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Simple Summary: The gut microbiota is fundamental for human health. This complex health
construct is a pivotal part of performance development in athletes. The gut microbiota plays its role
in the physiology of the athlete by influencing immune function, gut barrier integrity, macro- and
micronutrient absorption, muscular efficiency, and the gut-brain-axis. This article displays possible
ways in which the gut microbiota affects the performance of athletes and shows practical methods to
improve athletes” health and potential performance through a gut-centric approach.

Abstract: The human gut microbiota can be compared to a fingerprint due to its uniqueness, hosting
trillions of living organisms. Taking a sport-centric perspective, the gut microbiota might represent a
physiological system that relates to health aspects as well as individualized performance in athletes.
The athletes” physiology has adapted to their exceptional lifestyle over the years, including the
diversity and taxonomy of the microbiota. The gut microbiota is influenced by several physiological
parameters and requires a highly individual and complex approach to unravel the linkage between
performance and the microbial community. This approach has been taken in this review, highlighting
the functions that the microbial community performs in sports, naming gut-centered targets, and
aiming for both a healthy and sustainable athlete and performance development. With this article,
we try to consider whether initiating a microbiota analysis is practicable and could add value in elite
sport, and what possibilities it holds when influenced through a variety of interventions. The aim
is to support enabling a well-rounded and sustainable athlete and establish a new methodology in
elite sport.
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1. The Human Gut Microbiota

Over the past several years, the human gut microbiota has become more and more
popular in research and has been found to play a vital role in the physiological and psycho-
logical health of humans [1]. The analysis of the gut microbiota became more accessible
through the non-invasive 165 ribosomal RNA (rRNA) analysis of small stool samples result-
ing in the collection of much more scientific knowledge [1]. The gut microbiota is defined as
a collection of all symbiotic, commensal, or pathogenic microorganisms, including bacteria,
archaea, fungi, and viruses, that live in the gut [2]. The entirety of microbes is called ‘mi-
crobiota’, whereas the term ‘microbiome” includes the collection of genomes [3]. Research
shows the importance of the microbiota to the physiology of the host, with key functions
in the maintenance of the gastrointestinal barrier [3] supporting the development of the
immune system and gut-associated lymphatic tissue [4] as well as metabolic functions,
such as the availability of nutrients and energy homeostasis [5]. Two thirds of our gut
bacteria are completely unique to each one of us and only one third exists in all of us [6].
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Accordingly, scientists are trying to define a core microbiota that is identical and vital to all
humans. The reason that this has not been achieved yet may be due to the theory that some
bacteria can take over the central functions of others and are therefore interchangeable [7].

This article provides a comprehensive overview of the interaction between gut micro-
biota and sport, outlining potential influencing factors and deriving practical implications
for athletes.

Exercise as a Driver of Change in the Gut Microbiota

The gut microbiota is influenced by several factors such as genetics, mode of birth,
medication, and lifestyle factors. One lifestyle factor that is supposedly a driver of change to
the consistency of the intestinal microbiota is exercise [8]. Through cross-sectional studies,
the first evidence of exercise affecting the shape of the gut microbiota emerged [8-12]. These
differences were observed when untrained individuals were compared to individuals that
exercise and who showed a higher microbial diversity. Additionally, intervention studies
using physical activity in healthy sedentary participants and in populations with health
disorders (e.g., inflammatory diseases, age-related pathologies) showed the beneficial
effects of exercise on the gut microbiota [13-15].

2. The Gut Microbiota as Part of Individualized Performance Development in Athletes

Individualization is increasingly considered a potential performance reserve in elite
sports, with measures aimed at enhancing performance development even for those already
performing at a high level [16]. The structure of these factors is aligned with various
models, such as Ullén et al.’s multifactorial gene-environment interaction model [17]. This
model suggests that deliberate training impacts not only neural mechanisms but also
physical properties. Baker et al.’s model [16] also fits well, as it considers not only training
characteristics but also ability traits, the athlete’s physical attributes, dynamic interactions
of influencing factors, and environmental and contextual conditions.

Recent studies indicate a high likelihood that the gut microbiota is among the signifi-
cant physiological systems involved in individual performance development. This highly
individual ecosystem has garnered increasing interest as a key player in human health and
exhibits a bidirectional connection with physical activity [18]. These findings qualify the
gut microbiota as an intriguing factor capable of influencing athletes’” performance on an
individual basis.

Surprisingly, the analysis of the gut microbiota has been largely overlooked in the
diagnosis and analysis of athletes. This oversight may be due to the lingering uncertainty
about the role of the gut microbiota in the unique population of athletes and its potential
added value to them. Additionally, its integration may be constrained by practicality issues
for coaches and athletes as well as associated costs. Nevertheless, incorporating micro-
biota analysis may offer essential insights into health issues and specialized optimization
strategies through nutrition and training.

2.1. The Link between the Microbiota and Athlete Physiology

The gut microbiota of athletes differs from that of untrained individuals, as it adapts
to their extraordinary lifestyle with chronic training routines and probably differing dietary
intake patterns [19]. More specifically, changes in the gut microbiota can occur due to the
production of short-chain fatty acids (SCFAs) [20,21], potential weight loss [22], alteration of
the bile acid profile [23], modulation of the immune system, such as immunoglobin A [24],
the number of T and B cells [22] and changes in toll-like receptor (TLR) signaling path-
ways [25,26]. The athletes” gut shows an increased abundance in Bacteriodetes, Prevotella,
Methanobrevibacter, Akkermansia [27], and Akkermansia muciniphila, which could positively
influence the mucosa layer [8,28]. Additionally, a connection of the maximal oxygen intake
(VO;max) and the intestinal microbiota has been proposed in some studies, suggesting that
VO,max positively correlates with the gut microbiota, more specifically with the metabolic
functions of the bacteria [29,30]. The work of Estaki et al. showed that cardiorespiratory
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fitness correlates with an increase in the diversity of the microbial community and that
these results are centered around functions more than taxa [29]. Likewise, the F/B ratio has
been suggested to be, when increased, associated with a higher VO,max [30].

It has also been suggested that the composition of the gut microbiota can vary between
different sport modalities. Only a few studies have investigated these differences. The
work of Mohr et al. [31] and Aya et al. [32] summarized that in most cases, alpha and
beta diversity show no differences between sport modalities. One study in Irish elite
athletes found variances in the microbial profile between different sport modalities. The
study collected data from 37 individuals across 16 disciplines [33]. A recent study sup-
ports this data, showing that different types of exercise have different effects in female
athletes but not in male athletes. Li et al. more specifically investigated differentiating
inflammation patterns in varying exercise modalities, concluding that different types of
exercise cause different inflammation patterns [34]. These discoveries suggest that some
bacteria may favor a certain sport. The controversial evidence once again highlights the
difficulty in defining the gut microbiota, most likely due to its interaction with all other
physiological systems of the individual’s body. Nevertheless, the above discussed results
of recent literature highlight the potential linkage between the intestinal microbiota and
performance and indicate a symbiotic relationship in the adaptations of these physiolog-
ical systems. What shape this connection unfolds to look like is not clear to date, which
mirrors the aim of this review to evaluate all aspects that could be relevant to an athlete
performing at an elite level, consistently based around the aim of building a healthy and
sustainable athlete.

2.1.1. Bioavailability of Substrates, Micro- and Macronutrients

The microbiota breaks down substrates and produces vitamins and several signaling
molecules. Some authors go as far as saying that the microbiota acts like an endocrine organ
and has the power to improve metabolic pathways and the immune capacity [35-37]. For
athletes, it is essential to have an adequate dietary strategy to support their high training
load, involving a much higher requirement for both of macro- and some micronutrients [38].
Finding the right balance between efficient and quick fueling and a long-term approach
for well-rounded athletes, including a performance-supporting gut microbiota, is complex.
The next chapters will attempt to act as a guide through the abundance of ways in which
the microbiota influences the bioavailability of substrates and micro- and macronutrients
in an athlete’s gut.

Carbohydrates

Carbohydrates can be classified into those that are digestible and those that are non-
digestible. Digestible carbohydrates are metabolized in the small intestine through enzyme
breakdown. Non-digestible carbohydrates are fermented in the large intestine by microor-
ganisms [1]. For athletes, highly digestible and energy rich carbohydrates are the key
to maintaining glucose homeostasis, help performance, and reduce fatigue [39,40]. On
the flip side, evidence shows that a diet dominantly low in fiber and high in digestible
carbohydrates is detrimental to gut health, causing the loss of microbial diversity, damaging
gut integrity, and decreasing SCFA production [41-43]. SCFAs are produced during the
breakdown of indigestible structures and can, through oxidation in the skeletal muscle,
help maintain performance by increasing the bioavailability of fatty acids, glucose, and
glycogen [44]. They are primarily important in endurance events, where one of the limiting
factors is glycogen storage [45]. Acetate, propionate, and butyrate are the primarily pro-
duced SCFAs. Bacteria that are known to produce SCFAs are Bacteroides, Bifidobacterium,
Propriobacterium, Eubacterium, Lactobacillus, Clostridioides, Roseburia and Preovotella [46].

Accordingly, a proper fueling strategy that on the one hand benefits performance
momentarily and on the hand supports athletes overall gut health needs to be accomplished.
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Protein

Protein is another key macronutrient in an athlete’s diet. Through a much higher
energy production for gut integrity and protein synthesis, protein intake is increased
in a trained, compared to an untrained individual [47]. Other than strength training,
especially long endurance sessions must be fueled with an additional source of protein,
as myofilament proteolysis may increase [48-50]. Around ten percent of protein cannot
be digested and is fermented by microbes [51-53], producing metabolites like SCFAs and
branched chain amino acids (BCAAs), that can have favorable effects on gut integrity
and performance [51,54]. Furthermore, research suggests that the microbiota influences
muscle anabolism and functionality, indicating the existence of the gut-muscle-axis [55-58].
The gut microbes influence proteolysis, by producing peptides and proteinase that work
alongside human ones [59,60]. Protein consumption also positively correlates with microbial
diversity [7]. The quality and quantity of protein intake must be considered, especially
when the consumption is higher due to an intense training routine. Firstly, there is the
choice between protein from whole foods or a supplement. Whole foods seem to have an
equal or an even better ergogenic effect, as it is suggested that other components like fat are
instrumental in protein synthesis [61,62]. Further decisions must be made regarding the
source of the protein, between plants and animals. Animal protein seems to increase the
abundance of Bacteroides, Alistipes, Bilphila, Ruminococcus and decrease the abundance of
Bifidobacterium and SCFA production compared to a plant-based protein, which additionally
increases the abundance of Bifidobacterium and Lactobacillus and decreases the abundance
of Bacteroides and Clostridioides. Some research even suggests that animal protein can
have a negative effect on the gut microbiota, caused by its harmful by-products [63]. A
combination of a protein supplement and a probiotic could be worth considering. The
study of [64] showed that Bacillus coagulans taken with protein, decreased inflammation,
improved nutrition absorption and increased the production of proteases that improve
amino acid absorption. This may lead to a reduction in muscle damage and improved
recovery and therefore may favor performance enhancement [65].

Choosing the source of an athlete’s protein is one thing, finding the right amount is
another. The balance of supporting the training load and the ongoing adaptation processes
while also not overloading the system is needed. An immoderate digestion of protein can
cause distress to the host and have detrimental effects on gut permeability and lead to
higher levels of inflammation, due to an increase in proteolytic metabolites [51,52,54,66-68].
Overall, adequate protein intake can be beneficial for microbial diversity and is fundamental
for athletes’ health and performance.

Fat

Fat is essential for a well-functioning human body, as it is part of the cell-membrane, a
source of energy, and allows the absorption of fat-soluble vitamins [69]. During exercise,
free fatty acids, adipose tissue, and triglycerides provide a generous source of energy, which
becomes even more important in endurance events [69]. Regarding the gut microbiota,
research shows that fat has the power to change the intestinal microbiota and support
athletic performance, therefore it is important to choose the type and quantity wisely [53,69].
Apart from using fat as fuel in endurance events, there is rising interest in a ketogenic
diet which focuses on high fat and low carbohydrate foods [70]. However, the promise
of supporting performance could not be proven in research. In fact, some studies have
shown that this way of eating could even lower performance in high intensities [69-72].
Focusing on the microbiota, a high-fat diet in rats showed a decrease in Lactobacillus and an
increase in Clostridiales, Bacteroides and Enterobacteriales [7]. There is also an indirect effect
from a high-fat diet and higher bile acid production, which leads to an acidic environment
that is antimicrobial [73]. Whereas secondary bile acid, produced by the microbiota seems
to improve energy and oxygen absorption, through a higher oxidative phosphorylation
and $-oxidation of fatty acids, leaving athletes more resistant to fatigue [74]. The mi-
crobiota seems to have the power to modulate bile acid production and may modulate
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performance in athletes [21,56]. As mentioned above, the type of fat must be considered
as well. Saturated fats can increase Bacteroides, Bilophila, and Faecalbacterium prausnitzii [7]
and show a higher increase in lipopolysaccharides (LPS) than unsaturated fats in a mice
model [75]. Unsaturated fats can increase Streptococcus, Lactobacillus, Bifidobacterium, and A.
muciniphila [7]. Furthermore, Omega-3 fatty acids increase SCFA production, gut integrity,
and may influence the gut-brain-axis [76].

Altogether fat is an energy provider of the athlete’s diet and can, when used in the
right form, positively modulate the intestinal microbial community by an increase in
favorable bacteria.

Micronutrients

Micronutrients are essential for human health, supporting immune function, bone health,
and metabolism [77]. The need for micronutrients is due to heavy training loads, excessive
sweating, and higher oxidative stress in athletes than in untrained individuals [77,78]. A
deficiency in nutrients can impact the gut microbiota and in some cases vice versa [79].

Vitamins

Vitamins are micronutrients that are essential for the physiological functioning of the
human body and function as cofactors for enzymes [4]. Being deficient in a vitamin can
cause chronic health issues, while on the other hand, consuming multi vitamin supplements
can alter the gut microbiota, because only small amounts can be absorbed in the upper
gut [80]. For athletes, the adequate supply of antioxidative vitamins, such as vitamin C and
E, plays a crucial role in the reduction of oxidative stress caused by exercise. Research on
piglets showed the reduction of free radicals and increasing Bifidobacterium and Lactobacillus
and reducing Escheria coli [81]. Looking at this from an athlete’s perspective, antioxidative,
but also anti-inflammatory vitamins, such as vitamin D, might help immune function and
also promote the microbial microenvironment [38]. The study of Singh et al. [82] showed
a dose-dependent increase in vitamin D-deficient subjects of the relative abundance of
Bacteroides and Akkermansia, a decrease in the Firmicutes/Bacteroidetes ratio and a decrease
in the relative abundance of Faecalibacterium and Ruminococcaceae in the responder group.
Furthermore, Bacteroides acidifaciens, Ruminococcus bromii, Bacteroides eggerthii, and Barnesiella
intestinihominis showed a significant enrichment in both pre- and post-supplementation in
the responder group. These findings suggest that an enrichment of these bacteria could be
associated with a response to vitamin D supplementation. On top of that, the bidirectional
interaction between the microbiota in inflammation and the vitamin D status, leads to a
hypothesis, that the make-up of the microbiota may affect vitamin D intake [82].

Minerals and Trace Elements

Minerals and trace elements are also vital micronutrients for human metabolism and
interaction with the microbial community [83,84]. When focusing on those that are rele-
vant for performance and stand out due to deficiencies, calcium is a key element in an
athlete’s diet, mainly because it is important for bone health and muscle contraction [85].
Particularly female athletes with an exhaustive training load are at risk of calcium defi-
ciency and developing symptoms of relative energy deficiency in sport (REDs) [86]. Even
though calcium can easily be consumed in adequate amounts in an omnivore diet, it is not
uncommon for it to be deficient. Furthermore, even an energy deficiency of five days is
enough to increase bone formation in both men and women [87,88]. A study in pubertal
children showed that a moderate daily consumption of maize fiber for a period of three
weeks increased calcium absorption, which goes hand in hand with a shift in the gut biome
increasing Bacteroidetes and decreasing Firmicutes abundance [89]. Further research shows
an increase in SCFA lowers the pH in the colon which helps mineral solubility, resulting in
a better calcium absorption. The gut biome seems to influence both bone modulation and
formation [90,91]. Zinc deficiency is rather common in athletes and leads to disordered
eating with a drop in endurance capacity, weight loss, and fatigue [92]. High-risk groups
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have been identified as endurance athletes that have a high carbohydrate but lower protein
and fat intake [92], female athletes [93], athletes with a low calorie intake [94], and vegan
athletes [95]. Research is limited in terms of human studies that analyzed the connection
between zinc and the gut microbiota. Animal studies show a potential interplay between
the microbiota and zinc status [96,97], showing that the supplementation of a prebiotic led
to the higher presence of Bifidobacterium and Lactobacillus [96]. Another model demonstrates
the positive effect of zinc-enriched probiotics on immune function in animals [97], while
on the other hand excessive zinc intake can have negative effects on the gut [98]. Iron is
important for oxygen transport and energy metabolism [99].

Iron deficiency is common in athletes [99,100]. Oral iron supplementation is often
associated with nausea, gastric irritation, and other symptoms [101], while further sup-
plementing with iron reduces the abundance of lactic acid bacteria and increases the
enteropathogenic E. coli [102]. Absorption can be achieved naturally in a diet high in
unprocessed foods [103] and phytate reduction may help absorption [104]. The review
and meta-analysis of Vonderheid et al. (2019) [105] reports that probiotics seem to posi-
tively influence iron absorption, especially Lactiplantibacillus plantarum 299v significantly
increased the absorption of non-heme iron [105]. Genetics are a factor that is shown to
highly influence iron status and may also be the cause of poor absorption [106]. The last
one to touch on is magnesium, where the requirement can be up to twenty percent higher in
athletes [107]. Again, there is a distinct lack of evidence from human studies, although ani-
mal studies include good evidence showing the interplay between magnesium absorption
and the composition of the gut microbiota [108-110].

Metabolic Intermediates

One study revealed a direct connection between lactate metabolism and gut microbes.
In this study Scheiman et al. showed that lactate is able to pass the gut lumen and can be
metabolized into propionate by the Veillonella bacteria [27]. Furthermore, due to training,
the abundance of Veillonella can increase. This was presented by an investigation on
marathon runners participating in the Boston marathon in 2015, showing an increase in the
abundance of Veillonella atypica after the race [27]. Mice that were implanted with Veillonella
showed better performance on the treadmill than controls. These findings demonstrate
the ability of the microbiota to change metabolism and modulate SCFA production, which
can then be used in hepatocytes and muscle cells to maintain glucose homeostasis [57]. A
lactate rich environment facilitates the proliferation of Veillonella atypica and seems to be
linked to improved running times [27].

A recent study by Fontana et al. (2023) analyzed the metagenomic and metabolomic
profiles of athletes, moderate athletes, and sedentary individuals and found major dif-
ferences in the enzymatic functional clusters (EFC) of bacteria in athletes compared to
sedentary individuals [111]. The EFC related to athletes was positively linked to 73 high
biological impact synthases (HBIS) and 742 enzymes, whereas the EFC related to sedentary
individuals was positively linked to 14 HBIS and 105 enzymes. This highlights how the
extraordinary lifestyle of athletes pressures the gut microbiota to reshape and adapt to bac-
terial species with a higher enzymatic capacity, impacting the host’s health and muscular
performance. Additionally, SCFA producing microbes are suggested to have a much wider
range in the production of functional impact molecules [111].

2.1.2. Gut Barrier Integrity

Gastrointestinal problems are a common problem in sport, especially in endurance
sports [39,112]. Therefore, gut barrier function plays a pivotal role in the performance
of elite athletes. The gut barrier is especially important in keeping pathogenic microor-
ganisms separate from other sterile environments and organs [1]. SCFAs are known to
support gut barrier integrity [7], just as it has been shown that bacterial bile acids are
also important for barrier function [113]. With all the positive effects of training, there are
some effects that can alter the gut microbiota and gut permeability [55,114]. Combined
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long-lasting and exhaustive endurance exercise increases gut permeability and decreases
gut mucous thickness, letting potentially harmful microorganisms float into the blood
stream, causing an inflammatory reaction [7]. In the blood, LPSs from the microbiota
activate TLRs and activate the Nf-kb pathway and pro-inflammatory cytokines. These cy-
tokines support the process of increasing gut permeability further, as they loosen intestinal
tight-junctions [115]. This process is further enhanced through a hypoxic state, followed
by a reperfusion, which “washes” bacteria in the sterile regions of the body [116]. On top
of that, a hypoxia-reperfusion model in rats from Wang et al. showed that this process
leaves a state of dysbiosis, with an overgrowth in E. Coli [117]. Another study in soldiers
showed a shift from dominate phyla, like Bacteroides, to less dominate phyla [116]. These
changes could further increase gut permeability and bacteria translocation. The microbiota
took 72 h to recover completely, which shows the detrimental effect of excessive endurance
events [117]. This leaves room to support the recovery process of the gut microbiota and
may enhance performance.

Another component of training that alters the gut microbiota and changes gut perme-
ability is the production of reactive oxidative species (ROS). These are produced during
exercise and by some commensal bacteria of the microbial family [118,119]. The ROS
produced by the microbiota seem to have a positive effect on other microbes on the gut and
have modulating effects on the host organism, including the handling of ROS produced
by exercise. The oxidative stress that occurs due to exercise can decrease or even hinder
the modulating effects of the microbiota [119,120]. Therefore, training should always be
aligned with training status—if not considered wisely, this can have detrimental effects
on systemic inflammation, oxidative stress, muscle damage, and can decrease immune
function [38].

2.1.3. Muscular Efficiency

Another area of interest is the role that that the microbial community plays in muscular
efficiency, enhancing the existence of the gut-muscle-axis [55,56,58]. That fact that there
must be a direct connection between the gut biome and our skeletal muscle has been shown
in a study where the microbial make-up helped to correctly predict people suffering from
sarcopenia and physical fragility [121]. So, the connection is there, but what does that mean
for an athlete that is trying to reach peak performance?

Evaluating athletes for indications of dysbiosis is crucial in this area of interest. In-
testinal dysbiosis is associated with enormous metabolic modulations, such as inflamma-
tion, pro-anabolic mediators and protein synthesis, all leading to alterations in skeletal
muscle physiology [55]. Synthesis and absorption of vitamins is a key component of a
well-functioning microbiota, as discussed in Section 2.1. Some of those vitamins have
pro-anabolic effects on the skeletal muscle, including amino acid synthesis and oxidative
stress modulation during training [122]. The production of bile acids also plays an impor-
tant role in the gut-muscle-axis, which increases the farneosid X receptor (FXR) inhibition.
The receptor is involved in energy metabolic pathways, glucose, and lipoprotein turnover.
By modulating this receptor, the microbiota plays a part in the metabolic balance and
myocyte anabolism [121,123]. SCFA production influences muscle protein accumulation by
regulating anabolic/catabolic equanimity [124]. The application of probiotics and butyrate
has been proven to help muscle wasting in pre-clinical studies and potentially shows
another path to enhance training adaptation and performance in athletes [125,126]. The
link between the gut and skeletal muscle is bidirectional, showing that training affects the
gut biome and ultimately impacts factors such as protein synthesis [75,127].

Further findings propose SCFA targets skeletal muscle that contains G-protein-coupled
receptors (GPR41 & GPR43). These receptors are SCFA-specific receptors supposed to be
involved in muscle metabolism. Findings such as these are of particular interest when
thinking about the essential role of energy metabolism during exercise [128].
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2.1.4. Immune Function

The physical abilities of the body are put through some highly challenging tests during
training and even more in competition and races; while trying to keep homeostasis and
organs functioning, performance should not suffer. Especially during endurance events,
the demands on the immune response of the body are high, often resulting in a higher
occurrence of upper respiratory tract infections (URTIs) [126] and gastrointestinal (GI)
problems [129]. The link between the gut and the host’s immune response has clearly been
shown by the fact that a disruption of this connection can cause autoimmunity and several
other inflammatory processes [7]. The cellular immune system is closely dependent on
the gut microbiota because the gut tissue harbors gut-associated lymphoid tissue (GALT).
It is estimated that in humans, about 70% of immune cells are functionally associated
with GALT and thus contact with the gut microbiota is essential for the functioning of the
host immune system [130,131]. It seems that this could be an important switch to flick
in taking better control of an athlete’s performance. Considering the immune response
of an athlete, there are two ways in which this can be decreased but also improved. One
is the gut barrier, which we touched on in Section 2.1.2, whereby this “gate” indirectly
modulates the immune system by keeping pathogens from colonizing in the body [7] and
secondly, directly via metabolites like tryptophan, retinoic acid, and SCFA [132]. By itself,
research regarding probiotics in sport can give limited information about recommendations
and advantages [133]. Still there are studies showing that probiotics can modulate the
body’s immune response in many ways, by inducing IL-10 production [133], T and B cell
activation [134], and IFN-y and IgA [135], and further inhibiting NK cell activity [134] and
therefore may lead to a reduction in the severity and incidence in URTL These effects seem
to be strain specific to lactic acid producing bacteria: Lactobacillus and Bifidobacterium [1].
Studies in cyclists, elite rugby players, and long distance runners showed the positive
impact of supplementation on the host’s health [136-139].

Gut Microbes for Damaged Muscles—A Mouse Model

A recent study revealed a population of ROR vy + Treg cells that accumulate after
acute muscle damage. These cells have been shown to be regulated by the gut microbiota.
Mice that were missing these colonic Treg cells had slower muscle recovery, increased
inflammation, and developed scars and fibrosis. Mice that were given antibiotics to kill
beneficial gut bacteria showed slower muscle recovery. Furthermore, ROR vy + Treg cells
have been observed to suppress the inflammatory signal IL-17 and further support a
balanced proliferation and differentiation of muscle stem cells. Additionally, the authors
named the ROR vy + Treg cells as general keepers of homeostasis in extra-gut matters.
The therapeutic use of antibiotics following a muscle injury should be reconsidered as it
could interfere with the healing process. Studies like this open an exciting outlook into a
potential treatment method using microbes for injured muscle. However, since the study
was performed in a mouse model, it is emphasized that human studies are needed to prove
this potential [140].

2.1.5. The Gut-Brain Axis

The bi-directional communication between the brain and the gut is called the gut-brain
axis [141]. The microbiota has been suggested to play a fundamental role by producing
neurotransmitters and hormones that can affect athletes in terms of their perception of
fatigue, motivation, and mood [114]. Research on humans is lacking in this field but mice
models show that the microbial community directly and indirectly influences serotonin
levels [141]. The direct connection is highlighted by the fact that germ-free mice have
decreased serotonin levels [142] and increased tryptophan levels [143]. The connection
between the enteric nervous system and the gut mainly goes through the vagus nerve [144],
hormones [145], and microbial metabolites [146,147]. Furthermore, stress is an immense
factor in the career of an athlete, including physiological and psychosocial stressors [148].
While stress is vital for adaptation in homeostasis and performance [148], it should not be
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overreaching coping mechanisms. Training causes a stress response via the hypothalamus-
pitularity-adrenal axis (HPA) and sympatho-adrenomedullary axis (SMA) causing a release
of several catecholamines and glucocorticoids [149]. If the training-induced stress is strain-
ing for the host organism, then damage to gut barrier integrity can occur, leading to the
problems mentioned above [119,120]. Studies in mice show how the microbiota can func-
tion as a ‘buffer’ to these stress reactions. Germ-free mice responded with an exaggerated
release of the adrenocorticotropin hormone (ACTH) and corticosterone in comparison
to the pathogen-free control group [150]. The effects were shown as a two-way street in
another mouse model. Allen et al. compared voluntary wheel running and forced wheel
running over six weeks, presenting that markers for bowel disease and immune function
were lower in the group of voluntary wheel running [20].

Even though these findings focus on animal models, they show a strong connection
between the gut and the brain. As the microbiota is highly influenced by diet [151], this
may again open up another powerful way to boost performance.

2.1.6. Specific Aspects of Female Athlete Health

It has been reported that the gut microbiota, just like other physiological systems
of the human body, is marked by sex differences [152]. For females in particular, it is
suggested that hormonal fluctuations stress the make-up and function of the intestinal
community [153]. It has already been suggested in previous years that there is a bi-
directional connection between the gut microbiota and estrogen [154]. Gut microbes seem
to be capable of the modification of estrogen, the synthesis of estrogen, and the expression
of hydroxyl-steroid dehydrogenase [155]. Furthermore, the menstrual cycle brings on a
variety of different symptoms, many of them being centered around the gastrointestinal
tract, including symptoms such as nausea, diarrhea, and bloating [156]. These symptoms
and general gastrointestinal differences, such as transit time, could impact the food and
nutrition strategy of the athlete and furthermore alter the training routine. A large study
including 1812 eumenorrheic women that were recruited by the Strava app reported that
menstrual symptoms were associated with a greater likelihood of missing a sporting event
and missing or changing training [157].

Another aspect of athlete health is adequate energy availability to secure overall health
and beyond that, allow performance [158]. Women as well as men are at risk of developing
REDs. As this chapter focusses on the female athlete, this will be the emphasis further
in this chapter. REDs can lead to variety of symptoms, from GI problems to lowered
bone mineral density [159]. This indicates an involvement of the gut microbiota and the
literature provides hints that could support this connection. Firstly, studies focusing on
the eating disorder anorexia nervosa (AN) report a decrease in bacterial families, species,
and genera within the Firmicutes phylum [160,161]. The genera Clostridioides, Roseburia,
and Ruminococcus are reported to be decreasing as well. These genera are known for their
carbohydrate fermentation properties and are major producers of SCFAs [162]. SCFAs on
the other hand are key modulators in the regulation of gut homeostasis [163]. Additionally,
studies established that SCFAs are regulators of bone metabolism and, more specifically,
osteocyte metabolism while some SCFAs inhibit osteoclast differentiation and can reduce
bone absorption [164]. Different intestinal microbiota have been shown to affect nutrient
intake, such as elevated levels of Lactobacillus and Bifidobacteriuml which can promote the
absorption of some minerals (calcium, magnesium, and phosphorus) that increase bone
mineral density [165]. There is a lack of literature regarding this topic, but there are some
indications that the gut microbiota has an important function in energy availability and
bone metabolism in female athletes.

3. Targeting Performance Enhancement in Athletes

We believe, backed up by a growing body of evidence, that there is a potential for
the gut microbiota to be a variable that could be beneficial for the performance of athletes
and further lead to a healthier and therefore more sustainable athlete, since another part of
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human health is included with the gut microbiota. Consequently, we recommend starting
to include gut microbiota analysis in performance diagnostics (Section 4). Though the
microbiota is resilient and is fairly stable, it undergoes changes due to variations like
deviating diet or training intensity [166]. A recent work by Akazawa et al. showed a
change in the gut microbiota at the genus level, when comparing the preparation and
transition period of a season [167]. Another study by Karl et al. looked into military
personnel performing high-intensity interval training resulting in a significantly changed
gut microbiota composition after a period of four days [168]. Having check-ups shows
how the microbial community responds to routine changes and ensures the ongoing health
of a sustainable athlete, even beyond their career (Figure 1). The following targets have
been put together with the aim of enhancing performance in athletes in a way that is
sustainable. All six targets are in some way linked or influenced by each other. The
approach is multifactorial, complex and invites us to take a broader, more holistic look
at athletes.

4 processed foods 1 SCFA production « cycle tracking R T

1 fiber intake 1 gut permeability « communication S wearing rssonee 9

T whole foods 4Gl problems with coach LGl problems

1 fermented foods . « adapted training U missad training sessions
T unsaturated fats ; \ ra%l;t:l\; o
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T polyphenols
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A
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Figure 1. Intestinal health as a key pillar for performance enhancement in elite athletes. Six targets
have been described, including gut dysbiosis, diet, deficiencies, immunity, gut barrier function, and
cognition. All targets are highly connected and are centered around the gut microbiota. The purple
boxes display the intervention that should be considered if a problem is identified in this particular
area. The green boxes show potential positive outcomes for the athlete following the suggested
intervention. All six areas can positively affect each other via the microbiota when there are no
concerns in these regions or the interventions are shown to be effective. Picking diet as an example,
it influences all of the other targets and most of those connections are bi-directional. Through a
balanced diet, metabolites such as SCFAs are produced by the microbial community and positively
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influence immunity and gut barrier function and can further improve the symptoms of dysbiosis.
Diet has also been shown to affect stress response and have a corresponding effect via the gut-
brain axis. A wholesome diet also covers micronutrient intake to a high extent. When an area is
recognized as problematic, it can greatly affect other areas as well, as they are connected through the
gut microbiota. For example, gut dysbiosis can lead to increased gut permeability decreasing stress
resilience and recovery, adequate nutrient absorption, and altered immunity through a systemic
low-grade inflammation. Created with BioRender.com.

3.1. Targeting Dysbiosis

The first step of the analysis of the stool is to check if there are indicators for dys-
biosis. Indicators can easily be found through questionnaires asking for symptoms such
as altered gut transit time, diarrhea, and discomfort [169]. Further questions regard-
ing the diet and training routine help provide a clearer picture. A combination of both
stool analysis and a catalog of questionnaires is essential. As mentioned previously, high
amounts of monosaccharides and low amounts of fiber can enhance gut dysbiosis in
athletes [114,170,171] which, topped off with strenuous physical and psychosocial effectors
and regular ischemia reperfusion through high volume endurance training, can lead to an
imbalanced microbial community [112,172,173]. With the 16sRNA of the stool, alterations
in diversity and metabolic capacity, increased pathogenic bacteria, and the loss of the
main taxa can be detected. Corresponding results would lead to interventions, including
customized probiotics to increase diversity and abundance of main taxa, potentially leading
to a decrease in systemic inflammation and GI problems, as well as the targeting of the diet,
leading to the next target point and further evaluation of the health status of an athlete,
including deficiencies, immunity, barrier function, and cognition [174].

3.2. Targeting the Diet

Diet is a key modulator for the gut microbiota and can act as a diagnostic tool in the
assessment of the dietetic status using questionnaires and software to review micro- and
macronutrient intake. Accordingly, it serves as a practical instrument in individualized
performance development.

Diet and training are often hard to combine, as it is difficult to obtain the right food
and vitamins in between training sessions, hence why infrastructure and education play a
central part in this. Awareness of the importance of diet and correct fueling should start
with young athletes. Educating trainers, parents, and other people involved, such as the
employees of boarding houses, is also vital. Diet is highly individual [175] and fueling
strategies must be individualized, emphasizing the importance for every athlete to find
their own way that works.

Diet is a fundamental component for the composition of the microbiota [151] and
fueling techniques should include gut health. Carbohydrates can and should come, in
some situations, in highly digestible versions. In an approach that considers the micro-
bial community, fueling strategies must be chosen more wisely. This could just be by
ensuring that beyond training, there is adequate fiber in fermented food and a polyphenol-
rich diet that potentially helps buffer those harmful effects to some extent [44,176-178].
Furthermore, a fiber rich diet may even support performance through higher SCFA
production [38]. Fiber should adequately be increased in accordance with the higher
caloric intake of athletes. The German nutrition society (DGE—Deutsche Gesellschaft
fiir Erndhrung) recommends a fiber intake of 14.6 g/1000 kcal for adults. For an athlete
that consumes between 3000-4000 kcal per day, a fiber amount of at least 43.8-58.4 g of
fiber would be appropriate, not including outbalancing highly digestible carbohydrates.
Fueling with lactose is a technique of combining fueling and supporting gut health. Re-
search suggests it is a good fueling source for before, during, and after practice, increasing
performance and recovery, and additionally it may even promote the higher abundance of
Lactobacillus and Bifidobacterium [179]. This, just like all other recommendations, needs to
be tested as there can be great interindividual differences.
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Protein is the thing that comes into an athlete’s mind first when speaking about
deficiencies and supplementation. This is to a high extent caused by the media attention
surrounding protein supplements and protein-rich products [180]. The impact that protein
has on the microbiota has already been discussed above. The amount of protein is an
important variable; excessive protein intake can have detrimental consequences for the
microbiota and overall health of the athlete [51,52,54,66-68]. Evidence suggests that high
protein intake must come with an adequate amount of fiber, which can help reduce the
harmful effects on the biome [181]. Having whole food sources can be suggested, as
compounds like fat help absorption and are beneficial for the gut biome [61].

Fermented foods have gained popularity through their promising anti-inflammatory
properties [177,178] and the positive modulation of the microbial community [182]. Human
dietary studies show improved glucose metabolism and a decrease in muscle soreness
when resistance training was followed by fermented milk [177]. A study by Sonnen-
burg et al. [151] highlights these effects indicating a decrease in all inflammation markers
in the intervention group that consumed fermented foods, including IL-6, IL-10, and IL-12b
and other inflammatory factors [183]. Adding fermented foods to a whole diet could benefit
an athlete and the inflammatory processes caused by a high training load.

Another food constituent worth considering is polyphenols. Exhaustive training leads
to a high load of ROS and causes fatigue, muscle weakness, and injuries in athletes [184].
Polyphenols have been recognized for their antioxidative properties. Polyphenols are plant-
derived compounds that can be found in vegetables, seeds, fruits, wine, tea, coffee, and
cacao [7], often taken in a supplement form [185]. Polyphenols not only directly influence
the host by eliminating ROS, but also by modulating the gut microbiota [186], increas-
ing commensal bacteria, such as Lactobacillus and Bifidobacterium, and working against
pathogenic species [7]. The microbiota is responsible for the absorption and production
of more bioavailable metabolites of polyphenols [185,186]. Although the gut biome is
able to transform polyphenols into a more bioavailable form, many natural polyphenols,
like those bound with sugars, have a low absorption rate in the human gut [187]. There-
fore, those effects may be limited due to absorption, but also once again highlighting the
role of gut biome modulating compounds in a way that they become more beneficial for
an athlete’s metabolism. A wholesome diet, rich with a variety of fruit and vegetables
(preferably seasonal) should be able to provide these benefits to the gut biome. Further
supporting it with other central compounds such as fiber and fermented foods could add
some valuable effects.

3.3. Targeting Deficiencies

A sulfficient vitamin and mineral status is vital for performance [188]. Therefore,
regular check-ups in commonly deficient and performance-related vitamins and minerals
should be made. When the microbial profile and diet cannot be identified as the cause of
these deficiencies, the specific shape of the bacterial community can be analyzed. Research
has named bacteria that are linked to mineral bioaccessibility and bioavailability.

It might therefore be useful to see if a deficient mineral is also associated with a less
abundant bacteria strain that has been identified as a variable in controlling the absorption
of that vitamin or mineral. This becomes even more important when the athlete is not
responding to high-dose supplementation. This is exactly what was shown in the work of
Singh et al., (2020) [82] who found that the non-responder group to vitamin D had lower
levels of Bacteroides acidifaciens, suggesting that the gut microbial profile is linked to vitamin
absorption by either supporting or hindering it. Supplementation with the right probiotic
could eventually help with this problem when diet is not the limiting factor.

3.4. Targeting Immunity

Sick days are something that can get in the way of high performance, especially when
training for a season highlight, or even worse, a career highlight. Therefore, limiting time
spent sick is another target on the road to reach peak performance. The gut microbiota
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has been identified to play a key role in our immunity [127,128,189]. Immune function
is highly dependent on gut barrier function (further discussed in 3.5.), as when the gut
permeability rises, it opens up like a “gate” and pathogens can exit into the blood stream,
causing inflammation [7]. This means that the body then has to keep these inflammatory
processes regulated on top of ROS and other stress responses to training [187,190]. Hard
training blocks also take their toll on the body and make it more vulnerable to infections.
Training load should always be individualized and only carefully increased, keeping a
close eye on the training response of the athlete. An overload of training is also linked to
increased gut permeability and altered immune function [169] that can also be connected
to diet, stress or deficiencies.

A supplementation with probiotics is definitely worth considering, as research has
proven multiple times that lactic-acid bacteria can help hinder the outbreak and reduce
severity of URTI [136]. And as the gut biome adds to the reduction of ROS, research
has investigated bacterial strains including Lactobacillus fermentum, Lactococcus lactis, Lac-
tiplantibacillus plantarum, Lactobacillus gasseri, and Streptococcus thermophilus that increase
superoxide dismutase (SOD) activity [191]. Vitamin D has been identified as a modulat-
ing factor in maintaining immune homeostasis in healthy individuals via adjustments to
the composition of the microbial community in the gut [188]. As hypothesized, supple-
mentation with vitamin D stimulates the growth of good bacteria to preserve microbial
immune homeostasis [82]. Supplementation with vitamin D should therefore be considered
expressly in illness prone athletes. Zinc is also known for its modulatory functions of
the immune system [192] and can be beneficial for athletes in intensive training blocks,
especially when prone to URTI [126].

3.5. Targeting Gut Barrier Function

Gut permeability is a pivotal topic for elite athletes that have strenuous training
routines. It is linked to many other issues that come with increased gut permeability.
Immune function is one problem, GI problems and systemic inflammation another. Diet
is essential in maintaining gut barrier function and should therefore be looked at first,
together with the training routine.

Further advantages can be gained by supplementation with probiotics, either used
on a regular basis or as needed. As one study showed, taking a Lactobacillus supplement
prior to an endurance event could speed up the recovery of the microbiota [117]. Speeding
up the recovery of the microbiota could also mean faster recovery for the athletes, as the
microbiota has the ability to help recovery in many ways, such as the modulating the
anti-inflammatory response. The Actinobacteria genus, like Bifidobacterium or Collinsella, can
support intestinal epithelial function via an immunomodulatory and anti-inflammatory
function [193]. The effectiveness of probiotic supplementation is most likely based on
enhanced SCFA production, increased mucus production, a lowered intestinal pH, an
increased barrier function, and higher immune cell activity [2,194].

3.6. Targeting Cognition

Being in the right head space in a training session is vital when operating at an elite
level. Many sport modalities demand a high level of coordination, quick thinking, and
decision making, resulting in mental fatigue [195]. All previous targets need to be aligned
to meet that standard.

Coping with stress is a task of its own. Being elite in the sporting world, stress can often
exceed the level that can be handled [196]. Stress response is linked to the gut microbiota,
which can be explained by the gut-brain-axis [114]. Keeping stress at a balanced level
benefits the gut biome, as it reacts to stress with a shift in the microbial community. Taking
an approach that focuses on psychology can be suggested at this point. Limiting stress
through a structured routine and scheduled time off, plus practicing stress release methods,
such as breathing exercises and mediation, could be advantageous.
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3.7. Targeting Specific Female Athlete Requirements

Including a focus on female athletes is something that should be part of an individ-
ualized training approach. Female athletes differ from male athletes, therefore, training
needs to be adapted to fit female physiology. The bi-directional connection between the
gut microbiota and fluctuating female sex hormones [154] could impact performance as
women are exposed to differing gastrointestinal symptoms. Nutrition and the fueling
strategy should be adjusted to the individual state of the menstrual cycle and the impact
of certain foods needs to be reconsidered. For the early detection of REDs, regularly
dietary check-ups could be beneficial. Taking a gut-centric approach to support the pre-
vention/treatment of REDs and the symptoms that come with them, the diet should be
focused on an increased intake of complex carbohydrates. This not only ensures energy
supply but might also counteract the reduction of carbohydrate fermenting microbes. A
rebound in these bacteria could improve gastrointestinal symptoms through the production
of SCFAs and by supporting gut homeostasis [163]. Additionally, intestinal microbes are
involved in bone metabolism [164,165] and therefore need to be protected, to not worsen
bone metabolism interference.

4, Practical Recommendations

The findings provide practical recommendations from which, when taken into practice,
athletes could benefit. Figure 2 displays the practical recommendations.
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Stool samples - ;‘ Fermented products -

taken with ¢ % consumed on a daily
performance ¢ basis.

analysis.
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with reflection on the
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on bodily changes.
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adequatly adjusted to
higher calorie intake.

Figure 2. Practical recommendations aimed at ensuring athletes” health and supporting performance
with a focus on the gut microbiota. These practical applications can be adjusted immediately by the
athlete and/or the coach. The emphasis lies in the practicability of the adjustments, which need to be
tested firsthand. Created with BioRender.com.
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4.1. Training Routine

Next to the positive effects and modulations that exercise brings to the gut microbiota,
rising evidence shows the negative effects that a demanding training routine has on an ath-
letes gut [8,165,169,192,193]. These unfavorable effects are likely to be traced back to altered
gut transit and motility caused by physical and psychological stressors. Additional factors,
such as intestinal injury and oxidative stress caused by repetitive ischemia reperfusion
due to exercise, lead to gut dysbiosis. Furthermore, succinate, a metabolite that potentially
causes gut inflammation, could be discovered in the feces of endurance runners [165].

To avoid negative side effects on the gut, the training routine should align with
the physical and psychological capacity of the athlete. Training intensity and volume
should be carefully increased, evaluating the training response, mood, sleep, diet, and
stool. Questionnaires to monitor the subjective effect that training has on an athlete could
be a first step into obtaining a better understanding of the athlete’s body and avoiding
overtraining and negative consequences.

4.2. Stool Sample Analysis

Stool samples could help identify how a training block or a rest period affects the
status of the intestinal microbial community. Identifying changes in the gut microbiota
can be difficult since it is a relatively stable system. Therefore, we recommend including a
stool analysis after a change in training focus or when comparing the on- and off-season.
The analysis could be included in performance diagnostics, where examinations such as
spiroergometric examinations are executed [197]. An additional blood analysis can help
draw connections between the different variables and obtain a coherent image of the athlete.
These blocks can vary in different sports due to diverse competition schedules and must be
arranged around these.

4.3. Probiotics

Human gut microbes are often compared to fingerprints, expressing their uniqueness
in each one of us. Concluding that probiotics are not beneficial to everyone is easy to
imagine. However, a proposal for the intake of probiotics has been made because there is
evidence guiding us in that direction [117,125,127,137,194]. This is why supplementation
that is accompanied by a physician and/or dietician could be worth considering [194].
The food industry suggests a minimum of one million colony-forming units (CFU) at
the time of ingestion [198]. Studies investigated timeframes of four to sixteen weeks for
supplementation [132,137,139,193]. We recommend a short time trial in the off-season, to
see if complications arise and to get athletes into the routine of taking these supplements.
Supplementation should carry on for up to three months—if positive effects fail to mate-
rialize, supplementation can be broken off. Specific foods also include probiotics as an
alternative to supplements.

4.4. Fiber-Rich Foods

Fiber can help balance a diet rich in monosaccharides and high in protein [170,181],
both of which are common in performance sports. Through a fiber-rich diet, the production
of SCFAs can be increased, which has been demonstrated to be supportive for gut and
overall health and may further support athletes” performance. Therefore, athletes should
have special interest in aiming for a diet that includes a variety of fiber-rich foods on a daily
basis. Table 1 serves as an overview of foods and their fiber content [38,199].
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Table 1. Fiber rich foods.

Food (Serving Size) Dietary Fiber (g/Serving)
Peas, cooked (1/2 cup) 8.1
Lentils, cooked (1/2 cup) 7.8
Figs, dried (2) 4.6
Wheat bran flakes (3/4 cup) 4.6
Kidney beans, canned (1/2 cup) 4.5
Pear (1) 4.0
Apple, with skin (1) 37
Brown rice, cooked (1 cup) 3.5
Oatmeal, cooked (3/4 cup) 3.0
Mixed nuts, roasted (1 handful) 2.6
Whole wheat bread (1) 1.9

4.5. Fermented Foods

Fermented foods are known for their ani-inflammatory properties. Athletes signifi-
cantly challenge their immune system and could benefit from the additional consumption
of fermented foods that support the inflammatory response [175,196]. Consuming them
daily and adding them to a balanced diet could have positive effects on athletes” gut micro-
biota. Examples of fermented foods are listed in Table 2 [200]. Lactic acid bacteria (L.A.B.)
are the main microorganisms involved in fermentation and are critical for the benefit of
fermented products. Different bacteria are needed for the fermentation of each food/food
group, for example Lactobacillus bulgaricus in dairy products, L. pantheris in cereals, or
Leuconostoc mesenteroides for vegetable products [9].

Table 2. Examples of fermented foods.

Food Group Examples of Foods
Dairy Cheese, yoghurt, kefir, lassi, yoghurt
Beverages Beer, kombucha, wine, cider
Soy Soy sauce, soy yoghurt, soy milk, miso
Fruits & vegetables Pickled fruits and vegetables, olives, kimchi, sauerkraut
Cereals Bread and bakery products

5. Future Directions

Future studies should focus on randomized and controlled trials using combined
modern analytical methods to gain further insights into the importance of specific con-
stituents, bacteria as well as metabolites. This should include basic scientific studies as well
as studies in humans, optimally also involving athletes. There should also be special focus
on the possibilities of influencing the microbiota so that interventional options can also
be explored.

6. Conclusions

The human gut microbiota is a complex physiological system and is linked to individ-
ual athlete performance through various different levels. In addition to its importance for
general health maintenance, it shows bidirectional interactions with energy metabolism,
muscular performance, immune function, intestinal epithelial integrity, and cognitive pro-
cesses in sport. Looking at microcycles, it seems to be a rather stable system which can,
however, be adapted over time by specific measures. These include primarily nutritional
measures as well as training modalities and cognitive strategies. Accordingly, the inclusion
of microbiota analysis offers opportunities to monitor and, if necessary, influence long-term
health maintenance and performance development.

The fact that there is insufficient data on elite sport and therefore much has to be
deduced is certainly a limiting factor. Furthermore, cross-sectional studies do not always



Biology 2023, 12, 1491 17 of 24

allow causalities to be established between the structure of the microbiome and the potential
influencing factors.

Author Contributions: Conceptualization, S.N. and K.K.; methodology, S.N. and C.L.; writing—original
draft preparation, S.N.; writing—review and editing, SN. and K.K.; visualization, SN. and C.L;
supervision, K.K. and K.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

1. European Commission, Joint Research Centre. The Human Gut Microbiota: Overview and Analysis of the Current Scientific Knowledge
and Possible Impact on Healthcare and Well Being; Publications Office of the European Union: Luxembourg, 2018. [CrossRef]

2. Bermon, S.; Petriz, B.; Kajéniené, A.; Prestes, J.; Castell, L.; Franco, O.L. The microbiota: An exercise immunology perspective.
Exerc. Immunol. Rev. 2015, 21, 70-79. [PubMed]

3. Alam, A.; Neish, A. Role of gut microbiota in intestinal wound healing and barrier function. Tissue Barriers 2018, 6, 1539595.
[CrossRef]

4. Kho, Z2.Y;; Lal, S.K. The Human Gut Microbiome—-A Potential Controller of Wellness and Disease. Front. Microbiol. 2018, 9, 1835.
[CrossRef] [PubMed]

5. Rowland, I; Gibson, G.; Heinken, A.; Scott, K.; Swann, J.; Thiele, I.; Tuohy, K. Gut microbiota functions: Metabolism of nutrients
and other food components. Eur. J. Nutr. 2018, 57, 1-24. [CrossRef]

6. Qin, ], Li, R; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; Yamada, T.; et al. A
human gut microbial gene catalogue established by metagenomic sequencing. Nature 2010, 464, 59-65. [CrossRef]

7. Neu, A.T.; Allen, E.E.; Roy, K. Defining and quantifying the core microbiome: Challenges and prospects. Proc. Natl. Acad. Sci.
USA 2021, 118, €2104429118. [CrossRef] [PubMed]

8.  Clarke, S.F; Murphy, E.F,; O’Sullivan, O.; Lucey, A.J.; Humphreys, M.; Hogan, A.; Hayes, P.; O'Reilly, M.; Jeffery, I.B.; Wood-Martin,
R.; et al. Exercise and associated dietary extremes impact on gut microbial diversity. Gut 2014, 63, 1913-1920. [CrossRef]

9.  Sharma, R.; Garg, P; Kumar, P,; Bhatia, S.K.; Kulshrestha, S. Microbial Fermentation and Its Role in Quality Improvement of
Fermented Foods. Fermentation 2020, 6, 106. [CrossRef]

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

11.  Stewart, C.J.; Nelson, A.; Campbell, M.D.; Walker, M.; Stevenson, E.J.; Shaw, J.A.; Cummings, S.P.; West, D.J. Gut microbiota
of Type 1 diabetes patients with good glycaemic control and high physical fitness is similar to people without diabetes: An
observational study. Diabet. Med. 2017, 34, 127-134. [CrossRef]

12.  Yang, Y,; Shi, Y.; Wiklund, P.;; Tan, X.; Wu, N.; Zhang, X.; Tikkanen, O.; Zhang, C.; Munukka, E.; Cheng, S. The Association
between Cardiorespiratory Fitness and Gut Microbiota Composition in Premenopausal Women. Nutrients 2017, 9, 792. [CrossRef]
[PubMed]

13.  Marttinen, M.; Ala-Jaakkola, R.; Laitila, A.; Lehtinen, M.J. Gut Microbiota, Probiotics and Physical Performance in Athletes and
Physically Active Individuals. Nutrients 2020, 12, 2936. [CrossRef] [PubMed]

14. Dorelli, B.; Galle, E; De Vito, C.; Duranti, G.; Iachini, M.; Zaccarin, M.; Preziosi Standoli, J.; Ceci, R.; Romano, F.; Liguori, G.; et al.
Can Physical Activity Influence Human Gut Microbiota Composition Independently of Diet? A Systematic Review. Nutrients 2021,
13,1890. [CrossRef] [PubMed]

15.  Sheflin, A.M.; Melby, C.L.; Carbonero, F.; Weir, T.L. Linking dietary patterns with gut microbial composition and function. Gut
Microbes 2017, 8, 113-129. [CrossRef] [PubMed]

16. Baker, ].M.; Al-Nakkash, L.; Herbst-Kralovetz, M.M. Estrogen-gut microbiome axis: Physiological and clinical implications.
Maturitas 2017, 103, 45-53. [CrossRef]

17. Ullén, F; Hambrick, D.Z.; Mosing, M. A. Rethinking expertise: A multifactorial gene—environment interaction model of expert
performance. Psychol. Bull. 2016, 142, 427-446. [CrossRef]

18. Clauss, M.; Gérard, P; Mosca, A.; Leclerc, M. Interplay Between Exercise and Gut Microbiome in the Context of Human Health
and Performance. Front. Nutr. 2021, 8, 637010. [CrossRef]

19. Boisseau, N.; Barnich, N.; Koechlin-Ramonatxo, C. The Nutrition-Microbiota-Physical Activity Triad: An Inspiring New Concept

for Health and Sports Performance. Nutrients 2022, 14, 924. [CrossRef]


https://doi.org/10.2760/17381
https://www.ncbi.nlm.nih.gov/pubmed/25825908
https://doi.org/10.1080/21688370.2018.1539595
https://doi.org/10.3389/fmicb.2018.01835
https://www.ncbi.nlm.nih.gov/pubmed/30154767
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1038/nature08821
https://doi.org/10.1073/pnas.2104429118
https://www.ncbi.nlm.nih.gov/pubmed/34862327
https://doi.org/10.1136/gutjnl-2013-306541
https://doi.org/10.3390/fermentation6040106
https://doi.org/10.1371/journal.pone.0171352
https://doi.org/10.1111/dme.13140
https://doi.org/10.3390/nu9080792
https://www.ncbi.nlm.nih.gov/pubmed/28757576
https://doi.org/10.3390/nu12102936
https://www.ncbi.nlm.nih.gov/pubmed/32992765
https://doi.org/10.3390/nu13061890
https://www.ncbi.nlm.nih.gov/pubmed/34072834
https://doi.org/10.1080/19490976.2016.1270809
https://www.ncbi.nlm.nih.gov/pubmed/27960648
https://doi.org/10.1016/j.maturitas.2017.06.025
https://doi.org/10.1037/bul0000033
https://doi.org/10.3389/fnut.2021.637010
https://doi.org/10.3390/nu14050924

Biology 2023, 12, 1491 18 of 24

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.
40.
41.
42.

43.

44.

45.

Allen, J.M.; Mailing, L.J.; Niemiro, G.M.; Moore, R.; Cook, M.D.; White, B.A.; Holscher, H.D.; Woods, J.A. Exercise Alters Gut
Microbiota Composition and Function in Lean and Obese Humans. Med. Sci. Sports Exerc. 2018, 50, 747-757. [CrossRef]

Cerd4, B.; Pérez, M.; Pérez-Santiago, J.D.; Tornero-Aguilera, ].E; Gonzalez-Soltero, R.; Larrosa, M. Gut Microbiota Modification:
Another Piece in the Puzzle of the Benefits of Physical Exercise in Health? Front. Physiol. 2016, 7, 51. [CrossRef]

Turnbaugh, PJ.; Gordon, ].I. An invitation to the marriage of metagenomics and metabolomics. Cell 2008, 134, 708-713. [CrossRef]
Hagio, M.; Matsumoto, M.; Yajima, T.; Hara, H.; Ishizuka, S. Voluntary wheel running exercise and dietary lactose concomitantly
reduce proportion of secondary bile acids in rat feces. ]. Appl. Physiol. 2010, 109, 663-668. [CrossRef]

Viloria, M.; Lara-Padilla, E.; Campos-Rodriguez, R.; Jarillo-Luna, A.; Reyna-Garfias, H.; Lopez-Sanchez, P.; Rivera-Aguilar, V.;
Salas-Casas, A.; La Berral de Rosa, E]J.; Garcia-Latorre, E. Effect of moderate exercise on IgA levels and lymphocyte count in
mouse intestine. Immunol. Investig. 2011, 40, 640-656. [CrossRef]

Francaux, M. Toll-like receptor signalling induced by endurance exerciseThis paper is one of a selection of papers published in
this Special Issue, entitled 14th International Biochemistry of Exercise Conference-Muscles as Molecular and Metabolic Machines,
and has undergone the Journal’s usual peer review process. Appl. Physiol. Nutr. Metab. 2009, 34, 454-458. [CrossRef]

Frosali, S.; Pagliari, D.; Gambassi, G.; Landolfi, R.; Pandolfi, F.; Cianci, R. How the Intricate Interaction among Toll-Like Receptors,
Microbiota, and Intestinal Immunity Can Influence Gastrointestinal Pathology. J. Immunol. Res. 2015, 2015, 489821. [CrossRef]
Scheiman, J.; Luber, ].M.; Chavkin, T.A.; MacDonald, T.; Tung, A.; Pham, L.-D.; Wibowo, M.C.; Wurth, R.C.; Punthambaker, S.;
Tierney, B.T.; et al. Meta-omics analysis of elite athletes identifies a performance-enhancing microbe that functions via lactate
metabolism. Nat. Med. 2019, 25, 1104-1109. [CrossRef]

Derrien, M.; Belzer, C.; de Vos, W.M. Akkermansia muciniphila and its role in regulating host functions. Microb. Pathog. 2017, 106,
171-181. [CrossRef] [PubMed]

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

Durk, R.P; Castillo, E.; Marquez-Magaiia, L.; Grosicki, G.J.; Bolter, N.D.; Lee, C.M.; Bagley, ].R. Gut Microbiota Composition
Is Related to Cardiorespiratory Fitness in Healthy Young Adults. Int. J. Sport Nutr. Exerc. Metab. 2019, 29, 249-253. [CrossRef]
[PubMed]

Mohr, A.E; Jager, R.; Carpenter, K.C.; Kerksick, C.M.; Purpura, M.; Townsend, ].R.; West, N.P; Black, K.; Gleeson, M.; Pyne, D.B.;
et al. The athletic gut microbiota. J. Int. Soc. Sports Nutr. 2020, 17, 24. [CrossRef] [PubMed]

Aya, V; Florez, A.; Perez, L.; Ramirez, ].D. Association between physical activity and changes in intestinal microbiota composition:
A systematic review. PLoS ONE 2021, 16, e0247039. [CrossRef]

O’Donovan, C.M.; Madigan, S.M.; Garcia-Perez, I.; Rankin, A.; O" Sullivan, O.; Cotter, P.D. Distinct microbiome composition and
metabolome exists across subgroups of elite Irish athletes. J. Sci. Med. Sport 2020, 23, 63—68. [CrossRef]

Li, Y,; Cheng, M.; Zha, Y.; Yang, K.; Tong, Y.; Wang, S.; Lu, Q.; Ning, K. Gut microbiota and inflammation patterns for specialized
athletes: A multi-cohort study across different types of sports. mSystems 2023, 8, €00259-23. [CrossRef]

Choi, ].J.; Eum, S.Y.; Rampersaud, E.; Daunert, S.; Abreu, M.T.; Toborek, M. Exercise Attenuates PCB-Induced Changes in the
Mouse Gut Microbiome. Environ. Health Perspect. 2013, 121, 725-730. [CrossRef]

Evans, C.C; LePard, K.J.; Kwak, ] W,; Stancukas, M.C.; Laskowski, S.; Dougherty, J.; Moulton, L.; Glawe, A.; Wang, Y.; Leone, V,;
et al. Exercise Prevents Weight Gain and Alters the Gut Microbiota in a Mouse Model of High Fat Diet-Induced Obesity. PLoS
ONE 2014, 9, €92193. [CrossRef]

Kang, S.S.; Jeraldo, P.R.; Kurti, A.; Miller, M.E.B.; Cook, M.D.; Whitlock, K.; Goldenfeld, N.; Woods, J.A.; White, B.A.; Chia, N,;
et al. Diet and exercise orthogonally alter the gut microbiome and reveal independent associations with anxiety and cognition.
Mol. Neurodegener. 2014, 9, 36. [CrossRef] [PubMed]

Donati Zeppa, S.; Agostini, D.; Gervasi, M.; Annibalini, G.; Amatori, S.; Ferrini, F; Sisti, D.; Piccoli, G.; Barbieri, E.; Sestili, P; et al.
Mutual Interactions among Exercise, Sport Supplements and Microbiota. Nutrients 2019, 12, 17. [CrossRef] [PubMed]
Jeukendrup, A. A Step Towards Personalized Sports Nutrition: Carbohydrate Intake During Exercise. Sports Med. 2014, 44, 25-33.
[CrossRef]

Jeukendrup, A.E. Carbohydrate intake during exercise and performance. Nutrition 2004, 20, 669—-677. [CrossRef]

Holscher, H.D. Dietary fiber and prebiotics and the gastrointestinal microbiota. Gut Microbes 2017, 8, 172-184. [CrossRef]

Di Rienzi, S.C.; Britton, R.A. Adaptation of the Gut Microbiota to Modern Dietary Sugars and Sweeteners. Adv. Nutr. 2020, 11,
616-629. [CrossRef] [PubMed]

Payne, A.N.; Chassard, C.; Lacroix, C. Gut microbial adaptation to dietary consumption of fructose, artificial sweeteners and
sugar alcohols: Implications for host-microbe interactions contributing to obesity: Fructose impacts on gut microbiota and obesity.
Obes. Rev. 2012, 13, 799-809. [CrossRef]

Hughes, R.L. A Review of the Role of the Gut Microbiome in Personalized Sports Nutrition. Front. Nutr. 2020, 6, 191. [CrossRef]
[PubMed]

Gastin, P.B. Energy system interaction and relative contribution during maximal exercise. Sports Med. 2001, 31, 725-741. [CrossRef]
[PubMed]


https://doi.org/10.1249/MSS.0000000000001495
https://doi.org/10.3389/fphys.2016.00051
https://doi.org/10.1016/j.cell.2008.08.025
https://doi.org/10.1152/japplphysiol.00777.2009
https://doi.org/10.3109/08820139.2011.575425
https://doi.org/10.1139/H09-036
https://doi.org/10.1155/2015/489821
https://doi.org/10.1038/s41591-019-0485-4
https://doi.org/10.1016/j.micpath.2016.02.005
https://www.ncbi.nlm.nih.gov/pubmed/26875998
https://doi.org/10.1186/s40168-016-0189-7
https://www.ncbi.nlm.nih.gov/pubmed/27502158
https://doi.org/10.1123/ijsnem.2018-0024
https://www.ncbi.nlm.nih.gov/pubmed/29989465
https://doi.org/10.1186/s12970-020-00353-w
https://www.ncbi.nlm.nih.gov/pubmed/32398103
https://doi.org/10.1371/journal.pone.0247039
https://doi.org/10.1016/j.jsams.2019.08.290
https://doi.org/10.1128/msystems.00259-23
https://doi.org/10.1289/ehp.1306534
https://doi.org/10.1371/journal.pone.0092193
https://doi.org/10.1186/1750-1326-9-36
https://www.ncbi.nlm.nih.gov/pubmed/25217888
https://doi.org/10.3390/nu12010017
https://www.ncbi.nlm.nih.gov/pubmed/31861755
https://doi.org/10.1007/s40279-014-0148-z
https://doi.org/10.1016/j.nut.2004.04.017
https://doi.org/10.1080/19490976.2017.1290756
https://doi.org/10.1093/advances/nmz118
https://www.ncbi.nlm.nih.gov/pubmed/31696209
https://doi.org/10.1111/j.1467-789X.2012.01009.x
https://doi.org/10.3389/fnut.2019.00191
https://www.ncbi.nlm.nih.gov/pubmed/31998739
https://doi.org/10.2165/00007256-200131100-00003
https://www.ncbi.nlm.nih.gov/pubmed/11547894

Biology 2023, 12, 1491 19 of 24

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

LeBlanc, ].G.; Chain, F.; Martin, R.; Bermudez-Humaran, L.G.; Courau, S.; Langella, P. Beneficial effects on host energy metabolism
of short-chain fatty acids and vitamins produced by commensal and probiotic bacteria. Microb. Cell Factories 2017, 16, 79.
[CrossRef] [PubMed]

Kaérlund, A.; Gémez-Gallego, C.; Turpeinen, A.M.; Palo-Oja, O.-M.; El-Nezami, H.; Kolehmainen, M. Protein Supplements and
Their Relation with Nutrition, Microbiota Composition and Health: Is More Protein Always Better for Sportspeople? Nutrients
2019, 11, 829. [CrossRef] [PubMed]

Churchward-Venne, T.A.; Pinckaers, PJ.M.; Smeets, ].5.].; Betz, M.W.; Senden, ].M.; Goessens, J.P.B.; Gijsen, A.P,; Rollo, L; Verdijk,
L.B.; van Loon, L.J.C. Dose-response effects of dietary protein on muscle protein synthesis during recovery from endurance
exercise in young men: A double-blind randomized trial. Am. J. Clin. Nutr. 2020, 112, 303-317. [CrossRef]

Moore, D.R. Maximizing Post-exercise Anabolism: The Case for Relative Protein Intakes. Front. Nutr. 2019, 6, 147. [CrossRef]
Moore, D.R. One size doesn’t fit all: Postexercise protein requirements for the endurance athlete. Am. J. Clin. Nutr. 2020, 112,
249-250. [CrossRef]

Diether, N.; Willing, B. Microbial Fermentation of Dietary Protein: An Important Factor in Diet-Microbe-Host Interaction.
Microorganisms 2019, 7, 19. [CrossRef]

Portune, K.J.; Beaumont, M.; Davila, A.-M.; Tomé, D.; Blachier, F,; Sanz, Y. Gut microbiota role in dietary protein metabolism and
health-related outcomes: The two sides of the coin. Trends Food Sci. Technol. 2016, 57, 213-232. [CrossRef]

Shen, Q.; Chen, Y.A.; Tuohy, KM. A comparative in vitro investigation into the effects of cooked meats on the human faecal
microbiota. Anaerobe 2010, 16, 572-577. [CrossRef] [PubMed]

Blachier, F.; Beaumont, M.; Portune, K.J.; Steuer, N.; Lan, A.; Audebert, M.; Khodorova, N.; Andriamihaja, M.; Airinei, G;
Benamouzig, R.; et al. High-protein diets for weight management: Interactions with the intestinal microbiota and consequences
for gut health. A position paper by the my new gut study group. Clin. Nutr. 2019, 38, 1012-1022. [CrossRef] [PubMed]

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

Bindels, L.B.; Delzenne, N.M. Muscle wasting: The gut microbiota as a new therapeutic target? Int. J. Biochem. Cell Biol. 2013, 45,
2186-2190. [CrossRef]

Hawley, ].A. Microbiota and muscle highway-two way traffic. Nat. Rev. Endocrinol. 2020, 16, 71-72. [CrossRef]

Nay, K.; Jollet, M.; Goustard, B.; Baati, N.; Vernus, B.; Pontones, M.; Lefeuvre-Orfila, L.; Bendavid, C.; Rué, O.; Mariadassou, M.;
et al. Gut bacteria are critical for optimal muscle function: A potential link with glucose homeostasis. Am. J. Physiol. Endocrinol.
Metab. 2019, 317, E158-E171. [CrossRef]

De Biase, D.; Pennacchietti, E. Glutamate decarboxylase-dependent acid resistance in orally acquired bacteria: Function,
distribution and biomedical implications of the gadBC operon: Role of gadBC operon in orally acquired bacteria. Mol. Microbiol.
2012, 86, 770-786. [CrossRef]

Garcia-Gutierrez, E.; Mayer, M.].; Cotter, P.D.; Narbad, A. Gut microbiota as a source of novel antimicrobials. Gut Microbes 2019,
10, 1-21. [CrossRef]

van Vliet, S.; Shy, E.L.; Abou Sawan, S.; Beals, ] W.; West, D.W.; Skinner, S.K.; Ulanov, A.V.; Li, Z.; Paluska, S.A.; Parsons, C.M.;
et al. Consumption of whole eggs promotes greater stimulation of postexercise muscle protein synthesis than consumption of
isonitrogenous amounts of egg whites in young men. Am. J. Clin. Nutr. 2017, 106, 1401-1412. [CrossRef]

Elliot, TA.; Cree, M.G,; Sanford, A.P.; Wolfe, R.R.; Tipton, K.D. Milk ingestion stimulates net muscle protein synthesis following
resistance exercise. Med. Sci. Sports Exerc. 2006, 38, 667—-674. [CrossRef] [PubMed]

de Filippo, C.; Cavalieri, D.; Di Paola, M.; Ramazzotti, M.; Poullet, J.B.; Massart, S.; Collini, S.; Pieraccini, G.; Lionetti, P. Impact of
diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad. Sci.
USA 2010, 107, 14691-14696. [CrossRef] [PubMed]

Jager, R.; Zaragoza, J.; Purpura, M.; lametti, S.; Marengo, M.; Tinsley, G.M.; Anzalone, A.].; Oliver, ].M.; Fiore, W.; Biffi, A.;
et al. Probiotic Administration Increases Amino Acid Absorption from Plant Protein: A Placebo-Controlled, Randomized,
Double-Blind, Multicenter, Crossover Study. Probiotics Antimicro. Proteins 2020, 12, 1330-1339. [CrossRef] [PubMed]

Jager, R.; Purpura, M.; Farmer, S.; Cash, H.A; Keller, D. Probiotic Bacillus coagulans GBI-30, 6086 Improves Protein Absorption
and Utilization. Probiotics Antimicrob. Proteins 2018, 10, 611-615. [CrossRef] [PubMed]

Madsen, L.; Myrmel, L.S.; Fjeere, E.; Liaset, B.; Kristiansen, K. Links between Dietary Protein Sources, the Gut Microbiota, and
Obesity. Front. Physiol. 2017, 8, 1047. [CrossRef]

Oliphant, K.; Allen-Vercoe, E. Macronutrient metabolism by the human gut microbiome: Major fermentation by-products and
their impact on host health. Microbiome 2019, 7, 91. [CrossRef]

Yao, C.K.; Muir, ].G.; Gibson, P.R. Review article: Insights into colonic protein fermentation, its modulation and potential health
implications. Aliment. Pharmacol. Ther. 2016, 43, 181-196. [CrossRef]

Thomas, D.T.; Erdman, K.A.; Burke, L.M. Position of the Academy of Nutrition and Dietetics, Dietitians of Canada, and the
American College of Sports Medicine: Nutrition and Athletic Performance. J. Acad. Nutr. Diet. 2016, 116, 501-528. [CrossRef]
Bailey, C.P.; Hennessy, E. A review of the ketogenic diet for endurance athletes: Performance enhancer or placebo effect? J. Int.
Soc. Sports Nutr. 2020, 17, 33. [CrossRef] [PubMed]

Fritzen, AM.; Lundsgaard, A.-M.; Kiens, B. Dietary Fuels in Athletic Performance. Annu. Rev. Nutr. 2019, 39, 45-73. [CrossRef]
[PubMed]


https://doi.org/10.1186/s12934-017-0691-z
https://www.ncbi.nlm.nih.gov/pubmed/28482838
https://doi.org/10.3390/nu11040829
https://www.ncbi.nlm.nih.gov/pubmed/31013719
https://doi.org/10.1093/ajcn/nqaa073
https://doi.org/10.3389/fnut.2019.00147
https://doi.org/10.1093/ajcn/nqaa144
https://doi.org/10.3390/microorganisms7010019
https://doi.org/10.1016/j.tifs.2016.08.011
https://doi.org/10.1016/j.anaerobe.2010.09.007
https://www.ncbi.nlm.nih.gov/pubmed/20934523
https://doi.org/10.1016/j.clnu.2018.09.016
https://www.ncbi.nlm.nih.gov/pubmed/30274898
https://doi.org/10.1016/j.biocel.2013.06.021
https://doi.org/10.1038/s41574-019-0291-6
https://doi.org/10.1152/ajpendo.00521.2018
https://doi.org/10.1111/mmi.12020
https://doi.org/10.1080/19490976.2018.1455790
https://doi.org/10.3945/ajcn.117.159855
https://doi.org/10.1249/01.mss.0000210190.64458.25
https://www.ncbi.nlm.nih.gov/pubmed/16679981
https://doi.org/10.1073/pnas.1005963107
https://www.ncbi.nlm.nih.gov/pubmed/20679230
https://doi.org/10.1007/s12602-020-09656-5
https://www.ncbi.nlm.nih.gov/pubmed/32358640
https://doi.org/10.1007/s12602-017-9354-y
https://www.ncbi.nlm.nih.gov/pubmed/29196920
https://doi.org/10.3389/fphys.2017.01047
https://doi.org/10.1186/s40168-019-0704-8
https://doi.org/10.1111/apt.13456
https://doi.org/10.1016/j.jand.2015.12.006
https://doi.org/10.1186/s12970-020-00362-9
https://www.ncbi.nlm.nih.gov/pubmed/32571422
https://doi.org/10.1146/annurev-nutr-082018-124337
https://www.ncbi.nlm.nih.gov/pubmed/31136266

Biology 2023, 12, 1491 20 of 24

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Murphy, N.E.; Carrigan, C.T.; Margolis, L.M. High-Fat Ketogenic Diets and Physical Performance: A Systematic Review. Adv.
Nutr. 2021, 12, 223-233. [CrossRef]

Islam, K.B.M.S,; Fukiya, S.; Hagio, M.; Fujii, N.; Ishizuka, S.; Ooka, T.; Ogura, Y.; Hayashi, T.; Yokota, A. Bile acid is a host factor
that regulates the composition of the cecal microbiota in rats. Gastroenterology 2011, 141, 1773-1781. [CrossRef] [PubMed]
Clark, A.; Mach, N. The Crosstalk between the Gut Microbiota and Mitochondria during Exercise. Front. Physiol. 2017, 8, 319.
[CrossRef] [PubMed]

Caesar, R.; Tremaroli, V.; Kovatcheva-Datchary, P.; Cani, P.D.; Backhed, F. Crosstalk between Gut Microbiota and Dietary Lipids
Aggravates WAT Inflammation through TLR Signaling. Cell Metab. 2015, 22, 658-668. [CrossRef] [PubMed]

Costantini, L.; Molinari, R.; Farinon, B.; Merendino, N. Impact of Omega-3 Fatty Acids on the Gut Microbiota. Int. ]. Mol. Sci.
2017, 18, 2645. [CrossRef] [PubMed]

Gleeson, M.; Nieman, D.C.; Pedersen, B.K. Exercise, nutrition and immune function. . Sports Sci. 2004, 22, 115-125. [CrossRef]
[PubMed]

Clarkson, PM. Micronutrients and exercise: Anti-oxidants and minerals. J. Sports Sci. 1995, 13, S11-524. [CrossRef] [PubMed]
Rizzoli, R. Nutritional influence on bone: Role of gut microbiota. Aging Clin. Exp. Res. 2019, 31, 743-751. [CrossRef]

Yang, Q.; Liang, Q.; Balakrishnan, B.; Belobrajdic, D.P; Feng, Q.-].; Zhang, W. Role of Dietary Nutrients in the Modulation of Gut
Microbiota: A Narrative Review. Nutrients 2020, 12, 381. [CrossRef]

Xu, ]; Xu, C,; Chen, X,; Cai, X.; Yang, S.; Sheng, Y.; Wang, T. Regulation of an antioxidant blend on intestinal redox status and
major microbiota in early weaned piglets. Nutrition 2014, 30, 584-589. [CrossRef] [PubMed]

Singh, P.; Rawat, A.; Alwakeel, M.; Sharif, E.; Al Khodor, S. The potential role of vitamin D supplementation as a gut microbiota
modifier in healthy individuals. Sci. Rep. 2020, 10, 21641. [CrossRef] [PubMed]

Gilca-Blanariu, G.-E.; Diaconescu, S.; Ciocoiu, M.; Stefanescu, G. New Insights into the Role of Trace Elements in IBD. BioMed Res.
Int. 2018, 2018, 1813047. [CrossRef] [PubMed]

Skrypnik, K.; Suliburska, J. Association between the gut microbiota and mineral metabolism: Gut microbiota and mineral
metabolism. J. Sci. Food Agric. 2018, 98, 2449-2460. [CrossRef] [PubMed]

Dobrowolski, H.; Karczemna, A.; Wlodarek, D. Nutrition for Female Soccer Players-Recommendations. Medicina 2020, 56, 28.
[CrossRef] [PubMed]

Thein-Nissenbaum, J.; Hammer, E. Treatment strategies for the female athlete triad in the adolescent athlete: Current perspectives.
Open Access |. Sports Med. 2017, 8, 85-95. [CrossRef] [PubMed]

Papageorgiou, M.; Elliott-Sale, K.J.; Parsons, A.; Tang, ].C.Y.; Greeves, ].P.; Fraser, W.D.; Sale, C. Effects of reduced energy
availability on bone metabolism in women and men. Bone 2017, 105, 191-199. [CrossRef] [PubMed]

Papageorgiou, M.; Dolan, E.; Elliott-Sale, K.J.; Sale, C. Reduced energy availability: Implications for bone health in physically
active populations. Eur. ]. Nutr. 2018, 57, 847-859. [CrossRef]

Whisner, C.M.; Martin, B.R.; Nakatsu, C.H.; McCabe, G.P.; McCabe, L.D.; Peacock, M.; Weaver, C.M. Soluble maize fibre affects
short-term calcium absorption in adolescent boys and girls: A randomised controlled trial using dual stable isotopic tracers. Br. J.
Nutr. 2014, 112, 446-456. [CrossRef]

Cashman, K. Prebiotics and Calcium Bioavailability. Curr. Issues Intest. Microbiol. 2003, 4, 21-32.

Trinidad, T.P.; Wolever, TM.; Thompson, L.U. Effect of acetate and propionate on calcium absorption from the rectum and distal
colon of humans. Am. J. Clin. Nutr. 1996, 63, 574-578. [CrossRef]

Micheletti, A.; Rossi, R.; Rufini, S. Zinc status in athletes: Relation to diet and exercise. Sports Med. 2001, 31, 577-582. [CrossRef]
[PubMed]

Baranauskas, M.; Stukas, R.; Tubelis, L.; Zagminas, K.; Surkieng, G.; Svedas, E.; Giedraitis, V.R.; Dobrovolskij, V.; Abaravicius, J.A.
Nutritional habits among high-performance endurance athletes. Medicina 2015, 51, 351-362. [CrossRef]

Economos, C.D.; Bortz, S.S.; Nelson, M.E. Nutritional practices of elite athletes. Practical recommendations. Sports Med. 1993, 16,
381-399. [CrossRef] [PubMed]

Schiipbach, R.; Wegmiiller, R.; Berguerand, C.; Bui, M.; Herter-Aeberli, I. Micronutrient status and intake in omnivores, vegetarians
and vegans in Switzerland. Eur. |. Nutr. 2017, 56, 283-293. [CrossRef] [PubMed]

Massot-Cladera, M.; Azagra-Boronat, I.; Franch, A.; Castell, M.; Rodriguez-Lagunas, M.].; Pérez-Cano, FJ. Gut Health-Promoting
Benefits of a Dietary Supplement of Vitamins with Inulin and Acacia Fibers in Rats. Nutrients 2020, 12, 2196. [CrossRef] [PubMed]
Mohammad Malyar, R.; Li, H.; Enayatullah, H.; Hou, L.; Ahmad Farid, R.; Liu, D.; Akhter Bhat, J.; Miao, J.; Gan, F.; Huang,
K.; et al. Zinc-enriched probiotics enhanced growth performance, antioxidant status, immune function, gene expression, and
morphological characteristics of Wistar rats raised under high ambient temperature. 3 Biotech 2019, 9, 291. [CrossRef] [PubMed]
Zackular, ].P; Skaar, E.P. The role of zinc and nutritional immunity in Clostridium difficile infection. Gut Microbes 2018, 9, 469-476.
[CrossRef] [PubMed]

Sim, M.; Garvican-Lewis, L.A.; Cox, G.R.; Govus, A.; McKay, A.K.A; Stellingwerff, T.; Peeling, P. Iron considerations for the
athlete: A narrative review. Eur. J. Appl. Physiol. 2019, 119, 1463-1478. [CrossRef] [PubMed]

Dabhlerup, J.; Lindgren, S.; Moum, B. Iron deficiency and iron deficiency anemia are global health problems. Lakartidningen 2015,
112, DAAE.

Auerbach, M.; Schrier, S. Treatment of iron deficiency is getting trendy. Lancet. Haematol. 2017, 4, e500—e501. [CrossRef]


https://doi.org/10.1093/advances/nmaa101
https://doi.org/10.1053/j.gastro.2011.07.046
https://www.ncbi.nlm.nih.gov/pubmed/21839040
https://doi.org/10.3389/fphys.2017.00319
https://www.ncbi.nlm.nih.gov/pubmed/28579962
https://doi.org/10.1016/j.cmet.2015.07.026
https://www.ncbi.nlm.nih.gov/pubmed/26321659
https://doi.org/10.3390/ijms18122645
https://www.ncbi.nlm.nih.gov/pubmed/29215589
https://doi.org/10.1080/0264041031000140590
https://www.ncbi.nlm.nih.gov/pubmed/14971437
https://doi.org/10.1080/02640419508732272
https://www.ncbi.nlm.nih.gov/pubmed/8897315
https://doi.org/10.1007/s40520-019-01131-8
https://doi.org/10.3390/nu12020381
https://doi.org/10.1016/j.nut.2013.10.018
https://www.ncbi.nlm.nih.gov/pubmed/24698350
https://doi.org/10.1038/s41598-020-77806-4
https://www.ncbi.nlm.nih.gov/pubmed/33303854
https://doi.org/10.1155/2018/1813047
https://www.ncbi.nlm.nih.gov/pubmed/30258848
https://doi.org/10.1002/jsfa.8724
https://www.ncbi.nlm.nih.gov/pubmed/28991359
https://doi.org/10.3390/medicina56010028
https://www.ncbi.nlm.nih.gov/pubmed/32284520
https://doi.org/10.2147/OAJSM.S100026
https://www.ncbi.nlm.nih.gov/pubmed/28435337
https://doi.org/10.1016/j.bone.2017.08.019
https://www.ncbi.nlm.nih.gov/pubmed/28847532
https://doi.org/10.1007/s00394-017-1498-8
https://doi.org/10.1017/S0007114514000981
https://doi.org/10.1093/ajcn/63.4.574
https://doi.org/10.2165/00007256-200131080-00002
https://www.ncbi.nlm.nih.gov/pubmed/11475319
https://doi.org/10.1016/j.medici.2015.11.004
https://doi.org/10.2165/00007256-199316060-00004
https://www.ncbi.nlm.nih.gov/pubmed/8303140
https://doi.org/10.1007/s00394-015-1079-7
https://www.ncbi.nlm.nih.gov/pubmed/26502280
https://doi.org/10.3390/nu12082196
https://www.ncbi.nlm.nih.gov/pubmed/32718017
https://doi.org/10.1007/s13205-019-1819-0
https://www.ncbi.nlm.nih.gov/pubmed/31321197
https://doi.org/10.1080/19490976.2018.1448354
https://www.ncbi.nlm.nih.gov/pubmed/29533126
https://doi.org/10.1007/s00421-019-04157-y
https://www.ncbi.nlm.nih.gov/pubmed/31055680
https://doi.org/10.1016/S2352-3026(17)30194-1

Biology 2023, 12, 1491 21 of 24

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Paganini, D.; Zimmermann, M.B. The effects of iron fortification and supplementation on the gut microbiome and diarrhea in
infants and children: A review. Am. J. Clin. Nutr. 2017, 106, 16885-1693S. [CrossRef]

Kabak, B.; Dobson, A.D.W. An introduction to the traditional fermented foods and beverages of Turkey. Crit. Rev. Food Sci. Nutr.
2011, 51, 248-260. [CrossRef]

Blandino, A.; Al-Aseeri, M.E ; Pandiella, S.S.; Cantero, D.; Webb, C. Cereal-based fermented foods and beverages. Food Res. Int.
2003, 36, 527-543. [CrossRef]

Vonderheid, S.C.; Tussing-Humphreys, L.; Park, C.; Pauls, H.; OjiNjideka Hemphill, N.; LaBomascus, B.; McLeod, A.; Koenig,
M.D. A Systematic Review and Meta-Analysis on the Effects of Probiotic Species on Iron Absorption and Iron Status. Nutrients
2019, 11, 2938. [CrossRef] [PubMed]

McLaren, C.E.; McLachlan, S.; Garner, C.P,; Vulpe, C.D.; Gordeuk, V.R.; Eckfeldt, ].H.; Adams, P.C.; Acton, R.T.; Murray, ].A;
Leiendecker-Foster, C.; et al. Associations between single nucleotide polymorphisms in iron-related genes and iron status in
multiethnic populations. PLoS ONE 2012, 7, e38339. [CrossRef] [PubMed]

Nielsen, EH.; Lukaski, H.C. Update on the relationship between magnesium and exercise. Magnes. Res. 2006, 19, 180-189.
Gommers, LM.M.; Ederveen, TH.A.; Wijst, ].; Overmars-Bos, C.; Kortman, G.A.M.; Boekhorst, ].; Bindels, R.].M.; Baaij, ].H.F,;
Hoenderop, J.G.J. Low gut microbiota diversity and dietary magnesium intake are associated with the development of PPI-
induced hypomagnesemia. FASEB J. 2019, 33, 11235-11246. [CrossRef]

Pyndt Jergensen, B.; Winther, G.; Kihl, P.; Nielsen, D.S.; Wegener, G.; Hansen, A.K; Serensen, D.B. Dietary magnesium deficiency
affects gut microbiota and anxiety-like behaviour in C57BL/6N mice. Acta Neuropsychiatr. 2015, 27, 307-311. [CrossRef] [PubMed]
Zimowska, W.; Girardeau, J.P.; Kuryszko, J.; Bayle, D.; Rayssiguier, Y.; Mazur, A. Morphological and immune response alterations
in the intestinal mucosa of the mouse after short periods on a low-magnesium diet. Br. J. Nutr. 2002, 88, 515-522. [CrossRef]
Fontana, F.; Longhi, G.; Tarracchini, C.; Mancabelli, L.; Lugli, G.A.; Alessandri, G.; Turroni, F; Milani, C.; Ventura, M. The human
gut microbiome of athletes: Metagenomic and metabolic insights. Microbiome 2023, 11, 27. [CrossRef] [PubMed]

de Oliveira, E.P;; Burini, R.C. The impact of physical exercise on the gastrointestinal tract. Curr. Opin. Clin. Nutr. Metab. Care 2009,
12, 533-538. [CrossRef] [PubMed]

Dolan, K.T.; Chang, E.B. Diet, gut microbes, and the pathogenesis of inflammatory bowel diseases. Mol. Nutr. Food Res. 2017,
61,1600129. [CrossRef]

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

Zuhl, M.; Schneider, S.; Lanphere, K.; Conn, C.; Dokladny, K.; Moseley, P. Exercise regulation of intestinal tight junction proteins.
Br. J. Sports Med. 2014, 48, 980-986. [CrossRef]

Peters, H.P.; de Vries, W.R.; Vanberge-Henegouwen, G.P.; Akkermans, L.M. Potential benefits and hazards of physical activity and
exercise on the gastrointestinal tract. Gut 2001, 48, 435-439. [CrossRef] [PubMed]

Wang, F,; Li, Q.; Wang, C.; Tang, C.; Li, ]. Dynamic Alteration of the Colonic Microbiota in Intestinal Ischemia-Reperfusion Injury.
PLoS ONE 2012, 7, €42027. [CrossRef] [PubMed]

He, F; Li, J.; Liu, Z.; Chuang, C.-C.; Yang, W.; Zuo, L. Redox Mechanism of Reactive Oxygen Species in Exercise. Front. Physiol.
2016, 7, 486. [CrossRef] [PubMed]

Jones, RM.; Mercante, ].W.; Neish, A.S. Reactive Oxygen Production Induced by the Gut Microbiota: Pharmacotherapeutic
Implications. CMC 2012, 19, 1519-1529. [CrossRef]

Kumar, A.; Wu, H.; Collier-Hyams, L.S.; Hansen, ].M.; Li, T.; Yamoah, K.; Pan, Z.-Q.; Jones, D.P.; Neish, A.S. Commensal bacteria
modulate cullin-dependent signaling via generation of reactive oxygen species. EMBO ]. 2007, 26, 4457-4466. [CrossRef]

Picca, A.; Fanelli, F; Calvani, R.; Mule, G.; Pesce, V.; Sisto, A.; Pantanelli, C.; Bernabei, R.; Landi, F; Marzetti, E. Gut Dysbiosis and
Muscle Aging: Searching for Novel Targets against Sarcopenia. Mediat. Inflamm. 2018, 2018, 7026198. [CrossRef]

LeBlang, J.G.; Milani, C.; de Giori, G.S.; Sesma, F,; van Sinderen, D.; Ventura, M. Bacteria as vitamin suppliers to their host: A gut
microbiota perspective. Curr. Opin. Biotechnol. 2013, 24, 160-168. [CrossRef]

Ponziani, ER.; Zocco, M.A.; D’Aversa, E; Pompili, M.; Gasbarrini, A. Eubiotic properties of rifaximin: Disruption of the traditional
concepts in gut microbiota modulation. WJG 2017, 23, 4491. [CrossRef] [PubMed]

Canfora, E.E.; Jocken, ].W.; Blaak, E.E. Short-chain fatty acids in control of body weight and insulin sensitivity. Nat. Rev. Endocrinol.
2015, 11, 577-591. [CrossRef] [PubMed]

Varian, B.]J.; Goureshetti, S.; Poutahidis, T.; Lakritz, ].R.; Levkovich, T.; Kwok, C.; Teliousis, K.; Ibrahim, Y.M.; Mirabal, S.; Erdman,
S.E. Beneficial bacteria inhibit cachexia. Oncotarget 2016, 7, 11803-11816. [CrossRef] [PubMed]

Walsh, M.E,; Bhattacharya, A.; Sataranatarajan, K.; Qaisar, R.; Sloane, L.; Rahman, M.M.; Kinter, M.; Van Remmen, H. The histone
deacetylase inhibitor butyrate improves metabolism and reduces muscle atrophy during aging. Aging Cell 2015, 14, 957-970.
[CrossRef] [PubMed]

Ticinesi, A.; Lauretani, F.; Milani, C.; Nouvenne, A.; Tana, C.; Del Rio, D.; Maggio, M.; Ventura, M.; Meschi, T. Aging Gut
Microbiota at the Cross-Road between Nutrition, Physical Frailty, and Sarcopenia: Is There a Gut-Muscle Axis? Nutrients 2017,
9,1303. [CrossRef] [PubMed]

Brown, A.J.; Goldsworthy, S.M.; Barnes, A.A ; Eilert, M.M.; Tcheang, L.; Daniels, D.; Muir, A.L; Wigglesworth, M.J.; Kinghorn, L;
Fraser, N.J.; et al. The Orphan G protein-coupled receptors GPR41 and GPR43 are activated by propionate and other short chain
carboxylic acids. J. Biol. Chem. 2003, 278, 11312-11319. [CrossRef]


https://doi.org/10.3945/ajcn.117.156067
https://doi.org/10.1080/10408390903569640
https://doi.org/10.1016/S0963-9969(03)00009-7
https://doi.org/10.3390/nu11122938
https://www.ncbi.nlm.nih.gov/pubmed/31816981
https://doi.org/10.1371/journal.pone.0038339
https://www.ncbi.nlm.nih.gov/pubmed/22761678
https://doi.org/10.1096/fj.201900839R
https://doi.org/10.1017/neu.2015.10
https://www.ncbi.nlm.nih.gov/pubmed/25773775
https://doi.org/10.1079/BJN2002696
https://doi.org/10.1186/s40168-023-01470-9
https://www.ncbi.nlm.nih.gov/pubmed/36782241
https://doi.org/10.1097/MCO.0b013e32832e6776
https://www.ncbi.nlm.nih.gov/pubmed/19535976
https://doi.org/10.1002/mnfr.201600129
https://doi.org/10.1186/s12970-016-0155-6
https://doi.org/10.1136/bjsports-2012-091585
https://doi.org/10.1136/gut.48.3.435
https://www.ncbi.nlm.nih.gov/pubmed/11171839
https://doi.org/10.1371/journal.pone.0042027
https://www.ncbi.nlm.nih.gov/pubmed/22848694
https://doi.org/10.3389/fphys.2016.00486
https://www.ncbi.nlm.nih.gov/pubmed/27872595
https://doi.org/10.2174/092986712799828283
https://doi.org/10.1038/sj.emboj.7601867
https://doi.org/10.1155/2018/7026198
https://doi.org/10.1016/j.copbio.2012.08.005
https://doi.org/10.3748/wjg.v23.i25.4491
https://www.ncbi.nlm.nih.gov/pubmed/28740337
https://doi.org/10.1038/nrendo.2015.128
https://www.ncbi.nlm.nih.gov/pubmed/26260141
https://doi.org/10.18632/oncotarget.7730
https://www.ncbi.nlm.nih.gov/pubmed/26933816
https://doi.org/10.1111/acel.12387
https://www.ncbi.nlm.nih.gov/pubmed/26290460
https://doi.org/10.3390/nu9121303
https://www.ncbi.nlm.nih.gov/pubmed/29189738
https://doi.org/10.1074/jbc.M211609200

Biology 2023, 12, 1491 22 of 24

129.
130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.

146.

147.

148.

149.

150.

151.

152.
153.

154.

155.

Camilleri, M. Leaky gut: Mechanisms, measurement and clinical implications in humans. Gut 2019, 68, 1516-1526. [CrossRef]
Hooper, L.V,; Littman, D.R.; Macpherson, A.]. Interactions Between the Microbiota and the Immune System. Science 2012, 336,
1268-1273. [CrossRef]

Swiatczak, B.; Rescigno, M.; Cohen, LR. Systemic features of immune recognition in the gut. Microbes Infect. 2011, 13, 983-991.
[CrossRef] [PubMed]

Vilimaéki, I.; Vuorimaa, T.; Ahotupa, M.; Kekkonen, R.; Korpela, R.; Vasankari, T. Decreased Training Volume and Increased
Carbohydrate Intake Increases Oxidized LDL Levels. Int. J. Sports Med. 2012, 33, 291-296. [CrossRef]

Huang, W.-C.; Wei, C.-C.; Huang, C.-C.; Chen, W.-L.; Huang, H.-Y. The Beneficial Effects of Lactobacillus plantarum PS128
on High-Intensity, Exercise-Induced Oxidative Stress, Inflammation, and Performance in Triathletes. Nutrients 2019, 11, 353.
[CrossRef] [PubMed]

Shida, K; Sato, T.; lizuka, R.; Hoshi, R.; Watanabe, O.; Igarashi, T.; Miyazaki, K.; Nanno, M.; Ishikawa, F. Daily intake of fermented
milk with Lactobacillus casei strain Shirota reduces the incidence and duration of upper respiratory tract infections in healthy
middle-aged office workers. Eur. ]. Nutr. 2017, 56, 45-53. [CrossRef] [PubMed]

Zhang, H.; Yeh, C.; Jin, Z.; Ding, L.; Liu, B.Y.; Zhang, L.; Dannelly, H.K. Prospective study of probiotic supplementation results in
immune stimulation and improvement of upper respiratory infection rate. Synth. Syst. Biotechnol. 2018, 3, 113-120. [CrossRef]
Cox, A.].; Pyne, D.B.; Saunders, P.U.; Fricker, P.A. Oral administration of the probiotic Lactobacillus fermentum VRI-003 and
mucosal immunity in endurance athletes. Br. J. Sports Med. 2010, 44, 222. [CrossRef]

Gleeson, M.; Bishop, N.C.; Oliveira, M.; Tauler, P. Daily Probiotic’s (Lactobacillus casei Shirota) Reduction of Infection Incidence
in Athletes. Int. ]. Sport Nutr. Exerc. Metab. 2011, 21, 55-64. [CrossRef] [PubMed]

Haywood, B.A.; Black, K.E.; Baker, D.; McGarvey, J.; Healey, P.; Brown, R.C. Probiotic supplementation reduces the duration and
incidence of infections but not severity in elite rugby union players. J. Sci. Med. Sport 2014, 17, 356-360. [CrossRef] [PubMed]
West, N.P,; Pyne, D.B.; Cripps, A.; Christophersen, C.T.; Conlon, M.A.; Fricker, P.A. Gut Balance, a synbiotic supplement, increases
fecal Lactobacillus paracasei but has little effect on immunity in healthy physically active individuals. Gut Microbes 2012, 3,
221-227. [CrossRef]

Hanna, B.S.; Wang, G.; Galvan-Pefia, S.; Mann, A.O.; Ramirez, R.N.; Mufioz-Rojas, A.R.; Smith, K.; Wan, M.; Benoist, C.; Mathis,
D. The gut microbiota promotes distal tissue regeneration via ROR\ textgreekg+ regulatory T cell emissaries. Immunity 2023, 56,
829-846.€8. [CrossRef]

Jenkins, T.A.; Nguyen, ].C.D.; Polglaze, K.E.; Bertrand, P.P. Influence of Tryptophan and Serotonin on Mood and Cognition with a
Possible Role of the Gut-Brain Axis. Nutrients 2016, 8, 56. [CrossRef]

Clarke, G.; Grenham, S.; Scully, P; Fitzgerald, P.; Moloney, R.D.; Shanahan, F; Dinan, T.G.; Cryan, J.F. The microbiome-gut-brain
axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 2013, 18, 666—673.
[CrossRef] [PubMed]

Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics analysis reveals large effects
of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698-3703. [CrossRef] [PubMed]
Eisenstein, M. Microbiome: Bacterial broadband. Nature 2016, 533, S104-5106. [CrossRef]

Rhee, S.H.; Pothoulakis, C.; Mayer, E.A. Principles and clinical implications of the brain-gut-enteric microbiota axis. Nat. Rev.
Gastroenterol. Hepatol. 2009, 6, 306-314. [CrossRef] [PubMed]

Lyte, M.; Vulchanova, L.; Brown, D.R. Stress at the intestinal surface: Catecholamines and mucosa-bacteria interactions. Cell
Tissue Res. 2011, 343, 23-32. [CrossRef] [PubMed]

Stilling, R.M.; Dinan, T.G.; Cryan, J.E. Microbial genes, brain & behaviour-epigenetic regulation of the gut-brain axis: Microbial
genes, brain & behaviour. Genes Brain Behav. 2014, 13, 69-86. [CrossRef] [PubMed]

Morgan, J.A.; Corrigan, E; Baune, B.T. Effects of physical exercise on central nervous system functions: A review of brain region
specific adaptations. J. Mol. Psychiatry 2015, 3, 3. [CrossRef] [PubMed]

Ulrich-Lai, YM.; Herman, J.P. Neural regulation of endocrine and autonomic stress responses. Nat. Rev. Neurosci. 2009, 10,
397-409. [CrossRef]

Crumeyrolle-Arias, M.; Jaglin, M.; Bruneau, A.; Vancassel, S.; Cardona, A.; Daugé, V.; Naudon, L.; Rabot, S. Absence of the gut
microbiota enhances anxiety-like behavior and neuroendocrine response to acute stress in rats. Psychoneuroendocrinology 2014, 42,
207-217. [CrossRef]

Sonnenburg, E.D.; Smits, S.A.; Tikhonov, M.; Higginbottom, S.K.; Wingreen, N.S.; Sonnenburg, J.L. Diet-induced extinctions in
the gut microbiota compound over generations. Nature 2016, 529, 212-215. [CrossRef]

Sisk-Hackworth, L.; Kelley, S.T.; Thackray, V.G. Sex, puberty, and the gut microbiome. Reproduction 2023, 165, R61-R74. [CrossRef]
Baker, J.; Wattie, N.; Schorer, ]. A proposed conceptualization of talent in sport: The first step in a long and winding road. Psychol.
Sport Exerc. 2019, 43, 27-33. [CrossRef]

Markle, ].G.M.; Frank, D.N.; Mortin-Toth, S.; Robertson, C.E.; Feazel, L.M.; Rolle-Kampczyk, U.; von Bergen, M.; McCoy, K.D.;
Macpherson, A.J.; Danska, ]J.S. Sex differences in the gut microbiome drive hormone-dependent regulation of autoimmunity.
Science 2013, 339, 1084-1088. [CrossRef]

Jaggar, M.; Rea, K.; Spichak, S.; Dinan, T.G.; Cryan, J.F. You've got male: Sex and the microbiota-gut-brain axis across the lifespan.
Front. Neuroendocrinol. 2020, 56, 100815. [CrossRef] [PubMed]


https://doi.org/10.1136/gutjnl-2019-318427
https://doi.org/10.1126/science.1223490
https://doi.org/10.1016/j.micinf.2011.06.011
https://www.ncbi.nlm.nih.gov/pubmed/21782966
https://doi.org/10.1055/s-0031-1291223
https://doi.org/10.3390/nu11020353
https://www.ncbi.nlm.nih.gov/pubmed/30736479
https://doi.org/10.1007/s00394-015-1056-1
https://www.ncbi.nlm.nih.gov/pubmed/26419583
https://doi.org/10.1016/j.synbio.2018.03.001
https://doi.org/10.1136/bjsm.2007.044628
https://doi.org/10.1123/ijsnem.21.1.55
https://www.ncbi.nlm.nih.gov/pubmed/21411836
https://doi.org/10.1016/j.jsams.2013.08.004
https://www.ncbi.nlm.nih.gov/pubmed/24045086
https://doi.org/10.4161/gmic.19579
https://doi.org/10.1016/j.immuni.2023.01.033
https://doi.org/10.3390/nu8010056
https://doi.org/10.1038/mp.2012.77
https://www.ncbi.nlm.nih.gov/pubmed/22688187
https://doi.org/10.1073/pnas.0812874106
https://www.ncbi.nlm.nih.gov/pubmed/19234110
https://doi.org/10.1038/533S104a
https://doi.org/10.1038/nrgastro.2009.35
https://www.ncbi.nlm.nih.gov/pubmed/19404271
https://doi.org/10.1007/s00441-010-1050-0
https://www.ncbi.nlm.nih.gov/pubmed/20941511
https://doi.org/10.1111/gbb.12109
https://www.ncbi.nlm.nih.gov/pubmed/24286462
https://doi.org/10.1186/s40303-015-0010-8
https://www.ncbi.nlm.nih.gov/pubmed/26064521
https://doi.org/10.1038/nrn2647
https://doi.org/10.1016/j.psyneuen.2014.01.014
https://doi.org/10.1038/nature16504
https://doi.org/10.1530/REP-22-0303
https://doi.org/10.1016/j.psychsport.2018.12.016
https://doi.org/10.1126/science.1233521
https://doi.org/10.1016/j.yfrne.2019.100815
https://www.ncbi.nlm.nih.gov/pubmed/31805290

Biology 2023, 12, 1491 23 of 24

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.
176.

177.

178.

179.
180.

Lovell, RM.; Ford, A.C. Global prevalence of and risk factors for irritable bowel syndrome: A meta-analysis. Clin. Gastroenterol.
Hepatol. Off. Clin. Pract. ]. Am. Gastroenterol. Assoc. 2012, 10, 712-721.e4. [CrossRef]

Bruinvels, G.; Goldsmith, E.; Blagrove, R.; Simpkin, A.; Lewis, N.; Morton, K.; Suppiah, A.; Rogers, ].P.; Ackerman, K.E.; Newell,
J.; et al. Prevalence and frequency of menstrual cycle symptoms are associated with availability to train and compete: A study of
6812 exercising women recruited using the Strava exercise app. Br. |. Sports Med. 2021, 55, 438—443. [CrossRef]

Wasserfurth, P.; Palmowski, J.; Hahn, A.; Kriiger, K. Reasons for and Consequences of Low Energy Availability in Female and
Male Athletes: Social Environment, Adaptations, and Prevention. Sports Med. Open 2020, 6, 44. [CrossRef] [PubMed]
Mountjoy, M.; Sundgot-Borgen, J.; Burke, L.; Ackerman, K.E.; Blauwet, C.; Constantini, N.; Lebrun, C.; Lundy, B.; Melin, A;
Meyer, N.; et al. International Olympic Committee (IOC) Consensus Statement on Relative Energy Deficiency in Sport (RED-S):
2018 Update. Int. J. Sport Nutr. Exerc. Metab. 2018, 28, 316-331. [CrossRef] [PubMed]

Mack, I; Cuntz, U.; Gramer, C.; Niedermaier, S.; Pohl, C.; Schwiertz, A.; Zimmermann, K.; Zipfel, S.; Enck, P.; Penders, J. Weight
gain in anorexia nervosa does not ameliorate the faecal microbiota, branched chain fatty acid profiles, and gastrointestinal
complaints. Sci. Rep. 2016, 6, 26752. [CrossRef]

Borgo, E; Riva, A.; Benetti, A.; Casiraghi, M.C; Bertelli, S.; Garbossa, S.; Anselmetti, S.; Scarone, S.; Pontiroli, A.E.; Morace, G.;
et al. Microbiota in anorexia nervosa: The triangle between bacterial species, metabolites and psychological tests. PLoS ONE 2017,
12, €0179739. [CrossRef] [PubMed]

Macfarlane, S.; Macfarlane, G.T. Regulation of short-chain fatty acid production. Proc. Nutr. Soc. 2003, 62, 67-72. [CrossRef]
[PubMed]

Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The role of short-chain fatty acids in health and
disease. Adv. Immunol. 2014, 121, 91-119. [CrossRef] [PubMed]

Lucas, S.; Omata, Y.; Hofmann, J.; Bottcher, M.; Iljazovic, A.; Sarter, K.; Albrecht, O.; Schulz, O.; Krishnacoumar, B.; Kronke, G.;
et al. Short-chain fatty acids regulate systemic bone mass and protect from pathological bone loss. Nat. Commun. 2018, 9, 55.
[CrossRef] [PubMed]

Rodrigues, E.C.; Castro, A.S.B.; Rodrigues, V.C.; Fernandes, S.A.; Fontes, E.A.F,; de Oliveira, T.T.; Martino, H.S.D.; de Luces Fortes
Ferreira, C.L. Yacon flour and Bifidobacterium longum modulate bone health in rats. J. Med. Food 2012, 15, 664-670. [CrossRef]
[PubMed]

Dogra, S.K.; Doré, J.; Damak, S. Gut Microbiota Resilience: Definition, Link to Health and Strategies for Intervention. Front.
Microbiol. 2020, 11, 572921. [CrossRef] [PubMed]

Akazawa, N.; Nakamura, M.; Eda, N.; Murakami, H.; Nakagata, T.; Nanri, H.; Park, J.; Hosomi, K.; Mizuguchi, K.; Kunisawa,
J.; et al. Gut microbiota alternation with training periodization and physical fitness in Japanese elite athletes. Front. Sports Act.
Living 2023, 5, 1219345. [CrossRef] [PubMed]

Karl, J.P; Margolis, L.M.; Madslien, E.H.; Murphy, N.E.; Castellani, ] W.; Gundersen, Y.; Hoke, A.V.; Levangie, M.W.; Kumar, R,;
Chakraborty, N.; et al. Changes in intestinal microbiota composition and metabolism coincide with increased intestinal perme-
ability in young adults under prolonged physiological stress. Am. |. Physiol. Gastrointest. Liver Physiol. 2017, 312, G559-G571.
[CrossRef]

Morishima, S.; Oda, N.; Ikeda, H.; Segawa, T.; Oda, M.; Tsukahara, T.; Kawase, Y.; Takagi, T.; Naito, Y.; Fujibayashi, M.; et al.
Altered Fecal Microbiotas and Organic Acid Concentrations Indicate Possible Gut Dysbiosis in University Rugby Players: An
Observational Study. Microorganisms 2021, 9, 1687. [CrossRef]

Jang, L.-G.; Choi, G.; Kim, S.-W.; Kim, B.-Y,; Lee, S.; Park, H. The combination of sport and sport-specific diet is associated with
characteristics of gut microbiota: An observational study. J. Int. Soc. Sports Nutr. 2019, 16, 21. [CrossRef]

Rodriguez, N.R.; DiMarco, N.M.; Langley, S.; American Dietetic Association; Dietitians of Canada; American College of Sports
Medicine: Nutrition and Athletic Performance. Position of the American Dietetic Association, Dietitians of Canada, and the
American College of Sports Medicine: Nutrition and athletic performance. J. Am. Diet. Assoc. 2009, 109, 509-527. [CrossRef]
Leiper, J.B.; Nicholas, CW.; Ali, A.; Williams, C.; Maughan, R.J. The Effect of Intermittent High-Intensity Running on Gastric
Emptying of Fluids in Man: Med. Sci. Sports Exerc. 2005, 37, 240-247. [CrossRef] [PubMed]

ter Steege, RW.E,; Kolkman, ].J. Review article: The pathophysiology and management of gastrointestinal symptoms during
physical exercise, and the role of splanchnic blood flow. Aliment. Pharmacol. Ther. 2012, 35, 516-528. [CrossRef] [PubMed]
O’Brien, M.T.; O’Sullivan, O.; Claesson, M.].; Cotter, P.D. The Athlete Gut Microbiome and its Relevance to Health and
Performance: A Review. Sports Med. 2022, 52, 119-128. [CrossRef] [PubMed]

Gaboon, N.E.A. Nutritional genomics and personalized diet. Egypt. |. Med. Hum. Genet. 2011, 12, 1-7. [CrossRef]

D’Angelo, S. Polyphenols: Potential Beneficial Effects of These Phytochemicals in Athletes. Curr. Sports Med. Rep. 2020, 19,
260-265. [CrossRef] [PubMed]

Iwasa, M.; Aoi, W.; Mune, K.; Yamauchi, H.; Furuta, K.; Sasaki, S.; Takeda, K.; Harada, K.; Wada, S.; Nakamura, Y.; et al.
Fermented milk improves glucose metabolism in exercise-induced muscle damage in young healthy men. Nutr. J. 2013, 12, 83.
[CrossRef]

O’Brien, K.V,; Stewart, L K.; Forney, L.A.; Aryana, K.J.; Prinyawiwatkul, W.; Boeneke, C.A. The effects of postexercise consumption
of a kefir beverage on performance and recovery during intensive endurance training. J. Dairy Sci. 2015, 98, 7446-7449. [CrossRef]
Odell, O.].; Wallis, G.A. The application of lactose in sports nutrition. Int. Dairy J. 2021, 116, 104970. [CrossRef]

Bonci, L. Supplements: Help, harm, or hype? How to approach athletes. Curr. Sports Med. Rep. 2009, 8, 200-205. [CrossRef]


https://doi.org/10.1016/j.cgh.2012.02.029
https://doi.org/10.1136/bjsports-2020-102792
https://doi.org/10.1186/s40798-020-00275-6
https://www.ncbi.nlm.nih.gov/pubmed/32910256
https://doi.org/10.1123/ijsnem.2018-0136
https://www.ncbi.nlm.nih.gov/pubmed/29771168
https://doi.org/10.1038/srep26752
https://doi.org/10.1371/journal.pone.0179739
https://www.ncbi.nlm.nih.gov/pubmed/28636668
https://doi.org/10.1079/PNS2002207
https://www.ncbi.nlm.nih.gov/pubmed/12740060
https://doi.org/10.1016/B978-0-12-800100-4.00003-9
https://www.ncbi.nlm.nih.gov/pubmed/24388214
https://doi.org/10.1038/s41467-017-02490-4
https://www.ncbi.nlm.nih.gov/pubmed/29302038
https://doi.org/10.1089/jmf.2011.0296
https://www.ncbi.nlm.nih.gov/pubmed/22510044
https://doi.org/10.3389/fmicb.2020.572921
https://www.ncbi.nlm.nih.gov/pubmed/33042082
https://doi.org/10.3389/fspor.2023.1219345
https://www.ncbi.nlm.nih.gov/pubmed/37521099
https://doi.org/10.1152/ajpgi.00066.2017
https://doi.org/10.3390/microorganisms9081687
https://doi.org/10.1186/s12970-019-0290-y
https://doi.org/10.1016/j.jada.2009.01.005
https://doi.org/10.1249/01.MSS.0000152730.74596.50
https://www.ncbi.nlm.nih.gov/pubmed/15692319
https://doi.org/10.1111/j.1365-2036.2011.04980.x
https://www.ncbi.nlm.nih.gov/pubmed/22229513
https://doi.org/10.1007/s40279-022-01785-x
https://www.ncbi.nlm.nih.gov/pubmed/36396898
https://doi.org/10.1016/j.ejmhg.2011.02.001
https://doi.org/10.1249/JSR.0000000000000729
https://www.ncbi.nlm.nih.gov/pubmed/32692061
https://doi.org/10.1186/1475-2891-12-83
https://doi.org/10.3168/jds.2015-9392
https://doi.org/10.1016/j.idairyj.2020.104970
https://doi.org/10.1249/JSR.0b013e3181ae9ae8

Biology 2023, 12, 1491 24 of 24

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

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

Taylor, B.C.; Lejzerowicz, F; Poirel, M.; Shaffer, ].P; Jiang, L.; Aksenov, A.; Litwin, N.; Humphrey, G.; Martino, C.; Miller-
Montgomery, S.; et al. Consumption of Fermented Foods Is Associated with Systematic Differences in the Gut Microbiome and
Metabolome. mSystems 2020, 5, e00901-19. [CrossRef] [PubMed]

Wastyk, H.C.; Fragiadakis, G.K.; Perelman, D.; Dahan, D.; Merrill, B.D.; Yu, EB.; Topf, M.; Gonzalez, C.G.; van Treuren, W,;
Han, S.; et al. Gut-microbiota-targeted diets modulate human immune status. Cell 2021, 184, 4137-4153.e14. Cell 2021, 184,
4137-4153.e14. [CrossRef] [PubMed]

Nocella, C.; Cammisotto, V.; Pigozzi, F.; Borrione, P.; Fossati, C.; D’Amico, A.; Cangemi, R.; Peruzzi, M.; Gobbi, G.; Ettorre, E.;
et al. Impairment between Oxidant and Antioxidant Systems: Short- and Long-term Implications for Athletes” Health. Nutrients
2019, 11, 1353. [CrossRef] [PubMed]

Ismail, T.; Sestili, P.; Akhtar, S. Pomegranate peel and fruit extracts: A review of potential anti-inflammatory and anti-infective
effects. J. Ethnopharmacol. 2012, 143, 397-405. [CrossRef] [PubMed]

Hughes, R.L.; Holscher, H.D. Fueling Gut Microbes: A Review of the Interaction between Diet, Exercise, and the Gut Microbiota
in Athletes. Adv. Nutr. 2021, 12, 2190-2215. [CrossRef]

Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Rémésy, C. Bioavailability and bioefficacy of polyphenols in humans. I.
Review of 97 bioavailability studies. Am. J. Clin. Nutr. 2005, 81, 2305-242S. [CrossRef] [PubMed]

McClung, ].P.; Gaffney-Stomberg, E.; Lee, ].J. Female athletes: A population at risk of vitamin and mineral deficiencies affecting
health and performance. J. Trace Elem. Med. Biol. Organ Soc. Miner. Trace Elem. 2014, 28, 388-392. [CrossRef]

Espin, J.C.; Gonzalez-Sarrias, A.; Tomas-Barberan, FA. The gut microbiota: A key factor in the therapeutic effects of (poly)phenols.
Biochem. Pharmacol. 2017, 139, 82-93. [CrossRef]

Laparra, ].M.; Sanz, Y. Interactions of gut microbiota with functional food components and nutraceuticals. Pharmacol. Res. 2010,
61,219-225. [CrossRef]

Spyropoulos, B.G.; Misiakos, E.P; Fotiadis, C.; Stoidis, C.N. Antioxidant properties of probiotics and their protective effects in the
pathogenesis of radiation-induced enteritis and colitis. Dig. Dis. Sci. 2011, 56, 285-294. [CrossRef]

Bonaventura, P.; Benedetti, G.; Albarede, F.; Miossec, P. Zinc and its role in immunity and inflammation. Autoimmun. Rev. 2015,
14, 277-285. [CrossRef]

Lamprecht, M.; Frauwallner, A. Exercise, Intestinal Barrier Dysfunction and Probiotic Supplementation. In Medicine and Sport
Science; Karger AG: Basel, Switzerland, 2012; Volume 59, pp. 47-56. [CrossRef]

Pyne, D.B.; West, N.P; Cox, A.].; Cripps, A.W. Probiotics supplementation for athletes—clinical and physiological effects. Eur. ].
Sport Sci. 2015, 15, 63-72. [CrossRef] [PubMed]

Warm, ].S.; Parasuraman, R.; Matthews, G. Vigilance requires hard mental work and is stressful. Hum. Factors 2008, 50, 433—441.
[CrossRef] [PubMed]

Turner, M.].; Jones, M.V.; Whittaker, A.C.; Laborde, S.; Williams, S.; Meijen, C.; Tamminen, K.A. Editorial: Adaptation to
Psychological Stress in Sport. Front. Psychol. 2020, 11, 2199. [CrossRef] [PubMed]

Roecker, K.; Prettin, S.; Pottgiesser, T.; Schumacher, Y.O.; Dickhuth, H.H. Metabolische Leistungsdiagnostik und Trainingss-
teuerung in der Sportmedizin. Sport. Priventivmed 2010, 40, 6-12. [CrossRef]

Boylston, T.D.; Vinderola, C.G.; Ghoddusi, H.B.; Reinheimer, J.A. Incorporation of bifidobacteria into cheeses: Challenges and
rewards. Int. Dairy |. 2004, 14, 375-387. [CrossRef]

Slavin, J.L. Position of the American Dietetic Association: Health implications of dietary fiber. J. Am. Diet. Assoc. 2008, 108,
1716-1731. [CrossRef]

Lebaka, V.R.; Wee, Y.J.; Narala, V.R; Joshi, V.K. Development of New Probiotic Foods—A Case Study on Probiotic Juices. In
Therapeutic, Probiotic, and Unconventional Foods; Elsevier: Amsterdam, The Netherlands, 2018; pp. 55-78. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1136/gutjnl-2016-313627
https://doi.org/10.1128/mSystems.00901-19
https://www.ncbi.nlm.nih.gov/pubmed/32184365
https://doi.org/10.1016/j.cell.2021.06.019
https://www.ncbi.nlm.nih.gov/pubmed/34256014
https://doi.org/10.3390/nu11061353
https://www.ncbi.nlm.nih.gov/pubmed/31208096
https://doi.org/10.1016/j.jep.2012.07.004
https://www.ncbi.nlm.nih.gov/pubmed/22820239
https://doi.org/10.1093/advances/nmab077
https://doi.org/10.1093/ajcn/81.1.230S
https://www.ncbi.nlm.nih.gov/pubmed/15640486
https://doi.org/10.1016/j.jtemb.2014.06.022
https://doi.org/10.1016/j.bcp.2017.04.033
https://doi.org/10.1016/j.phrs.2009.11.001
https://doi.org/10.1007/s10620-010-1307-1
https://doi.org/10.1016/j.autrev.2014.11.008
https://doi.org/10.1159/000342169
https://doi.org/10.1080/17461391.2014.971879
https://www.ncbi.nlm.nih.gov/pubmed/25339255
https://doi.org/10.1518/001872008X312152
https://www.ncbi.nlm.nih.gov/pubmed/18689050
https://doi.org/10.3389/fpsyg.2020.02199
https://www.ncbi.nlm.nih.gov/pubmed/33013571
https://doi.org/10.1007/s12534-010-0079-x
https://doi.org/10.1016/j.idairyj.2003.08.008
https://doi.org/10.1016/j.jada.2008.08.007
https://doi.org/10.1016/B978-0-12-814625-5.00004-2

	The Human Gut Microbiota 
	The Gut Microbiota as Part of Individualized Performance Development in Athletes 
	The Link between the Microbiota and Athlete Physiology 
	Bioavailability of Substrates, Micro- and Macronutrients 
	Gut Barrier Integrity 
	Muscular Efficiency 
	Immune Function 
	The Gut-Brain Axis 
	Specific Aspects of Female Athlete Health 


	Targeting Performance Enhancement in Athletes 
	Targeting Dysbiosis 
	Targeting the Diet 
	Targeting Deficiencies 
	Targeting Immunity 
	Targeting Gut Barrier Function 
	Targeting Cognition 
	Targeting Specific Female Athlete Requirements 

	Practical Recommendations 
	Training Routine 
	Stool Sample Analysis 
	Probiotics 
	Fiber-Rich Foods 
	Fermented Foods 

	Future Directions 
	Conclusions 
	References

