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80-210 Gdańsk, Poland; k.przewlocka@gumed.edu.pl

2 Departmentof Clinical Nutrition and Dietetics, Medical University of Gdansk, 80-210 Gdańsk, Poland;
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Abstract: Excessive training may limit physiological muscle adaptation through chronic oxidative
stress and inflammation. Improper diet and overtraining may also disrupt intestinal homeostasis
and in consequence enhance inflammation. Altogether, these factors may lead to an imbalance in the
gut ecosystem, causing dysregulation of the immune system. Therefore, it seems to be important
to optimize the intestinal microbiota composition, which is able to modulate the immune system
and reduce oxidative stress. Moreover, the optimal intestinal microbiota composition may have
an impact on muscle protein synthesis and mitochondrial biogenesis and function, as well as
muscle glycogen storage. Aproperly balanced microbiome may also reduce inflammatory markers
and reactive oxygen species production, which may further attenuate macromolecules damage.
Consequently, supplementation with probiotics may have some beneficial effect on aerobic and
anaerobic performance. The phenomenon of gut-muscle axis should be continuously explored to
function maintenance, not only in athletes.
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1. Introduction

The intestinal microbiota consists of microorganisms inhabiting the gastrointestinal tract, with the
estimated number exceeding 1014 cells. The genome size of microbiota exceeds the human genome
by 150 times, which encompasses around 10 times more bacterial cells than all human cells and
over [1,2]. The biodiversity and overall composition of the gut microbiota plays a crucial role in
maintaining normal homeostasis within the human body. Bacteria are the most abundant population
of the gut microbiota, with more than 1000 different bacterial species being observed. The human gut
microbiota consists mainly of four phyla: Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria [2].
An imbalance among these phyla may alter the microecological environment of the gastrointestinal
tractand contribute to the development of various diseases. Intestinal bacteria are involved in many
functions and have been shown toimpact the nutritional status of the host, metabolic functions, and
maturation of the immune system, as well as epithelial cell maturation. Moreover, these bacteria
protect against pathogens and may influence brain function [3,4]. Additionally, the composition of gut
microbiota varies individually and may be modified by several factors, such as: genetic background
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(but to a smaller extent), age, sex, place of residence, and drug administration [5,6]. However, diet and
the level of physical activity are the main determinates for altering the biodiversity or changing the
levels of a specific bacterial species within an established gut microbiota [7].

Moderate physical activity has a multidirectional and beneficial effect on the human body.
Training stimulation causes physiological and metabolic adaptations. Main changes in the skeletal
muscles include the increase in mitochondrial biogenesis and enhancing their function, concentration
of the substrate transporting proteins, activity of the enzymes involved in metabolic pathways, and
glycogen storage in the muscle [8]. As a result of regular exercise, muscle protein synthesis is intensified
with changes that vary based on the intensity of the training. It is regulated by physical and chemical
mechanisms [9]. In brief, the signalling pathways include short-term alterations to protein turnover
and genes expression, as well as long-term changes to metabolism within the cells. Additionally,
the activation of the mammalian target of rapamycin kinase (mTOR) plays a crucial role for increasing
muscle protein synthesis, through its phosphorylation of initiating substrates and its promotion of
translational signalling for anabolism [9]. However, it should be noted that excessive exercise may
limit muscle building and cause a net loss of muscle mass via promoting inflammation and nutrient
restriction, as well as oxidative and metabolic stress. In this scenario, excessive exercise may lead to the
activation of the muscle atrophy pathways, increasing the levels of nuclear factor kappa B (NF-κB) or
Forkhead box O (FOXO) in their phosphorylated forms [10,11].

Although multiple studies have illustrated that moderate physical activity has a beneficial effect
on the gut microbiota, it is unclear if the gut microbiota influences muscle adaptation to extensive
training. A recent study showed that excessive exercise among professional athletes may disturb
the homeostasis of the gut microbiota [12]. Specifically, high volume training was associated with
increased muscle requirements for oxygen and nutrients. Furthermore, long-term deterioration of the
intestinal blood perfusion has been shown to cause temporary ischemia, leading to the dysfunction of
the mucous membrane and increase of intestinal permeability [13]. As a result, substantial changes
of the microbiota profile were observed via promoting a bloom of opportunistic pathogens and their
associated toxins. Consequently, it could lead to the translocation of pathogens and bacterial toxins
into the bloodstream, resulting in the activation of local and systemic inflammatory pathways [14].
From these studies, it is clear that the maintenance of a healthy microbiome, within the gut, does
influence muscle adaptation to training. Specifically, the microbiota may have an indirect role through
its modulation of inflammatory pathways and anabolic and catabolic processes, as well as the regulation
of nutrient availability and metabolite production.

2. The Link between Diet, Physical Activity, and Microbiota

The composition and quality of diet significantly affect the exercise capacity of athletes.
Adequate energy, macro- and micronutrients intake are essential to optimize protein synthesis,
increase of energy reserves during exercise, improve regeneration after training, and reduce the risk of
injury. Insufficient energy intake has multiple negative consequences, referred to as relative energy
deficiency in sports (RED-S) [15]. It may impair sport performance through endocrine or immune system
disorder, insufficient muscle glycogen storage and microbiome imbalance [16]. As such, the intake of
carbohydrates, fats, and proteins, as well as the preservation of a healthy gut microbiome, are essential
for maintaining an athlete’s exercise capacity.

As the main indirect energy substrate for skeletal muslces, carbohydrates and their storage as
glycogen, have a clear role in proper muscle function during both aerobic and anaerobic exercise.
Specifically, an individual’s ability to store carbohydrates as glycogen has been shown to affect
mitochondria biogenesis and function as well as acting as a specific regulator for signalling pathway
involved in training tolerance [17,18]. Intestinal bacteria also have a role for mainitaining exercise
capacity through regulation of carbohydrates. They promote the colon fermentation of carbohydrates
to produce short-chain fatty acids (SCFAs) from undigested fragments. SCFAs are characterized by a
multiple of positive effects on the host organism, including the improvement of metabolic function
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and enhancement of intestinal epithelial membrane [19,20]. Moreover, diets that reduce carbohydrate
intake are linked to negative effects on exercise capactity, due to the association with increased
fat consumption.

A low-carbohydrate diet with a high fat content impairs exercise economics and inhibits the
growth of workout-induced aerobic fitness, in contrast to the high-carbohydrate diet [21]. Additionally,
excessive fat intake may also significantly affect the composition of the intestinal microbiota limiting
substrates to SCFAs production. Animal studies have shown an increase in the number of bacteria
that induce pro-inflammatory cytokines synthesis elevates the content of plasma lipopolysaccharide
(LPS) as well as enhancing NF-kB expression, linked to turning on the genes of pro-inflammatory
character [22]. The high-fat diet also reduces the diversity of bacterial strains and the abundance of
Bacteroidetes, promoting the growth of Firmicutes and Proteobacteria [23]. Furthermore, an increased
amount of sulfate-reducing bacteria have also been demonstrated. These bacteria may produce sulfides,
which lead to the reduction of disulfide bonds in the mucus and the breakdown of gel-forming
polymer protein networks MUC2 secreted by goblet cells. These alterations play pivotal role in mucosal
regeneration and mucus layer stability. An impaired mucosal barrier may exacerbate intestinal mucosa
inflammation and promote inflammatory diseases [24]. All these observations were reported in the case
of high-fat diet, containing mainly saturated fats and processed food. However, in the case of omega-3
acids and conjugated linoleic acid (CLA) unfavorable changes were not found. Their consumption
increased butyrate synthesis and the Bacteroidetes/Firmicutes ratio [25].

Adequate protein intake is essential for maximizing muscle adaptation to the training processes,
conducive to hypertrophy and muscular strength [26]. However, excessive protein intake causes an
increase in the number of protein fermenting bacteria such as Clostridium, Desulfovibrio, Peptostreptococcus,
Acidaminococcus, Veillonella, Propionibacterium, Bacillus, Bacteroides, Staphylococcus, and other species
of the Proteobacteria family [27]. It was also associated with reducing the number of carbohydrate
fermenting bacteria such as Bacteroides, Lactobacillus, Bifidobacterium, Prevotella, Ruminococcus, Roseburia,
and Faecalibacterium [28,29]. The fermentation of undigested protein residues in the colon, accompanied
by the production of by-products, such as ammonia, biogenic amines, indole compounds, and phenols,
have a potentially harmful effect on the intestine, metabolism, immunological, and neurological
functions. These compounds may exacerbate the inflammatory response, increase tissue permeability,
and intensify gastrointestinal symptoms [30]. It appears that protein overconsumption may be offset by
higher carbohydrates intake, especially indigestible polysaccharides, which are the preferred substrate
for intestinal bacteria [30].

Moderate training has a beneficial effect on the diversity of bacterial species inhabiting the
gastrointestinal tract. The microbiome of various athletes has been correlated with high diversity
and increased levels of bacterial genes involved in protein and carbohydrate metabolism and SCFAs
production [31,32]. In addition, research conducted on cyclists showed that higher activity for carbohydrate
metabolizing bacteria correlated with the frequency of exercise. Moreover, increasing the number
of Prevotella was demonstrated to positively affect amino acid metabolic pathways, such as lysine
biosynthesis, the metabolism of alanine, aspartate, and glutamate, d-glutamine and d-glutamate, as
well as carbohydrate metabolism. In high-performance athletes, a larger share of methane-producing
bacteria from the Methanobrevibacter Smithii family was also associated with an excessive production
of energy and carbohydrate metabolism [33]. The study conducted by Durk et al. also found a
positive link between the level of training expressed by maximal oxygen uptake (VO2max) and the
Firmicutes/Bacteroidetes ratio [34]. From an inflammatory standpoint, training-induced changes in intestinal
microbiome composition seem to be beneficial to host health. Regular exercise may also support brain
functions via enhancing the neuroprotective effect. As a result of training, an increase of gene expression
of the kynurenine aminotransferases occurred, which are responsible for the conversion of the toxic
metabolite tryptophan—kynurenine to the neuroprotective kynurenic acid. Inflammatory cytokines such
as tumor necrosis factor α (TNF-α) have also been shown to promote the degradation of kynurenine to
toxic quinolinic acid [35]. In addition, it seems that the optimal intestinal microbiota composition may
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have a positive effect on the brain function and preventing depression, by modulating inflammation and
affecting tryptophan metabolism. All of these may indirectly affect the quality of physical training [36].

As stated previously, excessive training may introduce microecological imbalances via intestinal
ischemia, increased intestinal barrier permeability, and elevated oxidative stress. This leads to the
exacerbation of inflammatory responses, and consequently, to increased catabolism along with
muscle function deterioration. Adverse effects may also result from an increase ofa number of
potentially harmful bacteria, such as Peptostreptococcus, Staphylococcus, Peptoniphilus, Acidaminococcus,
and Fusobacterium, and a decrease of anti-inflammatory species including Bacteroides, Faecalibacterium,
Collinsella and Roseburia. This was clearly shown in the study conducted by Karl et al. that analyzed stool
samples of soldiers under prolonged physiological stress [37]. They showed an indirect relationship
between intestinal microbiota composition, lifestyle, and skeletal muscle function. It supports the
hypothesis of the gut-muscle axis and the necessity of targeted therapy for the microbiota athletes.

During physical training, there is an overproduction of reactive oxygen species (ROS), as a result
of increased skeletal muscle effort. ROS generation causes lipid and protein peroxidation, muscle cell
membranes components disruption, which all together consequently disturb muscle function [38].
Therefore, both training overload and lack of physical activity, as well as immobilization, raise oxidative
stress [39,40]. On the other hand, regular training leads to the adaptation of antioxidant enzymes,
increasing the activity of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx). It also reduces the damage caused by free radicals and increases the antioxidant potential and
the activity of enzymes responsible for repairing damages caused by ROS [41]. These findings were
supported by studies conducted by Maleki et al. They demonstrated that higher SOD and CAT activity,
together with lower ROS levels occurred in the semen of participants performing recreational training
compared to inactive participants or professional athletes [42]. Similar observations were made by
Brinkmann et al., who reported that moderate intensity exercises induced higher SOD and GPx activity
in the skeletal muscle [43]. In addition, ROS production has been shown to have a positive effect on
aerobic potential by activating PGC-1α proteins. It leads to the increase of mitochondrial biogenesis
and consequently the improvement of the aerobic capacity [44]. Previous studies have shown that
ROS regulate muscle protein synthesis by affecting mitogen-activated protein-kinase (MAPK) activity,
which supports the pro-anabolic insulin-like growth factor 1 (IGF-1) [45]. Recently, it has also been
suggested that excessive supplementation of antioxidants can reduce cytochrome c oxidase and citrate
synthase content, which impairs the electron transport chain (ETC) functions [44].

The intestinal microbiome may also contribute to oxidative stress reduction. Some bacterial strains
have antioxidant properties through various mechanisms. These include the expression of antioxidant
enzymes, modulation of inflammation caused by pro-inflammatory cytokines or presence of pathogens,
and metabolism regulation through greater absorption of antioxidants [46]. Specifically, some studies
have shown that bacterial species such as Lactobacillus plantarum, Lactobacillus gasseri, Lactobacillus
fermentum, Lactococcus Lactis and Streptococcus thermophilus are able to increase SOD activity [47].
Additionally, Lactobacillus, Lactococcus, and Bifidobacterium genera have all been shown to elevate
intestinal glutathione (GSH) levels, which plays a crucial role in scavenging of the hydroxyl radical
(OH*) [47]. Similarly, animal studies have demonstrated that individuals whose microbiota was richer
in Escherichia coli and Enterococci, while being poorer in Lactobacilli, had higher susceptibility to oxidative
stress [48]. Martatelli et al. conducted a trial with athletes, showing that a Lactobacillus rhamnosus
and Lactobacillus paracasei probiotic species supplementation increased plasma antioxidant levels and
neutralized ROS generation as a response to high-intensity exercise. Probiotic supplementation was
also associated with lower plasma reactive metabolite levels and higher plasma biological antioxidant
potential, after afour-week intensive physical training period [46]. Overall, these findings clearly
support the essential need to balance a proper diet, an adequate exercise regime, and a healthy
microbiome to promote higher glycogen storage to increase mitochondrial function and muscle
building. On the other hand, an inadequately balanced diet and an insufficient or excessive training
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regime, as well as a dysfunctional microbiome, are all associated with increased inflammation, oxidative
stress, a reduction in mitochondrial function, and the potential for muscle atrophy (Figure 1).
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Figure 1. The schematic diagram of combined healthy/unhealthy diet and exercise/lack of exercise
action on human skeletal muscle. (A) A properly balanced diet and systematic moderate exercise
show both direct and indirect effects to benefit skeletal muscle function by reducing oxidative stress
and inflammation status. As a result, this shifts to the higher muscle glycogen storage and increased
mitochondrial biogenesis and function, as well as the predominance of anabolic signaling pathways,
which increasethe aerobic exercise capacity. (B) The opposite effects are observed in the case of an
inadequately balanced diet and insufficient or excessive physical effort. This leads to an increase in
inflammatory and oxidative stress markers, a decrease in the ability to store muscle glycogen and a
reduction of mitochondria function, as well as muscle atrophy and the higher accumulation of body fat.

3. The Effect of Microbiota on Anabolic and Catabolic Processes

The intestinal microbiome may affect the metabolism of human skeletal muscles through several
pathways. Evidence regarding the relationship between microbiota composition and muscle function
have been described in the pathogenesis of age-related sarcopenia. It was noted that muscle atrophy
correlates with a decrease in the number of species sending anti-inflammatory and pro-anabolic
mediators. Sarcopenia is associated with a reduction of muscle capillaries and a decrease of insulin
sensitivity and inflammation severity, leading to declined mitochondrial biogenesis and function as
well as protein synthesis disruption [49].

Sarcopenia and systemic weakness among the elderly have been correlated with intestinal
dysbiosis, contributing to increased intestinal barrier permeability, elevated blood LPS levels, activation
of the immune system, and areduction of insulin sensitivity [50]. Moreover, animal studies clearly
emphasize the reduction of muscle atrophy markers (Atrogin-1, MuRF1, LC3 protein, Cathepsin L)
in mice supplemented with Lactobacillus strains as well as an increase of muscle mass and strength
in mice supplemented with Lactobacillus plantarum [51,52]. In addition, Buigues et al. demonstrated
13-week multistrain Lactobacillus and Bifidobacterium probiotic mixture supplementation enhanced
endurance and muscular strength in older individuals. The study showed that older patients who
received fructooligosaccharides and inulin experienced a significant improvement in hand grip strength
andself-reported exhaustion level [53].
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The lack of homeostasis was associated with an increased abundance of endotoxic gram-negative
bacteria responsible for thesystemic inflammation via LPS. It has also been noticed that Escherichia/Shigella,
Klebsiella, and Citrobacter species significantly contribute to the LPS pool [54]. Elevated serum LPS levels
have been correlated with the increased Firmicutes/Bacteroidetes ratio [55]. Consequently, the presence
of LPS in bacterial cell walls causes binding of the lipid A to the surface of immune cells receptors,
containing TLR4 and bone marrow differentiation factor 2 (DM2). LPS are recognized by TLR4 in
combination with CD14 and DM2, and therefore, may induce the NF-κB activation, which plays a key
role in the production of pro-inflammatory cytokines [14,56]. Additionally, elevated LPS levels have
been connected with intestinal homeostasis disruption and correlated with an increase in blood intestinal
permeability markers such as zonulin and fatty acid-binding protein 2 (FABP2) [57]. This augmented
permeability of the intestinal epithelium is associated with bacterial translocation from the intestinal
lumen to the lamina propria, activating the immune system and promoting inflammation. However,
it should be noted that Actinobacteria genus bacteria, such as Bifidobacterium or Collinsella, have been
shown to have anti-inflammatory and immunomodulatory properties that can support intestinal
epithelial function. Therefore, probiotics containing Bifidobacterium strains may reduce the inflammatory
response caused by physical stress [58].

SCFA produced by intestinal bacteria have also been demonstrated to have a positive effect
on the integrity of the intestinal barrier, protecting it against inflammation. Specifically, the Candida
Albicans genus has been shown to be engagedin pro-inflammatory TNF-α induction [59]. Dysbiosis has
often been accompanied by an increase in the amount ofgram-negative bacteria that have endotoxic
properties and upregulate pro-inflammatory cyotkines like IL-6 [60]. Elevated intestinal permeability
level and associated passage of pathogens into the bloodstream induce IL-1, TNF-α, and interferon
gamma (IFN-γ) secretion, causing a pro-inflammatory effect [61]. The intestinal microbiota composition
can also affect the inflammatory suppression by stimulating secretion of anti-inflammatory cytokines,
such as transforming growth factor (TGF-β) and IL-10. It has been proven that Bacteroides fragilis
bacteria were able to suppress the expansion of Th17 lymphocyte by producing IL-10 via the TLR2 [62].
Lactobacillus and Bifidobacterium families are associated with inflammation reduction, by affecting
the secretion of anti-inflammatory cytokines such as IL-10, TGF-β, and tryptophan-2,3-Dioxygenase
(IDO), causing Treg stimulation as well as Th1, Th2, and helper lymphocytes Th17 inhibition [63].
Dysbiosis through the loss of immune tolerance impairs epithelial and intestinal barrier functions.
Consequently, this disturbs the balance between pro- Th17 and anti-inflammatory Treg lymphocytes.

Muscle protein synthesis and training adaptation may be limited under chronic inflammation.
Notably, satellite cells located between the basal lamina and plasma membrane for muscle fibers play
a key role during regeneration and muscle growth [64]. Muscle fiber synthesis and breakdown are
under the control of many crossing signaling pathways, which determinate anabolic and catabolic
processes. Two E3 ubiquitin ligases, belonging to the ubiquitin-proteasome system, are mainly involved
in muscle protein degradation: Atrogin-1 and Muscle RING finger protein (MuRF1). The increase
of their transcription activity is regulated by the NF-kB nuclear factor and phosphorylated FOXO
proteins. Therefore, the inhibition of these signalling pathways are associated with protection against
skeletal muscles atrophy [65,66]. The secretion of pro-inflammatory cytokines also activates NF-kB,
contributing to skeletal muscle loss. This is mainly mediated by TNF-α, capable of activating IκB
(IKKβ), whose active form may phosphorylate IκB proteins, thereby triggering the NF-kB signaling
and changing gene transcription towards catabolism [67].

Myofibrillar protein synthesis is dependent on extracellular signals that activate intracellular
molecular pathways. It seems that mTOR plays a crucial role in the process of muscle protein
synthesis. Its activation leads to the intensification of anabolic processes, through the integration
of signalling pathways that increase translational efficiency and the phosphorylation of initiate
substrates [9]. mTOR phosphorylation may be stimulated by either training or nutritional support.
Mechanical contractions during resistance training results in the release of IGF-1 from skeletal muscles,
capable of mTOR activation. Protein or amino acid intake also contributes to enhanced mTOR signalling,
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demonstrating a synergistic effect to the exercise stimulus [68]. IGF-1 secreted into the extracellular
matrix is bound by specialized IGF-binding proteins (IGFBP), enabling the activation of specific
receptors that process the anabolic signal [69].

Physical training leads to a decrease of adenosine triphosphate ATP level and disturbances in
the ATP/AMP (adenosine monophosphate) ratio, causing an energy stress occurrence. The higher
concentration of AMP stimulates AMP-activated protein kinase (AMPK) to equalize energy resources
by initiating catabolic processes. AMPK promotes aerobic and anaerobic energy production, inhibits
glycogen as well as cholesterol synthesis, and induces mitochondrial biogenesis through PGC-1α
expression [70]. The biological role of AMPK also controls the circulation of cellular components by
reducing mTOR activity and promoting protein breakdown. The elevated AMPK level positively
correlates with the increase of FOXO protein activation [71]. The stress response causes FOXO proteins
phosphorylation, which intensifies autophagy genes transcription, contributing to the protein breakdown
(mainly FOXO3). However, regular exercise does induce autophagy, which isa necessary step prior to
muscle fiber rebuilding. It is clear that elevated autophagy is associated with impairments in muscle
growth and function [70,72].

Excessive training load and insufficient regeneration periods may cause exhaustion and a
temporary weakening of sport performance. Therefore, appropriate regeneration after exercise is
an important element in training adaptation [73]. Physical exercise-induced tissue damage is a
physiological part of the adaptation process; however, chronic training overload and insufficient
regeneration may adversely affect the athlete’s well-being and sport capabilities [74]. Specifically,
the tissue damage caused by excessive training may result in an acute and local inflammatory response,
consisting of cytokines overproduction, mainly interleukin-1b (IL-1b), TNF-a, interleukin-8 (IL-8), and
interleukin-6 (IL-6) aimed at rebuilding the damaged structures and promoting muscle adaptations.
As a result, there is an activation of circulating monocytes, capable of pro-inflammatory cytokines
induction and causing systemic inflammation [75,76], leading to insulin resistance, endoplasmic
reticulum stress, and, as a result, muscular atrophy [73]. Moreover, ROS generation may disrupt protein
synthesis, promote inflammatory response, and reduce the efficiency of post-workout regeneration
processes [77].

Jäger et al. have demonstrated the beneficial effect of using Streptococcus thermophilus FP4 and
Bifidobacterium breve BR03 strains supplementation, to regulate the inflammation state and enhance
muscle training adaptation. The study showed that 21 days of probiotic supplementation period
decreased blood IL-6 level, 48 h after eccentric exercise in 15 trained men. It also reduced the movement
limitations caused by training, contributing to a shortening of the regeneration period [78]. The positive
effects on inflammation parameters and muscle functions were also demonstrated by Wen-Ching et al.
They have noticed that long-term Lactobacillus plantarum PS128 supplementation in triathletes resulted
in the reduction of plasma creatine kinse (CK) level. Additionally, other significant improvements
were found across various markers of inflammation and oxidative stress during the regeneration
phase. These improvments manifested in myeloperoxidase (MPO) and IL-10 elevation as well as a
TNF-α, IFN-γ, IL-6, and IL-8 decrease [79]. The effectiveness of probiotic supplementation was also
demonstrated by Townsend et al., who showed that 12 weeks of Bacillus subtilis DE111 treatment
reduced TNF-α levels, without altering other inflammation parameters [80]. Another study, conducted
by Roberts et al., clearly displayed the positive effect of using a multi-strain probiotic (Lactobacillus
acidophilus CUL-60, Lactobacillus acidophilus CUL-21, Bifidobacterium bifidum CUL-20, and Bifidobacterium
animalis) for 12weeks on the intestinal permeability of triathlonists. The probiotic combined with
fructooligosaccharides and α-lipolic acid supplementation was associated with a reduction in blood
endotoxins level compared to the control group [81].

4. Bacterial Products and Their Effect on Muscle Function

Intestinal bacteria can affect the human body by producing a variety of biologically active
metabolites. One of the best-known bacterial metabolites are SCFAs. It was considered that SCFAs may
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be provide the source of up to 10% of total daily energy demands [82]. Butyrate, acetate and propionate
are the most known SCFAs, representing as much as 95% of all SCFAs.

It seems that butyrate plays a key role in regulating cell growth and differentiation [83].
The Roseburia, Clostridia, and Eubacteria genus are main butyrate producers [4]. There are a number of
anti-inflammatory properties associated with butyrate, such as enhancing intestinal barrier integrity,
promoting antimicrobial peptides secretion, Treg lymphocyte activation, regulation of neutrophil
migration, TLR silencing, decrease of pro-inflammatory cytokines production, and lymphocyte or
granulocyte activity suppressing. Additoinally, butyrate has been shown to suppress the inflammatory
response by altering NF-kB and protein kinase B (AKT) signalling [84] and antagonizing LPS.
Additionally, it reduces intestinal permeability, improves tissues’ insulin sensitivity, increases lipolysis,
and stimulates skeletal muscle glucose uptake [49].

Similar anti-inflammatory properties have been observed for acetate. It affects glucagon-like
peptide-1 (GLP-1) and YY peptide secretion, resulting in appetite inhibition, lipolysis, and energy
expenditure increase. Moreover, acetate has a beneficial effect on skeletal muscle by stimulating
glucose uptake and increasing insulin sensitivity [85]. Propionate and butyrate regulate the secretion
of intestinal hormones, improving insulin sensitivity and affecting glucose metabolism [86], becoming
a gluconeogenesis precursor and lipogenesis inhibitor [87].

The direct relationship between SCFA and skeletal muscles is mediated by muscular AMP
kinase and the deposition of proteins in skeletal muscle tissue. SCFA activate AMPK by increasing
the AMP/ATP ratio or via the Ffar2-leptin pathway, but the exact mechanism is not known [88].
Intestinal bacteria may produce secondary bile acids, having antibacterial activity. It has been shown
that microbiota may affect the liver and the skeletal muscle receptors, modulating the activity of the
farnesoid X receptor (FXR) [89]. This receptor plays an important role in energy metabolic pathways,
lipoprotein and glucose turnover. Intestinal microbiota, by alleviating FXR inhibition may contribute to
the metabolic balance maintenance and myocyte anabolism. In addition, bile salts may be transformed
into immunomodulatory and anti-inflammatory compounds in the intestine [90,91].

5. Microbiome and the Availability of Nutrients

Intestinal microbiota affects the availability and profile of amino acids by participating in their
digestion and absorption. Notably, Fusobacterium, Bacteroides, Veillonella, Megasphaera elsdenii, and
Selenomonas ruminantium are all involved in proteolysis, increasing the disposal of amino acids [92].
In addition, some bacterial species such as Streptococcus bovis, Selenomonas ruminantium, and Prevotella
bryantii, in the presence of physiological peptide concentrations are involved in de novo biosynthesis of
amino acids [93]. Intestinal bacteria are crucial for tryptophan metabolism by its direct consumption,
thus limiting the availability to the host organism [36]. On the other hand, the intestinal microbiota
composition is a key determinant of tryptophan metabolites level in the circulation and serotonin
(5-HT) in the brain [92] consequently negatively affects muscle training adaptation.

Another crucial role of microbiota is in the production of vitamins, such as folates, riboflavin (B2),
cobalamin (B12), and vitamin K. Vitamins B are necessary for myocytes anabolic processes through various
pathways and a several of metabolic functions, including DNA replication and repair and nucleotide
and amino acid synthesis, as well as oxidative stress regulation. Bifidobacterium longum, Bifidobacterium
bifidum, and Lactobacillus reuteri are all involved in vitamin synthesis [94]. Intestinal bacteria are also
able to metabolize polyphenols, but their efficiency may decrease under unfavourable conditions
within the gut. Polyphenols have antioxidant and anti-inflammatory properties and also contribute to
mitochondrial biogenesis and function [95].

Lactate utilizing bacteria seem to have an important role for athletic exercise capacity. Lactate is able
to penetrate from the serum into the intestinal lumen where it is converted to SCFAs, mainly propionate.
Then, the SCFAs enter directly into the circulation where through the Cori cycle transformations,
become an additional energy source [96]. Recent studies conducted by Scheiman et al. have shown the
important role of Veillonella atypica genus, whose only source of carbon is lactate. The number of these
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bacterial genera was elevated in the intestines of high-performance athletes. It has also been shown
that transplantation of Veillonella atypica genus into mice was associated with a significant running
time improvement. Therefore, it has been reported that the modulation of enzymes and conversion of
lactate to propionate has a role in improving atheletic performance [97]. Lastly, animal models have
illustrated the role of SCFA (mainly propionate) in maximizing oxygen uptake and elevating heart rate,
while in humans it may cause a resting energy expenditure increase [98,99].

6. Glucose Metabolism

In the light of the current knowledge, the expression of intestinal receptors Gpr41 and Sglt1,
involved in glucose transport and energy balance, is associated with an increase in skeletal muscle
oxygen metabolism. Bacterial SCFA are able to activate Gpr41 receptors, affecting the endocrine
pathway to release the glucagon-like peptide 1 (GLP-1), stimulating insulin secretion [100,101].
A similar mechanism is observed in the case of the sodium glucose co-transporter Sglt1, responsible for
glucose homeostasis. Nay et al. have reported that antibiotic-treated mice showed reduced expression
of Gpr1 and Sglt1 genes, which is correlated with muscle glycogen content reduction compared to the
control group [101].

The intestinal dysbiosis, often caused by antibiotic therapy, contributes to alterations in SCFAs
and bile acids (BA) synthesis, which was shown in Zarrinpar et al. The limitation of butyrate, the main
energy source for enterocytes, causes glucose compensation. Consequently, this translates into low
serum glucose levels as well as insulin sensitivity and increased hepatic gluconeogenesis [102]. It has
also been reported that intestinal dysbiosis may reduce skeletal muscle glucose availability, resulting
in the reduction of glycogen storage. The glycogen content in muscles is a key factor determining
an athletes’ aerobic energy metabolism. Glycogen level disturbances may cause muscle strength
and function deterioration, leading to bioenergetic metabolism impairment [18]. This concept was
supported by another study, which correlated between intestinal microbiota composition and muscle
glycogen content. Germ-free mice were shown to have lower muscle glycogen levels compared to
individuals with normal microbiome composition [101]. This data demonstrates the important role
of microbiota in skeletal muscle function by improving the availability of energy substrates such
as glucose.

7. The Interaction between Microbiota and Mitochondrial Function

Intestinal microbiota may affect mitochondrial functions in various ways. LPS, produced mainly
by pathogenic bacteria, activates NF-kB signalling and an inflammatory response, through TLRs,
resulting in pro-inflammatory cytokine production. TLR activation indirectly increases ETC activation,
leading to mitochondrial ROS generation [103]. It has been noted that the growth of pathogenic
Listeria monocytogenes species contributes to mitochondrial networks fragmentation, disrupting their
function [104]. Other intestinal bacteria such as Mycobacterium tuberculosis and Ehrlichia chaffeensis have
been shown to reduce ROS generation, by inhibiting LPS-initiated pathways or by increasing SOD
activity [103].

Moreover, it has also been reported that amino acid-reducing bacteria, e.g., Escherichia coli and
Salmonella, are capable of hydrogen sulfide (H2S) production. In large quantities, H2S inhibits the
mitochondrial ETC, by lowering cytochrome c oxidase activity [103]. Other bacterial metabolites,
such as SCFAs, may contribute to the regulation of aerobic energy metabolism in the skeletal muslces.
This mainly occurs through butyrate and its ability to enter the Krebs cycle to increase its efficiency [105].
However, recent data has suggested that isovanillic acid 3-O-suflate (IVAS) may also have a positive
effect on the glucose absorption and metabolism in human cells. IVAS was shown to increase glucose
transport in a dose-dependent manner by activating GLUT-4 and GLUT-1, phosphatidylinositol
3-kinase (PI3K) and AKT phosphorylation [106]. PI3K seems to be crucial for muscle metabolism and
mitochondrial homeostasis by modulating insulin sensitivity [107].
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8. Microbial Modulation of Neuroactive Molecules

Recently, multiple studies have supported the existence of a gut-brain axis (GBA) that enables
bidirectional communication between these two organs. Its signalling pathways consist mainly of
afferent and efferent neurons proceeding through the sympathetic and parasympathetic fibers of the
autonomic nervous system (ANS). Using that bidirectional cross-talk, intestinal signals are able to affect
the brain function, regulating mood or even reflex activity. Similarly, the central nervous system may
alter gastrointestinal’s (GI) track motility and acid secretion in the stomach and control the defecation
process [108,109].

It has been established that the gut microbiota plays a crucial role in gut-brain communication by
generating some neuroactive molecules. For example, strains of Lactobacillus genus were demonstrated
to produce γ-aminobutyricacid (GABA), an important inhibitory transmitter in the brain. Similarly,
other bacterial species were shown to be capable of noradrenaline (e.g., Bacillus mycoides, Bacillus
subtilis), dopamine (e.g., Bacillus cereus, Bacillus mycoides, Bacillus subtilis), and serotonin (e.g., Lactococcus
lactis, Lactobacillus plantarum, Streptococcus thermophilus) synthesis [108,110,111]. Therefore, it is clear
that intestinal bacteria have the potential to alter neurotransmitter activity, thus interacting with the
host nervous system to regulate mental health, and consequently, metabolism and exercise capacity.

Supporting these findings, a recent systemic review illustrated how moderate training contributes
to the elevation of GABA level in the hypothalamus, which is associated with lowered resting blood
pressure, heart rate, and sympathetic tone. In addition, dopamine was shown to be synthesized in
the GI tract, during stressful situations. On the other hand, training overload was reported to cause
muscle exhaustion and modifications in the CNS leading to mood disturbances, fatigue, insomnia,
and depression. The central fatigue was associated with the elevation of 5-HT release and could lead
to suboptimal physical performance. Consquently, this reduction in 5-HT levels in the brain could
lead to the manifestation of mood disorders, depression, distorted cardiac function, and changes
in blood pressure. Overall, gut microbiota was shown to facilitate the production and regulation of
neurotransmitters and hormones, which consequently affected athletes well-being, mood, motivation,
and subjective sense of regeneration [112].

Interestingly, the study conducted by Bravo et al. presented that chronic supplementation
with Lactobacillus rhamnosus caused alternations in central GABA receptors expression, reducing
stress-induced corticosterone (CORT) as well as anxiety- and depression-related behavior [113].
Furthermore, 5-HT levels were shown to be lower in the blood and colon of GF animals as compared
to their typically colonized counterparts. It was suggested that this effect was dependent on bacterial
molecules such as SCFA [114]. Additionally, Crumeyrolle-Arias et al. demonstrated the important
role of gut bacteria in response to stress. GF mice exhibited higher serum CORT concentrations,
elevated corticotropin-releasing factor mRNA expression in the hypothalamus and lower dopaminergic
turnover rate in the hippocampus compared with specific-pathogen free mice. These changes suggest
that the lack of the gut microbiota exacerbates stress response [115]. Furthermore, the chronic elevation
in endogenous glucocorticoids levels may have decreased the rate of protein synthesis and increased
proteolysis, to generate amino acids that serve as precursors for hepatic gluconeogenesis. However,
in skeletal muscles, this may lead to the development of oxidative stress [116] and skeletal muscle
atrophy, as well as muscle weakness [117,118]. Based on these data, we presumed that the gut microbial
composition plays a crucial role in the development and function of an appropriate stress response
via hypothalamus–pituitary–adrenocortical axis regulation, andas a consequence, exercise abilities
in athletes.

9. Impact of the Microbiome on Exercise Capacity

Numerous researches have indicated the validity of intestinal microbiota-targeted strategies to
improve training parameters and increase training capabilities, as presented in Table 1. The researches
indicate the ability of intestinal microbiota to alleviate oxidative stress and exercise-induced
inflammation [78–80,119,120]. A trial conducted by Jager et al. have shown that Bacillus coagulans
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GBI-30 probiotic supplementation improves the anaerobic capacity measured by the Wingate Test [121].
The positive properties of probiotic supplementation on post-workout regeneration have been presented
by Carbuhn et al. as well as Huang et al., using Bifidobacterium longum 35624 [122] and Lactobacillus
plantarum PS128 [79], respectively. In both study groups, athletes reported a feeling of faster recovery
time in the probiotic group compared to the placebo groups.

Animal studies have also shown a positive probiotic effect on the aerobic fitness of athletes
through extending the exercise to exhaustion time. Hsu et al. have observed muscle mass and
endurance augmentation, as well as the antioxidant potential in mice with optimal intestinal microbiota
composition [119]. These observations were consistent with the subsequent medical experiment carried
out by Chen et al. [52]. Similar reports come from Scheiman et al., who demonstrated the bacterial role
in lactate utilization, and thus in increasing exercise capacity [97].

Table 1. The effect of microbiota on exercise.

References Study Model Type of Exercise Intervention
Beneficial Effect of Intervention on Direct

and Indirect Parameters of Sports
Performance

Hsu et al. 2015 [119] Mice Endurance
swimming

Threestudy groups: germ free
(GF) vs. Bacteroides fragilis (BF)
comparison with no probiotic
(specific pathogen-free (SPF)

↑ activity of serum glutathione peroxidase
(GPx) and catalase (Cat)
↑ activity of liver GPx
↑muscle mass

↑ antioxidant properties
↑ free radical damage protection

↑muscle mass endurance (extended exercise to
exhaustion time)

No differences in liver superoxide dismutase
(SOD) and Cat activity

Unsal et al. 2018 [120] Rats
Exhaustive

swimming trial

Fourstudy groups: control,
placebo, exercise,

exercise+probiotic

↓ oxidative stress
↑ antioxidative enzymes activity

↑ antioxidative balance

Study product: multi strain
probiotic mixture VSL#3

(Lactobacillus casei, L. plantarum, L.
acidophilus, L. delbrueckii subsp.

bulgaricus, Bifidobacterium longum,
B. breve, and B. infantis,
Streptococcus salivarius)

Scheiman et al. 2019 [97] Mice Exhaustive
treadmill run

Twostudy groups: control and
supplemented

↑ lactate utilization
↑ blood short-chain fatty acid (SCFA)

concentration
↑ extended exercise to exhaustion time

(treadmill workout)
↑ Cori cycle efficiency

Studyproduct: Veilonella,
propionic

Chen et al. 2016 [52] Mice
grip strength and

endurance
swimming

Threestudy groups: vehicle,
2.05ˆ108CFU/kg (LP10-1X), and

1.03ˆ109CFU/kg (LP10-5X).
↑ relative muscle mass and strength
↑ number of type 1 muscle fibers

↑ extended exercise to exhaustion time
(swimming trial)

↓ post-workout lactate blood concentration
↓ post-workout ammonia blood concentration

↓ post-workout CK
↓ post-workout ammonia, albumin, creatinine

and triglyceride concentration
All above changes were dose-dependent

Study product: Lactobacillus
plantarum TWK10 (LP10)

Hoffman et al. 2019 [123] Soldiers
vertical jump

power, two times
100-m shuttle runs

Twostudy groups: Bacillus
coagulans and placebo

↑ interferon gamma (IFN)-γ and interleukin-10
(IL-10) concentration
↑mean jump power

No effects on 60 s pull-ups, 100-m shuttle run,
shuttle run fatigue rate

No effects on cortisol and testosterone
concentration

No effects on CK and pro-inflammatory
cytokines concentration

Studyproduct: Bacillus coagulans

Jager et al. 2016 [121] Recreative training
man

Damaging exercise
bout

Twostudy groups: 20 g of casein
consumptionand/or 20 g of casein

plus Bacillus consumption
↑ regeneration perception after damaging

workout
↑ sport performance in Wingate Test
↓ soreness perception 24 and 72 h after

damaging workout
↓ post-exercise blood CK

No effects on muscle strength and thickness

Study product: Bacillus coagulans
GBI-30
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Table 1. Cont.

References Study Model Type of Exercise Intervention
Beneficial Effect of Intervention on Direct

and Indirect Parameters of Sports
Performance

Roberts et al. 2016 [81] untrained men and
women

triathlon specific
stage times (swim,

bike, and run)

Three study gorups: probiotics,
probiotics +antioxidants and

placebo
↓ blood lipopolysaccharide (LPS) level up to 6

days after workout
↓ race duration

Study product: mix of
Bifidobaterium and Lactobacillus

Toohey et.al. 2018 [124] volleyballplayers
(women)

squat, deadlift, and
bench press,

vertical jump,
pro-agility and

isometric midthigh
pull test

Twostudy groups: probiotic and
placebo

↓ fat mass level compared to placebo group
No effects on strength or athletic performance.

Studyproduct: Bacillus Subtilis

Jager et al. 2016 [78] resistance-trained
men

eccentric exercise
of the elbow

Twostudy groups: probiotic and
placebo

↓ IL-6 concentration up 48 h after damaging
training

↑maximal voluntary isometric peak torque at
24 to 72 h following damaging exercises
↑ flexed arm angle after damaging workout

No effect on average maximal voluntary
isometric peak

No clear effect on plasma CK level after
damaging exercises

Study product: Streptococcus
thermophilus FP4 Bifidobacterium

breve BR03

Carbuhn et al. 2018 [122] Swimmers
(women)

aerobic/anaerobic
swim time trials
and force plate
vertical jump

Twostudy groups: probiotic and
placebo

↑ post-training regeneration perception
No effects on aerobic and anaerobic swim

performance testing
No effects onconcentric/eccentric force

production
No differences in serum IL-1, LPS, and LPS

Binding Protein (LBP) concentration

Studyproduct: Bifidobacterium
longum 35624

Townsend et al. 2018 [80] baseball players
(men)

Ten-yard sprint test,
pro-agility test,

standing long jump

Twogroups: probiotics and
placebo

↓ post-workout blood TNF-α concentration
No significant effecton IL-10, zonulin,

testosterone, cortisol concentration and
salivary immunoglobulin A (SIgA) secretion
No differences in strength, performance and

body composition

Studyproduct: Bacillus subtilis
DE111

Huang et al. 2019 [79] triathletes
triathlon

championship

Twostudy groups: Lactobacillus
and placebo

↓ oxidative stress level
↑ antioxidant potential through thioredoxin

(TRX) and MPO modulation
↑ post-workout blood BCAA concentration

↑ post-workout regeneration rate
↑ post-workout blood IL-10 concentration
↓ post-workout blood IL-6, IL-8, TNF-α IFN-γ

concentration
↓ CK level during recovery period
↑ anaerobic capacity in Wingate Test

No significant differences in body composition
No effects on CK, myoglobin, lactate

dehydrogenase (LDH), ammonia, lactate and
FFA after exercise

Study product: Lactobacillus
plantarum PS128

Table symbols: ↑—increase; ↓—decrease.

10. Conclusions

In the light of current knowledge, it seems that intestinal microbiota intervention may have
beneficial effects on the human body, resulting in better athletic performance. Modulation of the
immune response, oxidative stress, metabolic processes, and nutrients bioavailability are considered
the main mechanism(s) by which the microbiota affects training adaptation. he microbiome may
also have an impact on muscle protein synthesis and mitochondrial biogenesis and function, as well
as muscle glycogen storage. Dysbiosis may reduce physiological adaptation, increase inflammatory
markers and ROS generation as well as free radical macromolecules devastation, all contributing
to skeletal muscle atrophy. On the other hand, numerous studies indicate the beneficial effect of
probiotics supplementation on aerobic and anaerobic performance in athletes. Not all of these processes
are well understood, and there is a clear need for future studies to explore this intestine-muscle
connection. These studies should be focused on athletes and strive to enhance our understanding of
their physiological muscle function maintenance.
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