reflecting increased renewal of the colonic mucosa. Together, these
data indicate that gut microbial diversity may not be the only determinant of a healthy
gut ecosystem, but other factors, such as colonic transit time, should be considered [116].
In addition, it seems that gene content/diversity in the intestinal tract might be a better
biomarker of physiological states [117] and, therefore, the functional /metabolic activity of
gut microbiota may have a greater impact than microbial composition on the onset and/or
maintenance of human health or disease development.

Impact of Exercise on Gut Microbiota

Physical activity prescription plays a crucial role in the prevention of several dis-
eases, such as CVD, colon, breast cancer, T2DM, osteoporosis, sarcopenia, cognitive im-
pairment, and depression [118]. Within the last years, it has been largely reported that
exercise-related benefits on GI tract, metabolic diseases, mood, and other brain-related
disorders could be provided by alterations to the gut microbial community and its metabo-
lites [11,13,14,43,62,110,111]. Although various studies have shown that physical activ-
ity increases microbiota diversity and modulates its distribution and functional capac-
ity [15-17,119], the results are still conflicting. Furthermore, evidence on the relationship
between exercise, gut permeability and lipopolysaccharide (LPS)-induced systemic in-
flammation are not conclusive. Discrepancies among studies could depend on the type,
intensity, duration, and adaptability of the exercise applied [57]. Indeed, it has not yet been
clarified whether an acute systemic elevation of LPS in response to prolonged or strenuous
exercise, often referred as “mild endotoxemia” [120-122], might occur as a physiological
transient effect or might be detrimental, in the long term, to health, particularly in leisure
athletes who regularly practice physical activity [121,123]. Moreover, the mechanisms
by which exercise could cause changes in the microbiota are not yet fully understood,
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likely involving a set of interrelated pathways, summarized in the Figure 1 including,
for instance, modification of bile acid profiles, increased SCFAs production, activation
of toll-like receptors (TLRs) in the muscle by LPS, myokines release from muscle fibers,
glucose homeostasis maintenance, weight loss induced by energy expenditure, exercise-
induced heat stress, HPA axis activation and other under recognized contributing factors
(Figure 1) [96,124,125].

bile acids
modification

stress responses
and HPA axis
activation

reduction of gut
transit time

8)

P

SCFAs myokines
production secretion

4

activation of TLRs in
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Figure 1. Schematic representation of the effect of physical activity on gut microbiota. Physical activity could alter the

gut microbiota through several pathways, as depicted in figure. Specifically, the mechanisms involved in the effects are

the pathways involved in modification of bile acid profiles, SCFAs production, myokines secretion, activation of Toll-Like

Receptors (TLRs) in the muscle by LPS, increase IgA production, glucose homeostasis maintenance, HPA axis activation.

Moreover, physical activity influence also weight loss, exercise-induced heat stress, reduction of gut transient time.

Of particular interest is the notion that the effects of exercise on gut microbial shifts
might also be driven by hormonal signals. Psychological and physical demands associated
with prolonged intense exercise and inadequate recovery could lead to a stress response
that involves activation of sympathetic adrenomedullary and HPA axes, leading to the
release of stress and catabolic hormones [126], inflammatory cytokines (i.e., TNF«, INFe,
INFy), interleukins (IL1f3 or IL6), and gut microbiota molecules (i.e., SCFAs, tryptophan,
serotonin, GABA, dopamine). Indeed, recent evidence in experimental murine models
suggests a high correlation between physical and emotional stress during exercise and
changes in gastrointestinal microbiota composition [49,127]. Furthermore, in vitro studies
have shown a growth of non-pathogenic commensal E. coli [128], as well as of other
Gram-negative bacteria [129], in response to increased noradrenaline concentrations, after
acute stress. Noradrenaline may stimulate pathogenic bacterial growth by facilitating
the adhesion of E. coli to the intestinal wall by increasing its virulence factor K99 pilus
adhesin and by activating the expression of virulence-associated factors [130]. Moreover,
a recent study conducted by Karl et al. investigated the effects of physiological stress on
intestinal microbiota composition and metabolic activity, as well as intestinal permeability
in soldiers submitted to a multiple-stressor military training exercise (4-day cross-country
ski-march). Although the findings are obtained in a small population, the results showed
an increase in intestinal permeability associated with alterations in inflammatory markers
and with changes in microbiota composition and metabolism [58]. Alterations of the gut
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microbiota, possibly induced by acute and chronic stress hormones released after exercise,
have not been explored sulfficiently, and should be further investigated to elucidate whether
microbial changes may impact on metabolic function and physical performance of both
athletes and leisure exercising subjects.

5. Studies in Murine Models

Studies on the impact of exercise on gut microbiota composition and functional capac-
ity in experimental rodent models are not definitive, as also stated by a recent systematic
review that highlighted a lack of results supporting a role for exercise in modifying specific
taxonomic groups or indices of richness or diversity. Potential causes include differences
in study design (i.e., mode, intensity, duration of exercise, diet protocols, species/strain,
and age of animal models), statistical indices used for diversity assessment (i.e., Shannon
vs. Chaol vs. QIIME calculated, etc.) and inconsistency in reporting. Only a tendency
for an exercise-induced increase of butyrate producing bacteria was detected [131]. A
study carried out by Matsumoto et al. showed that voluntary exercise (running) in rats
determined a variation in microbiota composition, with a subsequent increase of n-butyrate
concentration [62]. These effects were partly confirmed by Queipo-Ortufio et al. that
demonstrated how a short period of voluntary wheel running (6 days) was able to increase
bacteria producing lactic acid Lactobacillus and Bifidobacterium, which modulate mucosal
immunity and prevent pathogen invasion, and Blautiacoccoides—Eubacteriumrectale group,
which convert lactate into butyrate. Moreover, a positive link between Lactobacillus and
Bifidobacterium genera and serum leptin levels was observed in this study [132]. In 2018,
Allen et al. confirmed an increased cecalbutyrate: acetate ratio, along with increased
abundance of Akkermansia and of an unclassified genus within the family Lachnospiraceae in
exercised mice compared to sedentary controls [133]. In addition, a higher abundance of
Firmicutes phylum, in particular of Lactobacillales order, was found in exercised mice versus
sedentary controls. In particular, this study investigated the effects of polychlorinated
biphenyls (PCBs) and 5-weeks of exercise on the composition and structure of the gut
microbiome in aged mice showing that the structure of the gut microbiota of exercised
mice was significantly different compared to sedentary controls. Furthermore, the over-
all abundance of bacteria was significantly diminished in PCB-exposed sedentary mice.
However, no statistical differences in bacterial community structure were observed in
the exercised mice before and after PCB treatment, suggesting that exercise prevented
the PCB-induced decrease of Proteobacteria observed in sedentary mice [134]. Moreover,
Petriz et al. reported an increase of Firmicutes abundance in gut microbiota of obese rats
after moderate exercise training, with higher relative abundance of Lactobacillus, suggesting
a possible therapeutic role of exercise-induced microbiome modifications in obesity treat-
ment [11]. Conversely, Evans et al. showed that the prevention of weight gain in mice fed a
high-fat diet-induced obesity by exercise was associated with enhanced gut biodiversity
and a relative increase in Bacteroidetes. The increase of Bacteroidetes: Firmicutes ratio was
proportional to the distance run. Moreover, exercise augmented the relative proportion
of butyrate-producing bacteria such as the Bacteroidales S24-7 family of Bacteroidia class
within the Bacteroidetes phylum, and Clostridiaceae, Lachnospiraceae and Ruminococcaceae of
the Clostridia class within the Firmicutes phylum [12]. However, conflicting results were
produced by Kang et al. evaluating the gut microbiota of mice on either a high-fat diet or
on normal-diet, both conducted with and without forced wheel running exercise did not
counteract microbiota changes induced by a high-fat diet [110]. Another study, performed
by Campbell et al., examined the effect of 12-week voluntary exercise on intestinal integrity
and gut microbial ecology of sedentary and exercised animals on normal and high-fat
diets. Clonal and pyrosequencing analyses showed few Bacterioides family members in
fecal microbiota, whereas Clostridiales were predominant in all animal groups [135]. The
effects of exercise on gut microbiota shifts in T2DM were investigated by Lambert et al.
that evaluated cecal microbiota of T2DM (db/db) and control (db/+) mice engaged in
6 weeks of sedentary or low-intensity treadmill running. The study revealed that total
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bacteria and Enterobacteriaceae were similar in db/+ mice regardless of exercise, but they
were lower in exercising db/db mice, and Bifidobacterium spp. was greater in exercised
non-diabetic mice, while the presence of diabetes nullified this effect [136]. Another inter-
esting aspect was investigated by Tung et al. that used a multiomics approach to study
differential physiological adaptations caused by intrinsic exercise capacity in male out
bred ICR mice. After an exhaustive swimming test, mice were divided into three groups
based on their exhaustive swimming times: 15 lowest exercise capacity mice or LEC group,
15 medium exercise capacity mice or MEC group, and 15 highest exercise capacity mice
or HEC group. The analysis of the gut microbiota revealed that HEC mice had a greater
microbial abundance and diversity than LEC mice, which suggests a high correlation with
exercise capacity. In addition, the ratio of Firmicutes/Bacteroidetes was significantly higher
in HEC mice than in LEC mice [137-139]. Recently, the potential role of gut microbiome
manipulation on physical performance has been explored [140,141], but the hypothetical
underlying mechanisms of a possible effect, are still unrevealed. In fact, Hsu et al. in
2015 were the first to investigate the association between intestinal bacteria and exercise
performance in specific pathogen-free (SPF), germ-free (GF), and Bacteroides fragilis (BF)
gnotobiotic mice. Given the modulating effects of gut microbiota on antioxidant enzyme
activity and the potential link between enhanced antioxidant enzymes and exercise per-
formance improvement [142], they examined antioxidant enzyme levels and endurance
exercise after an exhaustive exercise challenge (endurance swimming test). The results
showed decreased antioxidant enzyme activities and exercise performance in absence
of microbiota (GF conditions), while monocolonization of GF mice with BF prevented
the decline in endurance exercise time, suggesting that different microbiota status affects
exercise performance by regulating antioxidant enzyme activity [140]. Also, Huang et al. in
2019 applied a gnotobiotic animal model to directly investigate the relationship of specific
gut microbes and exercise physiology, showing a positive effect of the butyrogenic microbe
E. rectale on exercise performance both with and without exercise training intervention, pos-
sibly due to improved bioavailability of energy [141]. Along with microbial composition,
gut metabolic activity might contribute to physical performance, as indicated by studies
that have observed an increase of biochemical pathways related to carbohydrate and amino
acid metabolism in athletes’ microbiome compared with sedentary individuals [16,17,143].
Specifically, the gut microbiome produces SCFAs from dietary fiber fermentation, and
increased levels of these fecal metabolites have been detected in response to physical activ-
ity [16,144]. Even though, normally in humans SCFAs contribute only by 1.2-10% to total
energy during a western diet, compared to 57% of lowland gorillas [145-147], this percent-
age may influence energy availability during endurance performance, as reported in recent
studies in murine models [143,148]. In particular, acetate, the dominant SCFA, appears to
be the most important energy source in muscle [148], while propionate may be produced
in skeletal muscles during anaerobic exercise by microbial lactate-utilizing species from
systemic lactate and entering the gut lumen [143]. Furthermore, gut microbiota might
also affect exercise performance by influencing skeletal muscle metabolism, function and
fiber phenotype. Interestingly, Yan et al. found that germ-free (GF) mice replicate the fiber
characteristics and lipid metabolic profile of the donor’s skeletal muscle after microbiota
transplantation from obese or lean pigs [149]. Lahiri et al. compared the skeletal muscle
of germ-free (GF) mice to skeletal muscle of pathogen-free (PF) mice, revealing that GF
mice showed muscle atrophy, reduced muscle strength, decreased expression of IGF-1 and
reduced transcription of genes associated with muscle growth and mitochondrial function.
Transplanting the gut microbiota from PF mice into GF mice resulted in increased skeletal
muscle mass, reduced muscle atrophy markers, improved oxidative metabolic capacity of
the muscle, and elevated expression of neuromuscular junction assembly genes. Moreover,
the administration of SCFAs to GF mice partly reversed skeletal muscle impairment [150].
Conversely, even though Nay et al. measured the endurance capacity decrease assessed
by in vivo running tests and ex vivo muscle contractility tests in antibiotic treated healthy
mice, they did not find any variations in muscle mass, fiber typology, or mitochondrial
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function. In their study, the decrease of skeletal muscle endurance was correlated with
reduced glucose metabolism markers, such as expression of the SCFAs transporter GPR41,
sodium-glucose cotransporter 1 (SGTL1) and muscle glycogen level, suggesting a correla-
tion to the antibiotic-mediated gut microbiota depletion (21 days). Indeed, these effects
were normalized after 10 days of natural reseeding, indicating that a glucose homeostasis
improvement might contribute to ameliorate physical performance through gut microbial
changes [59]. Figure 2 depicts the above reported studies in murine model.

Exercise

Mucosal Antioxidant
i i enzyme
immunity e

Gut microbiota
diversity

Metabolism

Figure 2. Schematic diagram depicting the factors that contribute to modify the gut microbiota in
murine model.

6. Studies in Humans
6.1. Studies in Different Body Mass Index (BMI), Active and Sedentary Groups

Clinical studies indicate that exercise promotes a health-associated microbial commu-
nity and increases metabolic functional potential, leading to the hypothesis of a possible link
between gut microbiota, physical fitness, and wellness maintenance. To date, conclusive ev-
idence on the effects of exercise on gut microbiota are lacking, as it seems that the observed
shifts in microbial populations and metabolites occur as a result of an interplay of factors,
including individual physical fitness status and/or specific nutrition regimens. Recently,
Bressaet al al. conducted an observational study on 40 normal-weight premenopausal
women divided in two groups, active and sedentary, demonstrating that physical activity
performed at the minimum doses recommended by WHO (i.e., 3 days of exercise per
week/ 30 min at a moderate intensity) but continuously, increased the abundance of the
butyrate producers Faecalibacterium prausnitzii and Roseburia hominis [151], and of Akker-
mansia muciniphila, associated with a better body composition and improved metabolic
health [152]. No changes were detected in the relative abundance of Bacteroidetes and
Firmicutes, but a trend for a lower presence of the Bacteroidetes population in the active
group was detected, consistent with findings obtained in professional athletes [153]. The
microbiota diversity did not significantly differ between groups, but sedentary parameters
(i.e., sedentary time and breaks) negatively correlated with microbiota richness [111]. More-
over, the following year Munukka et al. (2018) showed that a 6-week guided endurance
exercise program (three training sessions/week in groups of 2—4 subjects performed as
further described) modestly modified the composition and functions of gut microbiota
among previously sedentary overweight women. More specifically, the exercise training
increased the abundance of Verrucomirobia, a phylum that contains only a few species,
and further Akkermansia, one of the major representatives of Verrucomicrobia. Moreover,
exercise intervention decreased the abundance of Proteobacteria and an unidentified genus



Foods 2021, 10, 3075

10 of 24

of Enterobacteriaceae, an increase of which has been reported in obesity and non-alcoholic
steatohepatosis [119,154,155]. In the same year, a longitudinal study by Allen et al. ex-
amined the effects on gut microbiota in 32 previously sedentary normal weight or obese
adults, providing a 6-week supervised endurance exercise program followed by a 6-week
washout period. The results showed an increase in Faecalibacterium species and a decrease
in Bacteroides species in normal weight subjects, while the opposite result was registered in
obese individuals. Additionally, exercise increased fecal concentrations of SCFAs in lean,
but not in obese participants, and, furthermore, this increase was transient and disappeared
in the subsequent sedentary washout period, suggesting that exercise-induced alterations
in gut microbiota depend on obesity status, and that the transient effect may be explained
by the need of continuous training stimuli [144]. Accordingly, a prospective study by
Cronin et al. showed that the gut microbial shifts observed in habitual exercisers and pro-
fessional athletes might represent late responses to exercise or fitness. However, they did
not identify a significant impact of 8 weeks of combined aerobic and resistance training on
gut microbiome diversity and metabolic pathways in sedentary adult volunteers (predomi-
nantly overweight or obese), thus suggesting that this period length could not be enough
to exert gut microbial changes [156]. The longest exercise intervention study was carried
out by Kern et al. in 88 sedentary overweight or obese participants, divided in four arms
(habitual living, active commuting by bike, leisure-time exercise of moderate intensity, or
vigorous intensity) that completed a 6-month randomized controlled trial. Results showed
that a-diversity increased in the vigorous intensity exercise group already after 3 months
compared to controls, but associations between x-diversity and phenotypical outcomes
such as cardiorespiratory fitness and fat mass were not observed. 3-Diversity changed in
all exercise groups compared with controls and, particularly, a decreased heterogeneity
was detected in the vigorous intensity exercise group. No significant changes at the genus
level were found. Finally, the inferred functional potential of the microbiota in the exercise
groups was increased, primarily at 3 months [157].

6.2. Gut Microbiota as Function of Cardiorespiratory Fitness

Some studies have evaluated the gut microbiota composition as a function of car-
diorespiratory fitness. The first study by Estaki et al. conducted on 39 healthy young
adults with similar BMI and nutritional regimes, showed that gut microbial diversity
(x-diversity) in healthy humans was associated with aerobic fitness as measured by peak
oxygen uptake (VO,peak), while 3-diversity analysis did not show distinct clustering of
bacterial communities based on fitness (high, average, low) categories. However, a core set
of gene-related functions rather than of bacterial taxa, was detected in subjects with high
cardiorespiratory fitness. Additionally, a strong positive correlation was observed between
VO;peak and fecal butyric acid, and an increased abundance of key butyrate-producing
taxa (Clostridiales, Roseburia, Lachnospiraceae, and Erysipelotrichaceae) was detected amongst
high physically fitted individuals [65]. These findings are consistent with those reported
by Durket et al., who recently explored the relationship between cardiorespiratory fitness
(maximal oxygen consumption, VO,max) and relative gut microbiota composition assessed
by Firmicutes to Bacteroidetes ratio (F/B) in 37 healthy young adults. The results showed
that VO,max was positively associated with an increase in F/B ratio, thus suggesting that
exercise training may elicit favorable shifts in gut microbial composition in young healthy
adults [158]. Conversely to these results, Cronin et al. found that the improvement in both
cardiorespiratory fitness and body composition induced by 8 weeks of mixed aerobic and
resistance exercise among overweight or obese healthy volunteers, were not dependent
on a substantial alteration of the diversity of gut microbial populations [156]. Yang et al.
conducted a study on 71 sedentary premenopausal women, mostly overweight or obese,
divided into three groups based on the level of cardiorespiratory fitness (low, moderate
and high) as assessed by the bicycle ergometer test [159]. The study demonstrated that
the high fitness group had higher proportions of Bacteroides and lower Eubacterium rec-
tale Clostridium coccoides (EreC) than the low fitness group as also previously shown by
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other studies demonstrating that EreC group is associated with obesity and related to
metabolic disorders [115,119,160,161]. In this study, VO,max was inversely associated
with EreC, however, after adjusting for fat percentage, this association disappeared [159]
as similarly demonstrated in 2019 by Morita and colleagues. They showed that aerobic
exercise training targeting an increase of the time spent in brisk walking increased the
relative abundance of intestinal Bacteroides, whereas trunk muscle training (TM) did not
change the composition of the intestinal microbiota in subjects within the TM group [162].
Whether cardiorespiratory fitness plays a role in altering gut microbiota is still unclear, as
the underlying mechanisms by which improvements in fitness profile might be associated
with microbiota are yet to be fully understood. Moreover, as discussed by Estaki et al.,
other components of fitness such as anaerobic capacity and resistance muscle training may
also influence microbial community composition [65]. Although diversity of results is
evident from human studies, a link between exercise and both taxonomic and functional
alterations of gut microbial community has been observed. As reported by Mitchell et al.
in a systematic review of 2019, the greatest difficulties in studying the relationship between
exercise and gut microbiota included the ability to distinguish the effects of diet from those
induced by exercise, and the different outcomes of longer and/or higher intensity training
protocols, plus the identification of specific gut microbial responses among physically
active or inactive, in either normal weight or overweight/obese individuals [131].

6.3. Studies in Athletes

The studies conducted on physically active and sedentary subjects indicate a role of
exercise in gut microbiome modification, therefore, given the remarkable physiological
and metabolic adaptations of athletes, it is highly expectable to observe clear differences
between microbiota characteristics in athletes and sedentary individuals. Accordingly,
several studies reported a higher abundance of health-promoting bacterial species, in-
creased microbial diversity, and functional /metabolic potential in gut microbiota of athlete
populations [16,17,35].

6.3.1. Endurance Sport Studies

Potential alteration in gut microbiota composition and microbial metabolic profile in
endurance athletes was first evaluated by Zhao and colleagues, who performed an untar-
geted metabolomics methodology and 16S ribosomal DNA (rDNA) sequencing analysis in
20 amateur half-marathon runners. More specifically, 40 fecal samples were collected before
and after a half-marathon race and during the two sample time periods each volunteer
was given the same kind of food. The study did not reveal any significant differences in
a-diversity, but more specific bacterial taxa ranking from phylum to species levels were
detected after than before the half-marathon race, thus indicating that running potentially
increased the diversity of the gut microbiota [163]. Interestingly, increased species richness
was observed after running in the Coriobacteriaceae family, that appear to be involved in
the metabolism of bile salts and steroids as well as in the activation of dietary polyphenols
in the human gut [164]; this increase was shown to correlate with 15 differential metabolites,
suggesting that the metabolism of Coriobacteriaceae might be the potential mechanism
underlying the role of exercise in preventing disease and improving health outcomes.
Functional prediction to determine potential functions of the gut microbiota, that may be
altered by intensive running, showed that “cell motility” function of gut microbiota was sig-
nificantly induced after running, while “energy production and conversion” was repressed.
Finally, correlation analysis indicated that the observed differences in gut microbiome
might have been the shared outcome of running and dietary intervention. Additionally,
significant correlations between food intake and gut microbiota composition were found,
with fat and energy intake as major factors that could alter microbial communities in a
rapid manner [163]. Moreover, Scheiman et al. carried out a study in the category of
marathon runners, by examining gut microbiota of 15 athletes that performed the Boston
Marathon in 2015, along with 10 sedentary controls, to identify gut bacteria associated
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with athletic performance and recovery states. They conducted 16S rDNA sequencing on
approximately daily stool samples collected up to one week before and one week after
marathon day, showing that there was a significant difference in the relative abundance
of Veillonella genus between samples collected before and after exercise. Moreover, the
prevalence of Veillonella appeared higher among marathon runners than non-runners, but
this difference was not statistically significant. These data suggest that systemic lactate
produced during exercise could be accessible to the microbiome and converted to SCFAs
that improve athletic performance. So Veillonella could have a symbiotic relationship in the
human microbiome [143]. Further studies by Keohane et al. focused on the response of the
gut microbiota to prolonged intense exercise in previously active individuals, by exploring
the changes in microbial diversity, abundance, and metabolic capacity in four well-trained
ultra-endurance male athletes that performed prolonged, high-intensity trans-oceanic row-
ing. They collected serial stool samples from athletes before, during, and after a continuous,
unsupported 33-day, 5000 km transoceanic rowing race and studied microbial community
structure and relevant functional gene profiles by whole-genome shotgun sequencing
analysis. Dietary data were recorded by a validated food frequency questionnaire, and
body composition analysis and cardiorespiratory testing were performed. The results indi-
cated an increase of a-diversity throughout the ultra-endurance race (except in one rower,
who required antibiotic treatment before midrace), that occurred independently of any
change in cardiorespiratory fitness, with VO2max similar pre- and postrace. Variations in
taxonomic composition comprised increased abundance of butyrate producing species and
species associated with improved metabolic health, including high insulin sensitivity. At
the functional metabolic level, an increase of S-adenosyl methionine (SAMe), medium and
long chain fatty acids and specific amino acids (i.e., L-isoleucine and L-lysine) biosynthesis
pathways were observed. Interestingly, many of the adaptions in microbial community
structure and metaproteomics persisted up to 3 months follow-up, suggesting that both
gut microbial diversity and metabolic potential are positively influenced by prolonged
and intense exercise, and these adaptions may play a compensatory role in controlling the
physiological stress associated with sustained exertion as well as negating the deleterious
consequences of endurance exercise. However, the different diet followed during the
rowing race with respect to the pre-race period, could also have influenced the changes
observed in gut microbial community structure and function [165]. A recent interesting
study by Hampton-Marcell et al. has focused on the temporal dynamics of the association
between exercise and gut microbial community alterations, by exploring microbial shifts
in response to short-term changes in training volume among Division I NCAA collegiate
swimmers. Fecal sample collection was conducted during peak training through swim-
mers’ in-season taper in 2016 (n = 9) and 2017 (1 = 7), capturing a systematic reduction
in training volume (measured as swimming distance) near the conclusion of the athletic
season. The 165 rRNA V4 amplicon sequencing showed a reduction in training volume
during the study period, that coincided with a significant decrease in overall microbial
diversity, microbial community structural similarity [166].

6.3.2. Team Sports Studies

The first study on athletes was carried out by Clarke et al. in 2014 in which male elite
professional rugby players and two control groups, one matched for athlete physical size
(BMI > 28), and another matched for age and gender (BMI < 25) were evaluated. The
analysis of gut microbiota revealed that the -diversity of the elite athlete microbiota was
significantly higher, with 22 phyla detecting with respect to 11 phyla in BMI < 25 and
9 phyla in BMI > 28 control groups, and this enhanced diversity correlated with protein
consumption and plasma creatine kinase. In particular, the greater diversity was among
the Firmicutes phylum, while Bacteroidetes taxon was less abundant. Another interesting
data was that both athletes and the low BMI groups had significantly higher proportions of
the genus Akkermansia, whose abundance inversely correlates with obesity and associated
metabolic disorders in mice and humans [35,167,168]. In 2018, Barton et al. reexamined the
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microbiome in these participants (both athletes and controls) by metabolic phenotyping and
functional metagenomic analysis, to further investigate whether the microbial differences
did correspond to distinctive functional /metabolic features. They found that differences in
fecal microbiota between athletes and sedentary controls were even more pronounced at
the functional /metabolic level than at the compositional level as previously reported. In
particular, athletes had an increased abundance of pathways that could be exploited by the
host for potential health benefits (i.e., biosynthesis of organic cofactors and antibiotics, as
well as carbohydrate degradation and secondary metabolite metabolism), and increased
levels of fecal SCFAs relative to controls [17].

6.3.3. Studies across Different Levels of Athletes

Petersen et al. examined the gut microbiota of 22 professional and 11 amateur level
competitive cyclists by metagenomic whole genome shotgun sequencing and RNA se-
quencing analyses, describing a significant correlation between time reported exercising
during an average week and the abundance of the genus Prevotella, independently of the
athletes’ category (professional or amateur). Prevotella abundance has been correlated to the
number of average kilocalories consumed per day and diets high in complex carbohydrates
(including high dietary fiber from various sources such as fruits and vegetables), egg
food items, and high vitamins and minerals [169-171]. Furthermore, metatranscriptome
analysis revealed the up regulation of branched chain amino acid (BCAA) biosynthesis
when there was an increase in Prevotella transcripts. Of interest, another difference be-
tween the metagenome and metatranscriptome analysis level, was the significant increase
in transcriptional activity of Methanobrevibacter smithii in the number of professional cy-
clists in comparison to amateur cyclists, and this archaeon showed an up regulation of
those genes involved in the production of methane. Finally, this upregulation of methane
metabolism was associated with a similar increase of energy and carbohydrate metabolism
pathways [16]. A further study by Liang et al. examined the differentiation of the gut
microbiota characteristics in 31 professional routine martial arts athletes divided into two
groups according to their qualification (higher-level, H group and lower-level, L group).
They found that higher-level athletes had significantly higher gut microbial diversity and
richness («-diversity index) than lower-level athletes. Moreover, the higher-level ath-
letes also had a different gut microbial structure (3-diversity index) than the lower-level
athletes. Among the taxa that were significantly different between the two groups, the
genera Parabacteroides and Phascolarctobacterium were higher in the H group than in the L
group, and Megasphaera was lower. Of interest, the abundance of Parabacteroides, which
is closely associated with exercise and cardiac function, and negatively with metabolic
disorders [172-174] was remarkably correlated with exercise load, while the other higher
abundant genus Phascolarctobacterium has been reported to produce SCFAs including pro-
pionate and acetate [175]. Conversely, the abundant genus Megasphaerain the lower-level
athletes (which has been suggested to be more abundant in chronic inflammatory diseases,
such as nonalcoholic steatohepatitis and genital tract inflammation), has the potential
to produce high levels of LPS [176,177]. Furthermore, the analysis of the functional pre-
diction revealed that histidine and carbohydrate metabolism pathways were markedly
overrepresented in the gut microbiota of higher-level athletes [178].

6.3.4. Studies across Different Sport Classifications

A recent study by O’'Donovan et al. investigated the impact of different training types
on gut microbiome and metabolomes, by studying 37 elite Irish athletes who competed
across 16 different sports classified into broader sport classification group (SCGs) based on
the static and dynamic components of the sport. Differences were observed in microbial
composition between SCGs. Individual variability was detected across athletes, with
clustering of the majority of samples driven by the relative abundances of five species,
namely, Eubacteriumrectale, Polynucleobacternecessarius, Faecalibacteriumprausnitzii, Bacteroides
vulgatus and Gordonibactermassiliensis. The species composition changes may be the result of
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the variance in demand across different types of sports, including duration of activity and
training modes. Of interest, no significant differences in dietary intake were found between
any nutrients or food groups based on SCGs, gender, or location of sample collection after
correction for multiple comparisons [179]. Jang et al. investigated the long-term effects
of a specific exercise type and athletes” diets on gut microbiota, by comparing microbial
characteristics, dietary intake, and body composition of male bodybuilders (n = 15), male
elite distance runners (n = 15) and healthy men (n = 15) without regular exercise habits
that served as controls. They found that the type of exercise training and the diet pattern
associated with specific sports (high fat, high protein and low carbohydrate/low fiber diet
for bodybuilders, and low-carbohydrate and low-dietary fiber diet for distance runners) did
not make a difference in the 3-diversity of gut microbiota, but they did affect the relative
abundance of certain intestinal microbes. In particular, at the genus level, bodybuilders
showed a reduction of relative abundance of Bifidobacterium and an increase of Sutterella;
Bifidobacterium was negatively correlated with fat intake, whereas Sutterella (associated
with both high-fat and low-fiber diet) was positively correlated with fat intake [180].
Moreover, in bodybuilders, acetate-producing bacteria (i.e., Blautiawexlerae, Bifidobacterium
adolescentis group, and Bifidobacterium longum group) and lactate-producing bacteria (i.e.,
Lactobacillus sakeigroup) diminished, thus influencing the substrate supply of butyrate-
producing bacteria, such as Eubacterium hallii. In distance runners, gut microbiota diversity
tended to decrease as protein intake increased. Taken together, these results suggest that
high-protein diets may have a negative impact on gut microbiota diversity for athletes
performing endurance sports who consume low carbohydrates and low dietary fiber, while
athletes performing resistance sports, who carry out a high protein, low carbohydrate
and high fat diet, demonstrate a decrease in short chain fatty acid-producing commensal
bacteria [181]. The heterogeneous findings in athletes” studies highlight how gut microbial
composition and functional profile in this population likely derives from a combination of
intrinsic and extrinsic factors that comprise the host characteristics (i.e., metabolic features
and physical fitness level), and environmental factors, including an overall healthy lifestyle,
in particular dietary habits. Athletes often adhere to strict dietary regimens to support
training and performance, particularly when they perform extreme exercise, such as higher
calory and protein intake, high carbohydrate (both complex and simple) consumption, and
the use of vitamin supplements, and dietary differences represent a confounding variable
in the interpretation of the independent role of exercise on gut microbial changes [15]. In
fact, long-term dietary patterns, particularly the consumption of mostly animal protein
and fat (Bacteroides) or mostly plant-derived carbohydrate (Prevotella) diet, are strongly
associated with enterotype partitioning, due to the high level of resilience of the bacterial
community [170]. While some studies observed a negative impact of high-protein diets
on gut microbiota diversity as well as on the amount of SCFAs-producing commensal
bacteria in athletes [181], other studies found that high protein consumption increased
microbial diversity [15], but these inconsistencies may depend on the different dietary
fiber intake among athletes populations [182], microbial proteolytic fermentation (with
subsequent production of compounds that can negatively impact barrier function and
host physiological response) [183], occurs in specific situations, such as when the intake
of protein is elevated [184] and when low-fiber-low-resistant starches are provided [185].
Moreover, the microbiota-accessible carbohydrates (MAC) found within specific foods
have the ability to suppress protein fermentation by lowering pH in the distal gut and
decreasing the requirement of amino acids as an energy source for microorganisms [183].
Other important confounding factors are attributable to the numerous differences in diverse
athlete groups that include exercise characteristics (i.e., modality, intensity, frequency,
etc.), competition level (amateur or professional), training history and features (i.e., on-
season and off-season programmes, open or closed training environment). Specific sport
disciplines and subsequent exercise modalities and intensity might also influence gut
microbiota responses by determining intrinsic adaptations in the gastrointestinal (GI)
tract, such as transit time and gut pH modifications. These adaptive mechanisms may
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contribute to the building of an environmental setting that favors richer microbial diversity
and metabolic functions [64,65], but they also may hinder these effects. For example, in
prolonged excessive exercise, as frequently occurs in endurance sports, increased intestinal
permeability with subsequent endotoxemia may occur as a consequence of splanchnic
hypoperfusion and ischemia and subsequent reperfusion [49,123,127]. The combination
of endotoxemia and undersupply of blood nutrients, water and oxygen to the GI tract,
results in detrimental symptoms such as nausea, cramping, vomiting, and diarrhea [186].
Therefore, studies on the possible mechanisms by which gut microbiota may improve
intestinal barrier function in athletes are further required [49,127]. Figure 3 summarizes
the above reported studies on humans.
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Figure 3. Schematic diagram depicting the factors that contribute to modify the gut microbiota
in humans.

7. Conclusions and Future Prospective

Physical exercise performed at the doses recommended by the World Health Organi-
zation (WHO) improves fitness and quality of life throughout different mechanisms likely
involving modification of gut microbiota. The current body of literature indicates that
regular exercise increases gut microbial diversity and promotes the growth of symbiotic
bacteria populations and functional pathways, leading to a healthier status and possibly,
also enhancing physical performance in athletes. The effects of exercise on the gut mi-
crobiome seem to be influenced by several factors, including the physiological state of
the individual, as suggested by a richer microbiota in physically active subjects, variables
related to exercise such as intensity and timing, likely linked to both positive and nega-
tive outcomes, and long-term dietary habits, particularly protein and carbohydrate (fiber)
intake. A difficult task to reach is to untie the contribution of the different extrinsic and
intrinsic determinants impacting on the microbial community. The interaction between
physical activity and gut microbiota should be further characterized by taking into account
the confounding variables, by setting standardized methods in study design (i.e., fecal
sampling protocols, sequencing and analytical techniques, statistical analysis), by control-
ling calories intake, but also nutrients quality and composition, and by fixing exercise
parameters (i.e., acute or chronic exercise, cardio and/or resistance training, duration and
frequency). Furthermore, the underlying mechanisms by which exercise exerts its effects
on the intestinal microbiota should be elucidated by integrating taxonomy studies with
metagenomics, metatranscriptomics, metaproteomics and metabolomics. Functional diver-
sity may be the main determinant of a properly operating microbial environment [187] and,
consequently, of health host. Another aspect to further investigate regards the gut microbial
sampling methodology, as it has been suggested that the fecal compartment composition
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may be not reliable in capturing the true complexity of the gut microbiota (both under or
over- representing bacteria genera and species), without a clear distinction between the
mucus layer and the lumen residing microbial populations and metabolites [35-37]. The
available data on athletes suggest that this category presents distinct microbial features
from those of sedentary individuals, characterized by amplified microbial diversity, and
higher abundance of health-promoting bacterial associated with improved fitness status
and overall health [15-17]. Gut microbial community changes and function occur as result
of the interplay of exercise and dietary habits and might contribute to improve athletic
performance and reduce recovery time during training, but further studies are required to
enlighten the microbiota and exercise relationship and to gain novel opportunities, such
as the ability to predict responses to interventions and athletic performance. Meta-omics
data combined with computational strategies such as interpretable machine learning (ML)
approaches may play a key role in revealing how microorganisms interact with each other
and with their host to identify different healthy microbiota scenarios relevant for human
health and, also, performance improvement. In fact, ML can provide profound insights on
how an athlete’s physiology is influenced by several different factors. For instance, ML
models could predict the athlete’s exercise responsiveness in terms of glucose homeostasis
and insulin sensitivity [172] or in terms of biomarker signature of aerobic fitness [188]; such
predictions might be used to provide a customized lifestyle recommendation for modulat-
ing an individual’s microbiota and consequently improving an athlete’s responsiveness to
exercise, as well as to specific nutrients or supplements. Finally, whereas in sports these
technologies may be used to maintain or improve performance, they might represent a
novel tool for improving public health by optimizing diet and personal lifestyle [18]. In
fact, given the remarkable physiology and metabolism of athletes, this population may
serve as a crucial model in the exercise-gut microbiota research field, to transfer and apply
knowledge to the entire health in larger communities [64]. Further studies on the interac-
tion between exercise and microbiota should target the potential health benefits in older
individuals, as gut microbial resilience after the age of 65 is generally reduced, and the
overall composition is more vulnerable to lifestyle changes, drug treatment and diseases,
leading to decreased species richness and enhanced interindividual variability. Moreover,
gut microbiota biodiversity seems to inversely correlate with physical function and insti-
tutionalization of older individuals. The reduction of physical performance and muscle
strength are the main features of frail individuals with sarcopenia, as these age-related con-
ditions often coexist. Notably, gut dysbiosis may contribute to several metabolic disorders
involved in sarcopenia and frailty, such as enhanced protein catabolism, pro-inflammatory
cytokine production, decreased pro-anabolic mediators’ synthesis and reduced insulin
sensitivity, with some of these alterations linked to gut mucosa dysfunction and increased
permeability. Moreover, microbial disequilibrium could also be associated with reduced
survival in older individuals with frailty or disability [189]. Since exercise, together with
proper nutrition [190], is the most important tool for the prevention and treatment of these
high prevalent geriatric conditions [191], longitudinal studies are needed to verify whether
these effects may be mediated by recovery of health-related gut microbiota features along
with body composition improvement in sarcopenic and frail subjects. Lastly, another
opportunity that could be considered to extend knowledge on the exercise-microbiome
connection consists in assessing the possible effects of exercise-induced gut microbiota
alterations on skeletal muscle parameters, including muscle structure, mass, strength and
function, and muscle metabolism that ultimately affect both skeletal muscle health and
physical performance. In fact, several diet-derived compounds produced or modified by
gut microbes can enter the systemic circulation and ultimately influence skeletal muscle
cells, such as SCFAs, amino acids, secondary bile acids, polyphenols and vitamins [192].
To date, few studies, most on animal and gnotobiotic models, have been conducted, some
of these suggesting a role of microbiota composition and metabolites in skeletal muscle
homeostasis and functional capacity [59,140,141,143,148,150], therefore, future research
in humans is needed to clarify clinical relevance in this field. In recent years, studies in
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animals and humans have confirmed a positive role of exercise in shaping a healthy gut mi-
crobiota, possibly contributing to enhanced human health and, also, physical performance.
On the other hand, a condition of gut dysbiosis may negatively affect muscle mass and
function, by promoting intestinal permeability, systemic inflammation, reduced nutrient
availability, and decreased protein synthesis [193]. Novel intervention studies in healthy
athletes and sedentary individuals or older populations could represent a step forward
for the recognition of specific microbial taxa, pivotal active genes and related metabolic
pathways, together with bioactive, hormone-like microbial metabolites involved in the
gut-muscle axis, to further understand whether exercise might be a positive modulator of
this complex cross-talk.
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