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Abstract

Sedentary lifestyle is linked with poor health, most commonly obesity and associated
disorders, the corollary being that exercise offers a preventive strategy. However, the scope
of exercise biology extends well beyond energy expenditure and has emerged as a great
‘polypill’, which is safe, reliable and cost-effective not only in disease prevention but also
treatment. Biological mechanisms by which exercise influences homeostasis are becoming
clearer and involve multi-organ systemic adaptations. Most of the elements of a modern
lifestyle influence the indigenous microbiota but few studies have explored the effect of
increased physical activity. While dietary responses to exercise obscure the influence of
exercise alone on gut microbiota, professional athletes operating at the extremes of
performance provide informative data. We assessed the relationship between extreme levels
of exercise, associated dietary habits and gut microbiota composition, and discuss potential

mechanisms by which exercise may exert a direct or indirect influence on gut microbiota.

Introduction

Changes in human behaviour have influenced not only the external environment but
also the inner microbial environment. This has been particularly evident as societies undergo
socio-economic development. The microbiota may be considered as the proximate
environmental factor conferring risk or resistance to a range of chronic inflammatory and
metabolic disorders that are common in socio-economically developed societies.
Underpinning host-environmental interactions is a signalling network among the microbiota,
host metabolism and host immunity, with lifestyle factors such as diet influencing each
component of this triad. Most of the elements of a modern society have a modifying effect on

the indigenous microbiota; but one that has received comparatively little attention is exercise.



Exercise is well known for its metabolic and immunologic effects in the host but an impact
on the microbiota has been uncertain.

Why is this important? Other than diet, few environmental variables in the modern
lifestyle of a host exert such a level of control across a range of physiological events. We
have shown that frailty and poor exercise capacity in the elderly is linked with low fecal
microbial diversity that correlates with poor dietary diversity. * The possibility that exercise
or combined dietary change might enhance microbial diversity has immediate implications
not limited to the elderly. The growing list of reported health benefits from exercise now
includes: limitation of age-related cognitive impairment, ? prevention of colon cancer * and
the treatment of diabetes, * irritable bowel syndrome ® and depression. ® The microbiota and
diet-microbe-host immune and metabolic interactions have been implicated in the
etiopathogenesis of all of these conditions.

The influence of physical activity on intestinal microbiota has largely been
understudied. The majority of work to date pertains to murine models examining the
combined effect of exercise and dietary interventions such as low energy or high fat diets. ’
However, the anti-inflammatory effect of regular exercise and modulation of infection risk
has been the subject of much research. ® Of late, exercise’s ability to enable cross talk
between skeletal muscle and multiple other organs (e.g. brain, bone, liver, adipose tissue, gut)
has become increasingly recognized. * *°

Training-related skeletal muscle plasticity, derives from a complex set of physiological
and molecular processes, and is subject to the exercise mode engaged. In particular,
peroxisome proliferator-activator receptor-G-coactivator-1a (PGC-1a), abundantly expressed
in skeletal muscle tissue, is thought to play a key role in muscular adaptability in response to

resistance or weights training. * PGC-1a, a regulator of mitochondrial biogenesis within



skeletal tissue, targets a diverse range of transcription factors in distant tissues, with multiple
downstream effects. 2

Here, we summarise recent work with professional athletes, operating at the extremes
of performance, as a human model to explore diet-exercise-microbe inter-relationships and

discuss potential mechanisms by which exercise might influence the microbiota.

A study of the extreme

To begin to explore the relationship among exercise, associated dietary adjustments,
and the microbiota in humans, we reasoned that professional athletes operating at the
extremes of fitness and performance would be an optimal study group in which to detect
biologically significant deviations from controls. We studied the Irish International rugby
football team during a pre-World Cup training camp in which dietary intake and physical
activity were monitored.*** A comprehensive range of observational and laboratory
assessments was performed which included: pattern and content of dietary intake,
metagenomic fecal microbiota compositional analysis, body composition (by DEXA
scanning), pro- and anti-inflammatory cytokines, and creatine kinase. It is noteworthy that
many professional rugby athletes might be classified as overweight or obese, due to their
large muscle mass, if assessed by body mass index (BMI) alone. Body size of rugby players
is, in part, related to their specialist position within the team formation; forwards have high
BMI and back players tend to have a lower or normal BMI. In anticipation of the possibility
that BMI might directly or indirectly have a confounding influence on the interpretation of
results, we recruited two control groups of healthy non- professional athletes with varying
levels of physical activity, i.e. a low BMI group (BMI < 25) and a high BMI group (BMI >
28). As expected, the elite professional athletes had a higher lean body mass, lower body fat

percentage and waist:hip ratios compared to controls. The rugby professionals grazed



throughout the day whereas controls ate at conventional meal times. The professional athletes
also consumed significantly higher quantities of protein, fat, carbohydrates, sugar, cholesterol
and saturated fat per day than both control groups and consumed significantly higher
quantities of starch, fibre, mono-unsaturated fat and poly-unsaturated fat than the high BMI
control group (details of diet were extrapolated from food frequency questionnaires).
Remarkably, despite extremes of exercise as evidenced by extraordinarily high levels of
creatine kinase in serum (serving as a proxy for degree of exercise) compared to the control
groups, the professional athletes had lower levels of inflammatory cytokines than the
controls. In addition, they had increased fecal microbial diversity. From a taxonomic
perspective, this increased diversity was reflected by the presence of representatives of 22
phyla of bacteria in the athlete microbiota, in contrast to 11 and 9 phyla in the low and high
BMI controls, respectively. Notably, among the taxa that were enriched in the athlete and low
BMI populations relative to their high BMI counterparts was the lean phenotype-associated,
Akkermansia muciniphila. > *® The increased gut microbial diversity in athletes correlated

with both protein intake and creatine kinase levels (Table 1).

Limitations and prospects

While we were careful in our interpretation of the data not to transmute correlation into
causation it may be tempting to view increased microbial diversity as a benefit of exercise.
However, this remains to be demonstrated by a prospective rather than cross-sectional study
of volunteers undergoing a structured exercise programme which attempts to control for diet.
Such a study is underway and will focus on healthy controls rather than the elite professional
athlete. Furthermore, in addition to compositional analysis, whole genome sequencing for
functional genomic analysis along with metabolomic profiling will be included to ascertain

which, if any, functional pathways are altered during exercise training. Diet-exercise may



represent an inseparable interaction, the contributions of each being impossible to assess in
isolation. It is noteworthy that exercise as a weight reduction strategy is often poorly
efficacious unless combined with dietary restriction, *’ as an increase in physical activity by
exercise-naive individuals may result in unanticipated dietary change, driven by
physiological responses to exercise and a risk of compensatory over-eating post-exercise. *®
Appetite response to exercise is complex and appears to be highly variable between
individuals. *° It is dependent on multiple factors including mental attitude towards exercise,
20 the intensity of the activity involved ** and prior reliance on substrate availability for
energy expenditure. ? Moderately intense physical activity is followed by a transient surge in
serum ghrelin levels in the post-exercise period. This rise is not apparent however following
high intensity exercise. ?* The close relationship between diet and exercise obscures the study
of exercise and microbiota in humans. Detailed analysis of baseline and subsequent dietary

changes are essential.

Exercise biology and the microbiota — potential mechanism of interaction

Although a direct causal relationship between exercise and gut microbial composition
or function has not been established and is inextricably linked with dietary adjustments,
several potential mechanisms by which physical activity and fitness might modify the
microbiota can be entertained. A schematic representation of some of the points of interaction
is shown in Figure 1.

Abrupt exercise involves the production of multiple metabolites and inflammatory
mediators, %® but habitual exercise and fitness leads to suppression of basal pro-inflammatory
cytokines (as found in our study) ** indicating a regulatory loop between exercise biology and
host immunity. Regular physical activity is a recognized treatment for multiple inflammatory-

centred conditions. The anti-inflammatory effect of regular exercise results in improved



immunological profile in type 2 diabetes mellitus, % coronary artery disease, %> peripheral
arterial disease *° and obesity. 2" In particular, combined aerobic and resistance training in
type 2 diabetics leads to a decrease in pro-inflammatory cytokines IL-1f, IL-6, TNF-a, IFN-y
as well as an increase in anti-inflammatory modulators IL-4 and 1L-10. ** Amongst elderly
subjects, aerobic and resistance training individually attenuate inflammatory tone but may
take up to 6-months to take effect. 2

Whether intestinal immunological responses to exercise mirror those of the systemic
immune compartment is unclear but seems likely. Strenuous aerobic activity in healthy mice
leads to an immediate increase in TNF-o expression in intestinal lymphocytes, 2 but appears
to be suppressed below pre-exercise levels at 24-hours post-exercise. *° Anti-inflammatory
IL-10 expression in intestinal lymphocytes is also increased immediately post-exercise. ** %
Furthermore, regular low to moderate intensity exercise reduces colonic oxidative insult in a
rat model of colitis. %

Of course, prolonged excessive exercise has a deleterious influence on intestinal
function. Intense exercise redistributes blood from the splanchnic circulation to actively
respiring tissues. ** Prolonged intestinal hypo-perfusion impairs mucosal homeostasis and
causes enterocyte injury. ** Intestinal ischemia may result, particularly in the setting of
dehydration, manifesting as abdominal cramps, diarrhoea or occasionally bloody diarrhoea. *°
This is particularly true in endurance sports. *® As a result, increased intestinal permeability
ensues, thought to be driven by the phosphorylation of several tight junction proteins. '
These events render the gut mucosa susceptible to endotoxin translocation. *® By contrast,
regular moderate exercise mitigates the effects of stress-induced intestinal barrier
dysfunction. Moderate exercise has been associated with a lesser degree of intestinal

permeability, preservation of mucous thickness and lower rates of bacterial translocation

along with up-regulation of anti-microbial protein production and gene expression in small



intestinal tissue (a-defensin, B-defensin, Reg I11b and Reg Ilic). *® In a mouse model of
colitis, forced treadmill exercise training aggravated inflammatory indices and outcomes,
while voluntary wheel training displayed a protective effect. *° This suggests a biphasic and
dose-response effect of exercise on gut health that has yet to be fully explored in humans.

The brain-gut axis is an established bi-directional avenue of signalling between two
organs both of which are influenced by exercise. Several lines of evidence have extended this
to include the microbiota. ** Information exchange along the brain-gut-microbe axis is hard
wired by the vagus nerve, neuroendocrine mediators including the hypothalamic-pituitary-
adrenal axis and a variety of neurotransmitter and local hormones, some of which are also
produced by the microbiota. ***** This regulates several homeostatic processes including
appetite, satiety and digestion. The vagus also regulates gastro-intestinal inflammatory tone,
direct visualization of which has been shown with a pro-inflammatory response to vagotomy
in mice. *® The presence of a vagally driven anti-inflammatory pathway is now established **
and cholinergic innervation to intestinal sub-mucosa may exert influence on mucosal innate
immunity. *® Evidence suggests that this parasympathetic neuro-immune reflex is dependent
on vagal afferent neurons for the local release of intestinal inflammatory mediators in
response to pathogenic gut bacteria. *° Therefore, elevated vagal tone and parasympathetic
influence, as seen in the resting state of athletes, may foster a preferential anti-inflammatory
milieu at the intestinal-luminal interface, with an attendant conditioning influence on
microbial composition.

Finally, exercise prescription is increasingly recognised as a safe and effective
treatment for disorders ranging from depression ° and irritable bowel syndrome ° to
inflammatory bowel disease *” adding further support for the potential influence of exercise
on the brain-gut-microbiome axis. By contrast, withdrawal of exercise from individuals

accustomed to regular activity leads to deterioration in mood in as little as two weeks post-



exercise. *® Furthermore, plasma kynurenine metabolite levels, which are strongly correlated
with depression, *° are subject to influence by exercise-related PGC-1al expression.
Increased expression of muscle-specific PGC-1al in transgenic mice is associated with
greater resilience to chronic stress and stress-induced CNS inflammation. *° Thus, there are
several points at which exercise biology and accompanying dietary adjustments may interact

directly or indirectly with host-microbe interactions in the gut (Figure 1).

Conclusion

Whether the gut microbiota of sedentary subjects can be “trained” to resemble that of
an elite athlete through exercise with increased protein intake or a combination of both is an
intriguing prospect. It may be impossible to truly separate the physical act of exercise from
the accompanying dietary adjustments that volunteers make, often unwittingly, during an
exercise programme. In addition, it is presently unclear if there is a dose-response between
exercise levels and beneficial alterations in microbial composition or function. Regardless,
determination of optimal diet-exercise combination programmes which might give the elite
athlete ‘an edge’ over competitors is worthy of careful pursuit including in sub-elite non-
professional volunteers and may ultimately inform our advice regarding such activity in
patients with a variety of disorders which could benefit from a personalised training

programme.
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Table 1. Correlations between exercise intensity (creatine kinase), diet (protein intake) and
diversity (estimated over 5 metrics; chaol, Simpson, Shannon, phylogenetic diversity and
observed species). Table displays Pearson correlation coefficients followed by p-value in all

incidences. P >0.05 was taken to be significant.

Figure 1.

Schematic overview of potential sites of interaction between the biological adaptations to
exercise and the microbiota. This is intended to be representative not comprehensive.
Exercise is linked with a diversity of biological responses including a modifying influence on
the brain-gut-microbe axis, diet-microbe-host metabolic interactions, neuro-endocrine and
neuro-immune interactions. For example, exercise is long known to increase vagal tone - the
hard wiring of the gut - which is anti-inflammatory and immune-modulatory. The latter might

represent an indirect means by which exercise conditions gut microbiota composition.

Chaol Simpson Shannon Phylogenetic  Observed
diversity species

Creatine kinase  0.166/0.128 0.235/0.030 0.296/0.006 0.298/0.006 0.204/0.601

(lu/L)
Protein intake 0.258/0.017 0.236/0.030 0.241/0.007 0.427/<0.001  0.289/0.007

(g/day)
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