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Abstract

Gastrointestina(Gl) symptoms are widely reporteth athletes participating in prolonged endurance
events including; cyclists, triathletes and marathon runners, although there is a large estimated range
of between 496% of participants affectefCosta et al., 2017aJwo potential causes of exercise
associated Gl symptoms are exereisguced increases in Gl permeability and damage, amd th
consumptionof carbohydrat CHOYuring exercis¢Costa et al., 2017b, de Oliveira, 2017, de Oliveira
and Burini, 2014)To date, theassociation between markers &l damage or barrier disrupticand
Gl symptoms durig endurance exerciskas been equivocaAdditionally, whileCHO consumption
enhances exerciseapacity and performancéstellingwerff and Cox, 2014hgestion also ap@as to
increase the risk of GI symptoms, although datagainequivocal(Costa et al.2017a) Given this
prevalence of Gl symptomgrobiotics may offer a convenient and practicatrategy to reduce
exerciseassociated Gl symptomaith evidence showing their capability &dter CHO absorptionnal
metabolismalong withattenuating exercge-induced Gl permeability andamage.The aim of this
thesis is to investigate the relationship between markers of Gl permeability and damage, measured in
the blood, and Gl symptoms during endurance exercise, up to marathon distance running. The role of
CHO intake in Gl symptoms will be examined, as well as the use of probiotics to reduce such symptoms.
To realise these aims, the following objectives will be addressed:

1) Investigate the prevalence and severity of exeraissociated Gl symptoni€haptes 4 and7)

2) Explore the role of different circulatory markers to measure Gl permeadilitydamageand

their relation to Gl symptom&hapters 5, 6, and)7
3) Investigate the use of probiotics in reducing Gl symptoms exacerbated by CHO during
prolongedexercisgChapter 6 and)7

4) Investigate the efficacy of probiotics to reduce Gl permeability and damage during exercise
(Chapter 6 and)7

The main findings from thighesisimply that a moderate prevalence of Gl symptoms exists in
recreational runners with 2758% of marathon participants having reported mild to severe Gl
symptoms during the race Laboratorybased exercise protocols exhibgit much lower symptom
prevalencecompared withmarathon racesWhen markers of Gl permeability and damage were
assessedthere appeared to be no association between these and Gl symptoms. One systemic
measure that correlated to a number of GI symptoms during aathan was CD14a nonspecific
marker of monocyte activatianProbiotics had nameasurableeffect on markers ofsl permeability

and damageluringa marathon racehowever,probiotic supplementation had a small but significant
effect on exercise metabolismuring steady state cyclingwith an increase in CHO oxidation and
subsequent reduction in lipid oxidatiofrabiotic supplementation was also associated with less

severeGl symptoms during both marathon race, and in the four weeks leading td-irthermore,
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beneficial effects of probiotics on GI symptoms during the marathon were associated with better

maintenarce of running speed during the final third of the race.

Taken together, GI symptoms are prevalent in endurance athl&gmptom aetiology can vabut
probiotics appear to be a promising strategy that can be used to not only re@usgnptoms, but

may een indirectlyimprove exercise performance.
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Generalntroduction
Gastrointestinal (GI) health has received considerable interest in the scientific lite(diiMos and

de Vos, 2012, Bischoff, 20101 health has been defined as a state of physical and mentabaraty

in the absence of Gl complaints that require the consultatidna doctor (Bischoff, 2011) The
importance of Gl health is demonstrated by thetft#tat GI complints that causean individual to
consult a doctor are extremely common in the general population and can affect individuals
chronically(Bischoff, 2011)

The canonical role of the Gl tractdgestion andabsorption. Howeverthe Gl tracthas also been
shown to contribute to our immune functioandregulate systemic levels of inflammatiandit has

even been suggested tdfact higher cognitive functions via the ghotain axigMayer, 2011) Despite

the size andnultitude of functions of the Gl tract, it has rarely been thought of as an athletic organ
and comparatively less research has been conducted on GI structure and function in athletes
comparedwith other physiological systems (e.g. the musculoskeletal systand comparedvith the

number of studies in clinical conditions (e.g. obesititable bowel syndromg

During exercise, and in particular in the elite sporting environment, the Gl system is faced with a
number of potential challenges to its functioincluding; reduction in blood flow, increased
temperature,peri-exercise feeding anishtrusion of pathogenic moleculdsambert, 2009, van Wijck

et al., 2012a, de Oliveira et al., 201Whilst faced with these challenges, there is potential for any of
these factors to affect any portion or specific functioning of the Gl system such as; gastroesophageal
function, intestinal absorption, luminal barrier fumen, and colonic motility. Depending on the
magnitude of any such challenges, should they occur, outcomes could include mild symptoms of
discomfort, reduction in performance, or even clinical syndromes such as ischaemic(Mogels,

2005, Gil et al., 1998)n an early review, it was concluded that moderate exercise does not alter
normal Gl function(Stickney and Liere, 196(owever, strauous or prolonged exercise hasen

found to lead to negative outcomes such as impaired gastric emptying, barrier function, and general
Gl discomfor{Gisolfi, 2000, Lambert, 2008jor example, marathon running has resulted in exercise
induced ischaemic colitis, requiring surgéBohen et al., 2009nlthough these cases are extremely

rare.

More commonly experienced, andith less deleterious effects, mi-moderate Gl symptoms
typicallyincludeheartburn, nausea, bloating, abdominal cramps, vomiting, flatulence, the iredeas
urge to defecate, and diarda. This wide range of symptoms, each with their own potentialatates
factor, makes it difficult to identify a single pathology. Changes in blood flow, hormonal alterations,

neural affects, psychological stress, mechanical movement, altitude, nutrition, dehydration,
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medications, and climate are all factors typicallga@sated with elite sport environments and have
been linked to GI symptonm{&ambert, 2008, de Oliveira et al., 2014, Haug et al., 2002, Rehrer et al.,
1992a, Tielemans et al., 201&esearch into Gl symptoms during exercise is further confounded by
factors such ashe technical difficulty of studying Gl transit, diverse habitual dietgjaulying Gl
disease states thanhay be umiagnosed, and differences in individual microbiota which may impact
study resultgde Oliveira et al., 2014, Lambert, 2008, Otte et al., 20Digrefore, despite an increase

in research interest to identify Gl symptom aetiology, there is a paucity of specific causes for different

symptoms.

One proposed mechanism foramy Gl symptoms during exercisahe exercisénduced reduction in
splanchnic blood flovjvan Wijck et al., 2012a, Peters et al., 19%)& a reduction has been linked

to disturbed Gl motility, endotoxaemia, and reductions in intestinal absorption of water and
carbohydrates (CHO), all of which can subsequently cause Gl sym{Retass et al., 1995)These
areas have therefore been suggested as targets for symptom reduction in future re¢earSteege
and Kolkman, 2012)

The concept of reducing GI symptoms during exercise will form the basis diesis.The aim is to
investigate theelationshipbetween markers of Glermeability anddamage, measured in the blood,
and Gl symptoms duringnduranceexercise(up to marathon distance runningldentifying a direct
causal relationship would add rationale to the suggestion of attenuating Gl barrier disruption to
reduce Gl symptoms in exercising individuals. Finally, the role of CHO intake in GI symptoms will be
examined, as well as the use obpiotics to reduce such symptomShould probiotics be shown to
reduce Gl symptoms during endurance exercise, this would identify a simple strategy for athletes
whom may experience Gl symptoms, potentially leading to improved performdincesalise these
aims, the following objectives will be addressed depicted in Figure 1.1
1) Investigate the prevalence and severityeorciseassociateds| symptomgChapter 4and 7)
2) Explore the role of different circulatory markers to measure Gl permeabiitydamag, and
their relation to GI symptom& hapters 5, 6, and 7
3) Investigate the use of probiotics in reducing Gl symptoms exacerbated by CHO during
prolonged exerciséChapters 6 and)7

4) Investigate the efficacy girobioticsto reduce Gl permeability andamageduring exercise
(Chapters 6 and)7
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Methodology to better assess Gl alto
symptoms during endurance
exercise and related studies

Exercise-induced Gl
permeability and
damage

Gl symptoms associated
with CHO consumption
during exercise

l Probiotic supplementation 4

l

Attenuation of Gl symptom prevalence f _Q
and severity? 1? ;

l

Figure2.1. General overview of the objectives of this thesis. The prevalence and severity of Gl symptoms will be assessed
using appropriate methodsThe relationship between circulatonyarkers and Gl symptoms will be assessed, as will Gl
symptoms associated with carbohydrate (CHO) consumption during exercise. Finally, probiotic supplements will be
investigated for their efficacy in attenuating exereisduced Gl damage and Gl symptouusing endurance exercise.
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2.1 Exercise and Gl symptoms
Under resting conditions, amongst other functions, the Gl tract acts to digest, absorb and excrete

matter from our diets. Parasympathetic activity is relatwkigh, as is relative splanchnic blood flow,

and there is a welbbalanced control of neural and hormonal stimulati@®chwellnus and Wright,
2008) Exercise therefore offers a homeostatic challenge whereby splanchnic blood flow and
parasympathetic activity are reduced, and there may be altered neural and hormonal stimuli
(Schwellnus and Wright, 2008, Brouns and Beckers, 18988 to the varyig nature of sport and
exercisge.g. intensity, durationpatterns ofmovement),i KS STFFSOi a 2 FysterBateS NOA & S ¢
not universal. For example, relatively moderate volumes of exercise and physical activity have been
shown to have potential benefits to cancer risk, inflammatory bowel disease, and Gl haemorrhage,
but strenuous exercise can often induce Gl sympdFigure?.1) (Peters et al., 2001 5ymptoms of

pain ordiscomfort attributed to the Gtract have been of interest to researchers for a number of
decades. Gl discomfort encompasses a number of different symptomsasubloating, belching,
flatulence, vomiting and the sudden urge to defecate, all of which have been found to be widely seen
in the general populations and can negatively impact quality ofTifelemans et al., 2013, Halder et

al., 2004)

Gl symptoms

Gall bladder
disease

Incidence

Colon cancer

Constipation

Physical activity —
Figure2.1 Relationship between the incidence of some gastrointestinal diseases/symptoms and &nteusity of physical
activity (Peters et al., 2001)

The general public could therefore theoretically adopt atstgg of only performing a small amount

of physical activity to improve health, whilst avoiding the deleterious effects of large volumes of
physical activity. Whilst thigiew is grossly oversimplifigplarticipating in competitive sporbften
means performig over 10 hours of specific exercise a wé€Bdrstveit and Sundg-Borgen, 2005)
Given that a significant proportion of this exercise will be at a relatively high intensigyalgo of

interest that as well athe total exercise volume, increasesédrerciseintensity hasalso been linked
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to an increase in sympton®iddoch and Trinick, 198&8}iven the large training volumes and high
intensity of exercisgit should be expectethenthat Gl symptoms are prevaleimt competitive sport.
Gonsequently minimisation of symptoms mustbe sought throughalternate meansrather than

reductions in exercise volume or intensity

2.1.1Prevalence of Gl symptoms in sport
Gl symptomshave been widely reported in athletes participating in prolonged erahce events

(including cyclists, triathletes and marathon runngRehrer et al., 1992ayith minimalinformation

for sports involving intermittent activity such as football, hockey or rudthere is also a lack of
research investigating the prevalem of symptoms in elite athletic populations, including endurance
sports, where the research has primarily focused on mass participant ei&tnempfle and Hoffman,
2015, Pfeiffer et al., 2012)This is surprising given that many of the factors associated with Gl
symptoms are commonly seen in elite sport such as: use ofstewidal antiinflammatories, Gl
ischemia dung high intensity exercise, different dietary habits, varying intake of fluid and
carbohydrate during exercise, use of buffering supplements, and mechanical effects such as
oscillations of the Gl orgai®liveira, 2017, Costa et al., 2017/@)ven the lack of data on elite athletes,

it is difficult to infer how prevalent Gl symptoms ameross elite sport and examine their specific

aetiology.

The prevalence of GI symptoms in endurance based sports varies greatly, kelorded range of
between 3090% of participants effecte@e Oliveira et al., 2014)Vhen investigated withitthe same

study, there was a difference ithe prevalence of total GI symptoms between runners, cyclists and
triathletes, as well as differences in the types of symptoms experienced by eaap, gvhich may

reflect different sport specific aetiologies of symptoffeters et al., 1999)his likely reflets a real
difference in symptom prevalence between these sports, attributable to consistent methodologies.
Conversely differences magxist between studies due tdifferences inmethods, such ashe
guantification of symptoms in regards to the scdie example4, 7, 9, and 10 point scaléswve all
beenused eachof whichalso usinglifferent descriptor termgRiddoch and Trinick, 1988, Pfeiffer et

al., 2009, Svedlund et al., 1988b, Nieman et al., 208d&ditionally, @pending on the studya positive
responseof any magnitude, including thoskat do not effect performance, haveeenreported, thus
overestimaing the prevalence of symptes andleadngto erroneous conclusions as to the severity

of the issue. For example, one study in ultramarathon participants concluded that of all respondents
to a postrace questionnaire, 96% experienced at least one Gl symptom. Howeveb-paoiat Likert
ao0lFtS8Y Ylyed 2F G(GKS&S 6SNB OflaaATASR a m 6WY,
performance such as flatulence and belching. Despite these issues, it has been consistently shown that

endurance based sports are often associated with GI symp (Stuempfle and Hoffman, 2015)
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Nonethelessit is crucial thatfuture studiesevaluatingGl symptom prevalence using wdbsiged
methodology which clearly defines and reports both the prevalesmwgseverity of a number of Gl

symptoms.

2.1.2Potential causes of GI symptoms in sport
Due to both the complexity of the Gl system and its functions, and the wide varietysgfrptoms,

there is no single aetiologput instead there are complend interactive pathwaysivolved thatmay

cause a particular symptoifiPeters et al., 1995, Bischoff, 2011, van Wijck et al., 2012a, Schwellnus
and Wright, 2008}Fig.2.2) Available data suggest th&lmicrobiotacould contribute to symptoms

in multiple ways, including effects on Gl immune system activation and inflammation, membrane
permeability, intestinal motility, gubrain canmunication, and gas productiaitern and Brenner,
2018) The repetitive movement and mechanical damage of the Gl system has been suggested to be
a possible cause of Gl symptoms and it has been showndbasequentlyyunners typically report
more Gl symptomshan cyclistyPfeiffer et al., 2012, Peters et al., 2000) the general public,
persistent GI symptoms are associated with psychological traits such as stress and (&tedsgr et

al., 2014, Koloski et al., 2000 a group of triathletes, Gl symptoms were perceived to be worse when
psychological stress was preséBullivan, 1987)Athletes have also reported Gl symptoms directly
before competitionpelieved to be from psychological stré$gorobetz and Gerrard, 1983y regards

to Gl digestive and absorptive function, gastric emptying appears to be unaffected by moderate
exercise, but may be delayed when exercise intensity exceedst§B%ax (Gisolfi, 200Q) Studies
examining the effect of exercise on small bowel transit are limited and tedhndtificult to perform.

It has been shown that exercise cdelayor can speed up small bowel transit depending on the
exercise modality and the method of assessm@ao et al., 2004, van Nieuwenhoven et al., 2004)
There are also noexercise causes of symptom&or example, Glllneses such as acute
gastroenteritis are often one of the most commonly diagnosed during major international sporting
events(Engebretsen et al., 2013from these manpotential causes of GI symptoms, it is difficult to
draw definitive conclusions, and therefore make recommendations to athl&tesire studies must
therefore consider this wide range of potential mechanisms of GI symptoms and, where possible,

control, orat least acknowledge these confounding factors.

Two of the potential causes of Gl symptoms during sport and exercise that have received the most
research attention in recent years are 1) increased Gl permeadnilityfdamageand 2) the use of sport
nutrition products, particularly the ingestion of carbohydrates during exercise. There is emerging

evidence about the specific mechanisms whereby these could cause Gl symptoms, as well as potential
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strategies to prevent then{discussed below)However, there aretdl gaps within the research

knowledge, and particular areas of information remain unclear or require further investigation.
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Figure2.2. Potential causes of Gl symptoms in sport. Adapted Reters et al. (1995)

2.2 ExerciseGl permeability and symptoms

2.2.1The Intestinal Barrier
¢KS AyuSadAaylrt ot

inside of the bodyagainst the ingress of harmful substances, and protect against a reaction to
omnipresent harmless compound¥onig et al., 2016)The intestinal barrier has two primary
functions, the first of which is to prevent the transport of harmful substances such as dietary antigens,
digestive enzymes, and both commensald foreign bacterial pathogens from the lumen to the
internal environment(Groschwitz and Hogan, 2009econdly, the intestinalaorier must be semi
permeable to allow the selective translocation of essential dietary nutrients, electrolytes and water
from the intestinal lumen into the circulatior{&rostiwitz and Hogan, 2009The physical intestinal

barrier is comprised of a continuous layer of epithelial cellsABigsealed by intercellular junctional
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complexes on the apical end of the lateral surfacdhef epithelial cell{Van lItallie and Anderson,
2006)
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Figure2.3. The anatomy of the small intestihapithelium. The epithelium ghaped intocrypts and villi (left). The lineage
scheme (right) depicts the steaell the transitamplifying cells, and the two differentiated branchese Tight branch
constitutes theenterocyte lineage; the left is the secretory lineage. Relative positions dlengtptvillus axis correspond
to the schematic graph of the crypt in the centRadtke and Clevers, 2005)

Tight junctions (TJ) are formed by transmembrane sealing prot#ias,include members ofte
claudin family, occludin and junctional adhesionlecules thainteract in the paracellular space with
proteins from the adjacent cell (F&¢). TJ function as a selective sgmirmeable barrier that allows
the passage of ions and solutes through garacellular space while prohibiting the translocation of
luminal antigens, microorganisms and their toxins into circulafi@noschwitz and Hogan, 2009)
Occludinwas originallghoughtto be the primary transmembrane protein involved in the TJ formation
(Furuse et al., 1993}However, occludin depleted e have structurally and functionally normal TJ
(Saitou et al., 2000)Iit has since beepostulatedthat occludin plays aeguatory role in the TJ
formation, while it is theclaudin proteins (claudii, claudin2 and claudiB) that are the primary
sealing proteingZuhl et al., 2012)n assertion supported by the observatithatthe overexpression
of claudin proteins result in a greater TJ resistaffa@use et al., 2002Pisturbances or changes in

any of theTJ proteins or their phosphorylation ceause an increase in intésal permeabilitDeMeo
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et al., 2002) This is clinically defined as the nemdiated diffusion of large, normally prohibited
molecules (>0.1%Da molecular mass), frothe intestinal lumen to the bloodambert, 2009, Travis

and Menzies, 1992Feveral situations can disturb the normal physiology of the intestine and increase
permeability.It has be@ observed that exercigdeukendrup et al., 2000, Pals et al., 1997,d{ihank

et al., 2011) exercise in heat stregZuhl et al., 2014)certain types of medication such asn
steroidal antiinflammatory druggNSAIDp(Playford et al., 2001and excessive alcohol intakBode

and Bode, 20033an change intestinal permeabilitlf.is also believed that psychological stress can
result in changes in intestinal permeabilitylayer, 2011) While intestinal permeability has been
associated with chronic flammatory conditions and a number of disease staths,effects of acute
increases in Gl permeability following exercise in healthy adults, and the consequences of such

increases are still poorly understood.
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Figure2.4. The tight junction barrier isomposed of tetraspanning membrane proteins claudins and occludin, and the
regulatory proteins Z@, ZG2 and ZEB. (Zuhl et al., 2012)

2.2.2Barrier disruption and symptonad Gl discomfort

TheGl tractcontairslarge quantities opotentiallyhighly toxic lipopolysaccharides (LPS, or endotoxin)
sloughed from the walls of grammegative bacteria. However, LPS cause harm when onfined to

the intestinal lumen andio not cros the Gl barrierat a rate greater than the ability of the liver to
remove them from the circulatiorChanges in intestinal permeability can result in LPS entering the
central circulation, a condition known as endogeria (Munford, 2016, Lambert, 2008Follaving

the translocation of LP3{ attaches tolymphocyte toll-like receptor 4(TLR% and cluster of
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differentiation 14 CD14 receptors, triggering the transcription and release of prflammatory
Oeliz21AySa adzOK I a Gdzy-2 dzEih ¥ G NP 2Nkl [@ lal) @) h o ¢ |
Subsequently, this immune signalling can lead to a number of GI symptbmdénflammatory cascade

has been shan to induce fluid accumulation in the small intestine, and subsequent diarrhea, with

TNFh Ay LI NI AOdz | NI @ 0 S A y\usch & 8l.g2002YiPS adinBisiion jaS & Y 2 R S
been shown to affectectal pain perception whereby both painful stimuli become more painful and

the sensitivity b non-painful stimuli is increase@enson et al., 2012) PS mediated immune signaling

also exacerbates symptoms of nausea and sick{izastzer et al., 2008)his has made LPS a marker

of intrigue in regards to exercisaduced Gl symptoms.

In exercise studies, circulatory LPS has been measured in numerous field and laboratory based studie
to identify links between LPS and Gl damage, systemic inflammation and Gl sympttirasgh
values differ between studie@Barberio et al., 2015, Bosenberg et al., 1988, Caetusl., 1997,
Jeukendrup et al., 2000, Roberts et al., 2016, Yeh et al., 2008)methodological issue wagen in

the study byBosenberg et al. (1988)here values reported were 15 times that of the upper detection
limit for the assay used, and higher than values typically seen in sepsis pdtiantsy, 2014,
Jeukendrup et al., 2000y his has made interpretation of the associations between circulatory LPS and
exerciseinduced Gl symptomdifficult. There has also been highly variable values reported in clinical
research involving healthy participants, with differences of up to 600 fold reported between studies
(Boutagy et al., @L6). This may be due to differences in fireatment of samples, which has shown

to significantly influence the levels of LPS detedi@dauck et al., 2016As such, there have been
guestions of alidity in measuring plasma LB& the assays used in this procéSsauck et al., 2016,
Gnauck et al., 2015, Munford, 2016)herefore, LPS may not laevalid method to assess acute
changes, or moderate differenc@&s immune activation due t@&ldamage or barrier disruptiorAs

such, alternative measures have been used such as intefittylacid binding protein and the

indirect assessment of Gl permtabity using orally consumed sugar probes.

2.2.3Exercisenduced Gl permeability and symptoms

Intestinal permeability can beassessednon-invasively by the urinary excretion of an orally
administered, normetabolised, nortoxic watersoluble probe and masuring its recovery in urine.
Initially, single test substances such as lactulose, various polymers of polyethylene gl§is or
labeledethylenediaminetetraacetiacid (EDTA) were used, although there were inherent sources of
error due to the individal variations in nommucosal factors such as Gl transit time, body fluid
distribution, renal clearance and their influence on test res(frnason et al., 1995, Travis and
Menzies, 1992)To address this limitation, the comparison of the ratio of urinary concentration over

adefined interval (usually 5h) between a larger molecule, such as lactulose, and a smaller molecule,
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such as rhamnose or mannitol against the amount that has been orally administered is used to give
an index of intestinal permeabiliffCamilleri et al., 2010Y he duakugar probes are believed to follow
different pathways(Bjarnason et al., 1995)The larger molecule crosses the intestinal barrier
paracellularly through the TJs whilst the smaller molecule can pass both paracellularly and
transcellularly through the aqueous s of the enterocyte cell membrane or the lipid soluble brush
border (Travis and Menzies, 199@jig 2.5) Consequently, permeation of the sh& molecule is not
thoughtto be dfected by the changes in intestinal permeability and is affected in the same way as the
larger molecule by individual variatismn norsmucosal factors (F@6). Therefore, the ratio between

the two administered moledes is a better indicator of changes in small intestinal permeability
(Camilleri et al., 2010, Travis and Menzies, 1992)

Delivery Markers

| Test solution content Larger Probe Smaller Probe

| Ingestion/regurgitation

| Gastric emptying

| Intestinal degradation

Intestinal permeation
| Dilution by secretions

| Rate of transit

| Mucosal area

| Mucosal permeability
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| Systemic distribution

| Metabolism
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Figure 25. Principle of differetial tests of permeability. The diagram illustrates the many factors that influence the
concentration of marker probes. Mucosal permeability is the only point of difference between the handling of two differently
sized marker probes. The other influencascel out when excretion of the markers is expressed as a ratio. Adapted from
(Travis and Menzies, 1992)

The urinary ratio of lactulose andaimnose (LR) was first used in clinical settings as a marker to assess
changes in intestinal permeability as a consequence of a number of clinical con(hteating et al.,

1995, Sanderson et al., 1987he use of LR test has also extended to exercise trials to give an
indication of changes in permeability withparticipants following interventions by comparing
changes from baselingMarchbank et al., 2011, Mahmood et al., 2003) between participants of

different groups(Playford et al., 2001)}urthermore LRhas been widely used to assess changes in

27



intestinal permeabilitydllowing exercise in both a laboratory settifigambert et al., 2001, Pals et al.,
1997, van Wijclet al., 2014)and followingstrenuous athletic competitiotin the field(Smetanka et

al., 1999) It is important to acknowledge variances in the method that investigators eay@oyed

when adopting the urinary LR test to assess intestinal permeability changes during and following
exercise. There have been differences between the dose of both lactulose and rhamnose (possibly
effecting osmolality) administered between exercisedses (Table 2.1)There are also differencas

the timing of when theprobe was administered with some investigators choosing to administer the
LR probes immediately prior to exerci@an Nieuwenhoven et al., 1999, van Nieuwenhoven et al.,
2004) 20 minutes into amxercise bou(Zuhl & al., 2014) 30 minutes into an exercise bo(Rals et

al., 1997, Van Wijck et al., 2011, van Wijcklet2013b) or postexercise(Smetanka et al., 1999\s

such, it is often difficult to congre absolute LR values between different studies (Tallé).
Differences in the dose of sugar probes may in part be due to differences in analytical methods and

the sensitivities to measure small concentrations.

While markers ofGlpermeabilityare ableto infer deleterious effects of exercise on the Gl tract, the
primaryoutcomein the majority of endurancexercise studies shoultk Glsymptoms although aly

a limited number of studies have investigated the link between Gl permeability and exedised

Gl symptoms (Table 2.5udieshave showrthat moderate endurance exercise can eliniasurable
increases in Gl permeabilityet many of these studies have failed to report Gl symptditarchbank

et al., 2011, Zuhl et al., 2014Jhose tdies that have reported symptoms have shown only mild, or
in many cases no Gl symptoms at all, but have seen an increase Gl permeability following exercise
(Pals et al., 1997, Van Wijck et al., 2011, Lambert et al., 2G0®ermeability has been shown to be
increased following running a tiand full marathon, but without correlation to any Gl symptoms
(Smetanka et al., 1999, Oktedalet al., 1992%uggesting thathere may be no causal relationship, or
that there are other confounding factors not accounted fGosta et al. (2017bEports an inverse
correlation between gerciseinduced Gl permeability, where those with the highest Gl permeability
reported the lowest symptomsTherefore, future studies should reporbth Gl permeability and Gl
symptoms and report confounding factors (e.g. dietary intake duieig-basedstudies) that may be

leading to symptoms.
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2.2.41-FABP and Gl symptoms

Intestinalfatty acid binding proteinl{FABR is pat of a family of nine different FABP types, each
named after the tissue of its first detectig@latz and van der Vusse, 1996JABP is eytosolic water
soluble proteinwhich appears to be present in mature enterocytes of only the small and large

intestine andis rapidly released into circulation upon injury and damage to mature enterocytes
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(Pdsers et al., 2003b, Grootjans et al., 201483 such, the use oHABP has also emerged as an early
and sensitive marker of small intestinal injury (Pelseia.e2003; Derikx et al. 200®)th increases in
I-FABP correlatingiith splanchrnt hypoperfusion (Van Wijck et al. 2011). Whilst multiple models of
exercise alteplasmal-FABRoncentrationsmany studies have failed to evaluate the association of |
FABP concentrations with thenset or severity of Gl symptoms (Tal@2). Future stdies must
therefore consider and report Gl symptoms when assessiABP concentratiorduringendurance
exercisestudies Preexercise FABP concentrations may help identify individuals most at risk of
developing spnptoms, as with celiac disea@@ldenburger et al., 2018and postexercise values could

help establish whether a correlative relationshgr potential thresholdwith Gl symptoms exists.
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Table2.1. Studies reporting exercigeduced Gl permeability, methods of assessment and links to GI symptoms. LR datatiSiasmless otherwise stated.

Reference

Population

Exercise protocol

Dualsugar details

Dualsugar ratio

Gl symptoms

(Buchman et al., 1999)

15 male and female

marathon runners

Road marathon competition. L 5 g, M 2 g postce.

Measured in urine ovesh.
Resting control obtained 14

pre-race

Rest 0.03:0.02
Exercise 0.0%0.10

Multiple symptoms
measured but not comparet
with L:M

(Lambert et al., 2008)

20 trained runners

60 min running 70%fPzmax

L 59, R 5 g immediately pre
exercise. Measured in urine

over 5h post ingestion

Rest 0.035 (0.00.10)

Exercisé).063 (0.021 dm T 0

Visual analogue scale used
but scores were low andot

compared with L:R

(March etal., 2017)

18 healthy male

participants

20 min running 80%fPzmax

L5g, R 1 g immediately poest Rest 0.35 + 0.06

exercise. Measured in urine

over 5h post ingestion

Exercise 0.95 +0.12

Not systematically measure

(Pals et al., 1997)

6 active male&& female

participants

60 min runningd0% 60% ancL 5 g, R 2 g 30 min into

80%+Mzpeak

exercise. Measured in urine

over 5h post exercise

Rest 0.04&0.01
40% 0.056:0.01
60% 0.064:0.01
80% 0.10#0.02

Not systematically measure

(Smetanka et al., D)

8 marathon runners

6 resting controls

Road marathon competition.L 5 g, R 2 g ~30 min paste. Runners 0.012 0.01

Measured in urine over 5h

post exercise

Controls 0.022 +0.01

Symptoms measured but nc

compared with L:R

(van Nieuwenhoven et al.,

1999)

10 asymptomatic

runners

90 min gcle 70% Wax

L 59, R 0.5 g immediately
pre-exercise. Measured in

urine over 5h

Rest0.02 (0.0%0.27)

Cycling.01 (0.0@0.01}

Not systematically measure
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(van Nieuwenhoven et al.,

2004)

10 symptomatic

runners

90 min run 70%&fzmax
90 min cya@ 70% Wax

L 59, R0.5 gimmediately Rest0.02d.01¢0.04) Not systematically measure
pre-exercise. Measured in Cycling 0.03 (0.aD.04)
urine over 5h

Running 0.04 (0.ah ®np 0

(Van Wijck et al.,@11)

6 healthy male

participants

60 min cyclingg0% Whax

L1g,05gR Rest Not systematicallyneasured
- . Urinary0.022+ 0.005

30 min into exercise.
Measured in urine and Plasma 0.002 0.001
plasma Exercise

Urinary 0.042:0.04

Plasma 0.006 0.004

(Van Wijck et al., 2012b)

9 male cyclist and

triathletes

60 min cycling’0% Whax

L1g,05gR Rest 0.0 0.01 Not systematically measure
30 min into exercise. Exercise 0.03 0.02

Measured in urine over 2h

(Zuhl et al., 2015)

8 endurance trained
male and female

participants

60 min running in the heat L5 g, R 2 g 30 min into Rest 0.0220.008 Not systematically measure

70%i§)2max

exercise. Measured in urine Exercise 0.06 0.047

over 5h

L = lactulose, R = rhamnose, M = mannitsignificant differencen R (4 |

of each study is shown

Aa  Wh&d stugies badmyltiBlé résdarch interventions, data from the placebo arm
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Table2.2. Studis reporting exercisenduced increases iFFABP and links to GI symptoms. Data is me@B unless otherwise stated.

Reference Population Exercise protocol I-FABP values (pg.ML

Gl symptoms

(Barberio et al., 2015) n=8 endurance trained mal Running at 78%tmax (4 mMMolL?! blood Preexercise 64@ 125
participants lactate) until Tc increases 2.0°C or volitio

exhaustion £24 minutes) in 40°C Postexercise 93 % 149*

Not systematically measured

(Karhu et al., 2017) 9 asymptomatic runners (5M, 4190 min run ai80% 1km PB
8 symptomatic runners (4 M, 4F

Symptomatic
Pre-exercise 38% 327

Postexercise 961 949*

Asymptomatic
Preexercise 314152

Postexercise 804 599*

Measured but not compared te
FABP values.

(Lis et al., 2015) n=13 male and femal 45 minutes stady state cycling at 70%nA¢ Pre-exercise 9483
competitive cyclists & 15 minTT
Poststeady state 233 188*

Posttime trial 304+191*

Measured but not compared to
FABP values.

(Morrison et al., 2014} n=7trained male participants 15 mincycling at 50% HRR0 minrunning Preexercise 14359
80% HRR30 minrunningTT) + 15 minute

cycling at 50% HRR in 30°C Postexercise 94 423*

Measured but not compared to
FABP values.

(Sessions et al., 2016 n=7 endurance trained male ar 60 minutes running at 70%fPmaxin 30°C  Pre-exercise 263*160
female participants
20-min postexercise 33% 207

Not systematically measured

(Vvan Wijck et al. n=9 male cyclists and triathlete: 60 minutes cycling at 70%mMAk Pre-exercise 29546
2012b)

Postexercise 474 74*

Not systematically measured

(van Wijck et al.n=12 recreationally trained mal 30 minutes resistance exercise Preexercise 254 31
2013a) participants

Postexercise 344 53*

Not systematically measured
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(Karhu et al., 2017)

9 asymptomatic runners (5M, 41 90 min run ai80% 1km PB

8 symptomatic runners (4 M, 4F

Symptomatic
Pre-exercise 38% 327

Postexercise 961 949+

Asymptomatic
Preexercise 314152

Postexercise 804 599*

Measured but not compared to
FABP values.

TT=time trial, HRR = heart rate reserve, PB = personal b&gnificantdifference.Where studies had multiple research interventions, data from the placebo arm of each

study is shown.
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2.3Exercise, symptoms Gildiscomfort and sports nutrition
Both habitual daily nutritiomnd specific sports nutrition can have both benefieind deleterious effects

on Gl symptoms. For example, some supplements that have been showmptove exercise
performance camlso increase the risk of GI symptoms. Caffeine intake has been seen to correlate with
lower Gl symptoms during a triathlgiVilson, 2016) possibly due its effects of increasing intestinal
secretion and colonic motilitBrown et al., 1990, Wald et al., 19768pdium bicarbonate intake has

been associated with vomiting and diarrh

ea(Burke and Pyne, 20QBlowever, the area of sports nutrition that has received the most research
attention in regards to performance and Gl symptoms HOdngestion during exercise. A body of
literature now exists which shows thatlespite CHO ingestion during endurance exercisearly

enhanéng performance(Stellingwerff and Cox, 2014HO consumption during exercisan leado Gl
symptomsEveniGlsymptomg a 82 OA G SR 6 A (K [ | there®2ydande¥dgigest2 y | NB
that they are associated with impaired endurance performariB®wlands et al., 2012, O'Brien and
Rowlands, 2011, Triplett et al., 201Bowever this has ot always been show(Pfeiffer et al., 2012)

The following section will examine the current body of literature in regards to CHO ingestion during
endurance exercise, the reported associations with GI symptoms, and the potentiatedpsmse

effect.

2.3.2CHO intake and GI symptoms
Total CHO intakduring endurance competitiongaries not only between sportsut even between

individuals within a sportwith ranges reported of between-036 ghr? (Pfeiffer et al., 2012, Burke et

al.,, 2011, Kruseman et al., 2009)here is conflicting evidence between total CHO intake and Gl
symptoms although greater CHO intakes during ei@cave typically resulted in an increase in Gl
symptom prevalence and/or severitifor example, dring a 16 km run, participants ingesting 90rg
CHOreported increased ratings of nausea compared to when they consumedh68 gs well as
reporting ahigher incidence of moderate symptoms (a score of 4 or more on a 9 point scale), although
overall incidence of symptoms was I¢Rfeiffer et al., 2009)During a competitive 18 km running race,
incidence of flatulence, reflux and intestinal cramps were higher when consuming CHO-hF30 ¢
comparedwith water (van Nieuwenhoven et al., 2003hcidence of bloating, urge to defecate, nausea
and flaulence were all higher when participants consumed 108'gCHO compared to 72hg* during

120 min cycling 63%{.max(Jentjens et al., 2004a)he range of Gl severity scores between participants
within studies does though suggest individual tolerances, whereby individuals may be able to absorb
more CHO during exercideespite potentiaindividual differencespne of the more robust findings is

the prevalence of Gl symptoms when large amounts (>60g) of glucose are ingested during exercise

(Table 2.3) There is therefore arexercise:performancgaradox by which CHO consumed during
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exercisehas the potential to enhance performance however the consumption of CHO could also cause
Gl distress and decrease performance. It is therefore crucial that studies are now performed to examine

strategies to attenuate Gl symptoms associated with CHO intakieg endurance exercise.

2.3.2GIl symptoms and glucose intake

Consumption of large amounts of glucose, or glucose polymers can lead to Gl symptoms via a number
of mechanisms. Exercise above #§maxand consuming higheroncentratiors of glucose drinksan

both reduce gastric emptyingCostill and Saltin, 1974, Horner et al., 2015, Maughan et al., 1990)
However, many exercise studies have utilised lower exercise intensities. A factor that has received more
attention is the maximal rate of absorption and age of exogenous glucose during exercise. It has been
shown that even when more than twice as much glucose is consumed, glucose appearance in circulation
from the GI system appears to be limited at around 11@ig* (Jeukendrup et al., 1999bJable2.3

shows a number of studies where participants have consumed different ama@unat sources of
carbohydrate during exercise. In those where tafaQintake, either as glucose @s a hydrolysed
maltodextrin, is around 1.2-gin™ or more, there are more frequent or seweG| symptoms compared

to water only trials or trials feeding multiple transporter carbohydrates. Glucose transport across the
brush border occurs by sodiutdependnt glucose transporter (SGLT1), whereas fructose is absorbed
by GLUT%Wright et al., 2003)During exercise, consumption of glucose + fructose solutions appear to
be absorbed and oxidised at the higher rate of-1.8 gmin? (Wallis et al., 2005, Jeukendrup and
Moseley, 2010) Comparatively when glucose only is consumed in amounts greater than thatitvhich
can be absorbed, malabsorption may thea b contributing factor to Gl symptomS§tudies are
therefore required to investigate strategies to increase the maximal rate of glucose absorption during

exercise and the potential attenuation of Gl symptoms that this may cause.
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Table2.3 Gl symptoms and intake of different sources and amounts of carbohydrates.

CHO Intake Subjects

Exercise Protocol

Gl Symptoms Reference

2.4 gmint GLU
2.4 gmin*GLU,FRU, SUC (2:1:1)
600 mL at start, 150mL every 15 mi

8 trained male cyclists

150 min cycling 50% PPO

More severe symptoms with GLU. O (Jentjens et al., 2004¢
subjected vomited, two could no
consume all GLU drinks

1.8 gmint GLU
1.2 GLU + 0.6 SU@in?
1.2 GLU + 0.6 MAL

9 trained male cyclists

150 min cycling 50% PPO

More severe and nowsevere (Jentjens et al., 2004c¢
symptoms during GLU and GLU + M
than water and GLU + SUC

g-min?

Water

600 mlat start, 150 mL every 15 mi

1.8 gmint GLU 8 trained male cyclists 120 min cycling 50% PPO More severe and nosevere (Jentjensetal., 20®)

1.2 gmin' GLU symptoms during 1.8-min® GLU than

1.2 GLU + 0.6 FRU g.rhin all other trials

Water

600 mL at start 150 mL every &bn.

1.8 gmint MAL 8 trained male cyclists 150 min cycling 55% PPO More severe symptoms during MA (Wallis et al., 2005
1.2 MAL + 0.6 FRUngn? than MAL + FRU

Water

600 mL at start, 200 mL every 15 m

1.5 gmin*GLU 8 endurance trainec 5 hrs cycling at 50% PPO LYONBIFaSR &ao0O2NBa (Jeukendrup et al.
1.0 GLU + 0.5 FRunin males GLU than both other trials 2006)

Water

600 mL at start, 270 mL every 20 m
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2.4 gminGLU 9 trained male cyclists
1.2 GLU + 1.2 FRurn?
250mL to start, 250 mL every 15 mi

Simulated 100 km time
trial with intermittent 1
km and 4km sprints

Severe Gl distress during GLU incluc
two episodes of diarrhea, one
episode of vomiting, and one incidel
2T Gaz2dzNJ AtoR9Ydpabtéds
fullness during GLU. None during GL!
FRU

(Triplett et al., 2010)

~1.0 MAL + ~0.5min*GLU (race) 7 male, 3 female
~1.0 MAL + ~0.5min'FRU mountain bikers
(lab) 16 male cyclists

Competitive mountain bike
race
~3 hr cycling with high intensit
intervals and sprint work loac
test

Increased abdominal cramps (race) a
nausea (lab) during MAL + GLU
Increased performance was associat
with lower abdominal cramps

(Rowlands et al.
2012)

1.8 gmin?t GLU 10 trained male cyclists
1.2 GLU + 0.6min*FRU

0.6 GLU + 1.14min? SUC

Water

180 mincycling 50% PPO

Increase in upper Gl symptoms duril
GLU only compared to all other trials

(Trommelen et al.,
2017)

~1.3 gmin® MAL 14 maleand 6 female
~0.7 gmin® MAL + ~0.6 qnin* FRU recreational runners

120 min running at 90% pace
most recent marathon + 4 mil
Time Trial

Increase in total number of C
symptoms and moderate Gl sympton
during MAL compared to MAL + FRU

(Wilson and Ingraham
2015)
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2.3.3Glucose malabsorption

There are a number of studieshowingthat glucose consumption above 1102 gmincan lead to Gl
discomfort(Table 2.3)although there is a paucity sfudies toexplain the precise mechanismsurihg
exercise, glucose malabsorptioan occur and appearslated to a number of GI symptoms expressed
(Peters et al., 1993 Consuming large amounts of glucose during exete#s tosaturation of the
glucose transporter SGLT1, leaving residual glucose within the intestinal (Fetars et al., 1993,
Oliveira, 2017, Lang et al., 2008his residual glucose may then lead to GI symptoaa wumber of
mechanismgFig 2.8. Excess glucoseay delay gastric emptying and el SOl f (G NI yaaA i
0 NJ (Bi8ncet al., 2013Animal(Azpiroz and Malagelada, 198&)d humardata (Layer et al., 1990)
have show that ileal perfusion with macronutrients can reduce gastric emptying, duodeotlityy

and Gl hormone release, whilugose confined to the most proximagion of the small intestine has

no effect (Lin et al., 1989})arge boluses of glucose can result in an increase in fermentation of glucose
by bacteria in the distal half of the small intestideading togaslike symptomgqUrita et al., 2006,
Murray et al., 2014)Magnetic resonance imagirghows consumption of a glucose drink increases

colonic gas compared to fasting levishealthy volunteer¢Major et al., 2017, Murray et al., 2014)

Qolonic distension may also be caused by glucose malabsorption and be a cause of GI symptoms.
Distension can be caused by increasing gas, as already described, and an increase in bowel water

content, or both. Again, MRI studies have shown that water content of the colon increases, as does

colonic volume, in the hours after consuming a bolus of geicakhough relatively less than other
mono- or oligosaccharidegMajor et al., 2017, Murray et al., 2014iven the transit time requick

for glucose to reach the colon, colonic distension from glucose ingestion is most likely of relevance

DA

onlytoultraSy RdzN} vy OS &L NI &= 2N Ay GKS K2dz2NBE | FGSNI SE!

The studies investigating ¢se potential causes of gluceseediated Gl gmptoms have been
performed outside of the exercise environment, and some have looked at IBS patients. However, the
mechanisms are plausible, particularly given the small number of studies showing positive hydrogen

breath tests during exercise after glueasonsumption. Strategies to minimise the potential of glucose

malabsorption may then well lead to a reduced risk of GI symptoms during exercise, where high CHO

consumption is required.
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Figure2.7. The potential consequences of glucose malabsorption

2.4 Probiotics

Probiotics are defined d&/e microorganisms that, when administered in adequate amounts, confer

a health benefit on the hogHill et al., 2014)They consist of bacteria, and are commonly available as
concentrated capsules, as a powder, or in various dairy or fermented food pro@ans.is needed
when evaluating studies, as benefits can often be specific to the bacterial strain studied, and thus
berefits are not universal to all probiotic produdgtallen et al., 2017, Sanchez et al., 201There is

some limited research suggesting that probiotic supplementation can reduce either the duration,
frequency or severity of upper respiratory tract infections in athlétgne et al., 2015However, to

date, there is only limited research investigating the effect probiotics have on GI symptoms in athletes.
There are some studies suggesting that they are beneficial in the general public, or in some clinical
conditions, and the potential mechanisms have begun to be desc(iHadgin et al., 2013, McKenzie

et al., 2016) For example, there gromising results regarding the use of probiotics in the treatment

of acute gastroenteritis, Clostridiumifficile-associated diarrheaolitis, irritable bowel syndrom,

necrotizing enterocolitis, and othef$homas and Versalovic, 201BjJobiotics have also been shown

G2 NBRdzOS GKS NBtFGABS NRA]l 2F GNI @Sttt SNDRA RAIF N
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athlete. Probiotics may therefore effective in attenuating exereisguced Gl symptoms, although

research to date isrhited.

2.4.1Probiotics and exercisaduced Gl symptoms
A small number of studidsave evduated theeffect of probiotics on GI symptonis athletes although

methodological issues persist with many studies reporting only the frequency or duration of
symptoms and not the severityA group of runners participating in a marathon race supplemented
for 3 months priorto the racewith Lactobacillus rhamnosusut had no difference in frequency or
duration of GI symptoms either during the 3 months, or in 2weeks following the race, compared
with the placebo grougKekkonen et al., 2007Fimilarly Lactobacillus fermenturhad no effecton

Gl symptom prevalenaduring training ircyclists and triathletes during an 11 week supplement period
(West et al., 2011)A multi-strain probiotic had no significant effect @aymptoms compard with
placebo during a 150 day intervention in active individuals, although this may be due to criteria to
class a symptom, and the subsequent low frequency of symptepmrted (West et al., 2014)The

lack of an effectnay be due to the inefficacy of probiotic supplementatmrspecific strains used, or

it may be in parbe due to methodological issues. In the studies descridaal/e, GI symptoms were

not the primary outcome, and methods tpuantify Gl symptoms woulthave requiredorobiotics to
completely alleviate a symptom for a benefit to be shotwnbe significant During a 12-week
supplementation period of a mulstrain probotic in recreational triathletesGl symptoms were
significantly lower at weeks 4, 8 and 12 compared to plac@®aberts et al.,, 2016)Detailed
guestionnaires were adapted and used from previous studies investigation exeslased Gl
symptoms thaimay have been more sensitive to change differences in symptorpsactice, it could

be argued that an attenuation of symptoms, of any magnitude, would have ava#d impact on
guality of life, and potentially sporting performandeuture studies should thereforensure that Gl
symptoms are systematically evaluated both during the probiotic supplement period as well as during

endurance competition in order to assess their effectiveness at attenuation Gl symptoms.

2.4.2Probiotics and Gdermeability
Both in vivoand in vitro work has shown that there a number of potential mechanisms by which

probiotics can reduce intestinal permeability, or confer protective effectssypbtential disruptions

to TJThere are a number of studies thhive shown that culturing epithelial cells in medium in which
probiotic stains havepreviouslybeen cultured, can increase TJ protein expression, as wétleas
redistribution from the cytosol to the boundariéZyrek et al., 2007, Ewaschuk et al., 2008, Anderson
et al., 2010)In vivqg probioticinfusiondirectly into the duodenum for 6 hours, via a nasogastrietub

resulted in an increase in mobilisation of occuludin and zonulin proteins to the apical surface of
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epithelial cells from biopsy sampl@sarczewski et al., 2010)his change in TJ protein expression and
distribution has been shown to correlate with baselinensepithelial resistancén vitro and confer
protection against threats to TJ permeabilijor examplel. salivarius prevented the;6-induced
redistribution of occludirand claudinl in Cace cells(Miyauchi et al., 2012Probiotic bacteria can
also improve Gl barrier function beyond their effects Tah protein expressioand mobilisationIn
vitro studieshave shown that probiotisupplementationcan prevent epithelial apoptosis, increase
mucin secretion, inhibit pathogenic bacteria attachment, and decrease secretion-giffmmmatory
cytokines(Mennigen and Bruewer, 2009, Caballémanco et al., 2007, Allen et al., 201This
multitude of mechanisms suggests that probiotics may be effective in attenuating theisxe

induced increases in Gl permeability that have been reported.

Studies that have investigated the influence of probiotic supplementation on Gl permeability in
athletesare limited. Four weeks supplementation with a different multistrain probiotic madeffect

on urinary LR post exerci§Bhing et al., 2014however, without a resting control, it is impossible to
assess if the exercise bout lead to an increase in Gmgability. Conversely12-week
supplementation with probiotics attenuated intestinal permeability assessed by LR, six days after a
long distance triathlon(Roberts et al., 2016)A multistrain probiotic supplement for 14 weeks
reduced stool zonulin concentratiorfsamprecht et al., 2012althoughthis cannot be used as an
acute marker to assess the effect of exerdisguced Gl permeabilitylaken togetherit is difficult to
ascertain the effects of probiotic supplementation ohlgarrier disruption and so more studies are

required.

2.4.3Probiotics and CHO absorption and oxidation
There ismechanisticevidence tlat probiotic supplementation coulthcrease CHO oxidatiaturing

exercisePrevious animal work in race horses showhdttprobiotic supplementation during a training
phase prevented the decline in respiratory quotient observed in a control group, with the authors
suggesting that this related to amprovement in the CHGaerobic enzymatic capacityfCHO
utilization, or boh (Art et al., 1994h)Probiotics may also increase absorption of consumed CHO
during exerciseln vitro, Cace2 cellsshow increasesin expression of glucose transporters and
subseqently increasedjlucose uptake when cultured with supernatants preparemf anaerobic
culture of Lactobacillusstrains(Rooj et al., 2010bAdditionally, bothBifiddbacterium bifidumand
Lactobacillus cassupplementationfor 28 daysstimulated SGLT1 expression in mice modakswvell

as increasing maltase activifgarrenetxe et al., 2006 he preinflammatory cytokingt b s been
shown to downregulate both the expression and activity of SGLT1 inZeeks, reducing glucose
transport (Barrenetxe et al., 2013 his may be another mechanidm which probiotics could alter

exercise metabolism gwrobiotics have been shown to augment the ss@n of To C by epithelial
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cells (Hardy et al.,, 2013) Studies investigating exercise metabolism following probiotic
supplementation are now needed to assess their efficacy and investigate if these potential

mechanisms translate to a measurable effect.

2.4.4LAB4
The purported benefits of probiotics are not unigat and will differ depending on the bacterial

straing dosage, and duration of supplementatioBne multistrain product used in a number of
research studies is the LAB4 probiotic, containiragtobacillus.acidophilu€UL60 and CULR1,
Bifidobacteriumbifidum CUE20 and Bifidobacterium lactisCUE34. The LAB4probiotic has been
shownto be beneficiato those undergoing antibiotic treatmerfPlummer et al., 2004, Plummer et
al., 2005@and inredudng thefrequency of URTI and duration of symptomsdhoolchildrer{Garaiova

et al., 2015) In regards to Gl symptoms,ggoup of participants with IBS supplementing with LAB4
showed greatereductionsin Glsymptom severityand quality of life so@s than those in a placebo
group(Williams et al., 2009Finally, LAB4as been used specifically in teadurance exeiise related
studies. Shing et al. (2014)eported increases in running time to fatigue and small, albeit-non
significant, decreases in Gl symptoms followingetks supplementation with LABH triathletes,
supplementation with LAB4 for 12 weeks prior to a long distance triathéme resulted inan
attenuation ofincreased Gl permeability over a training cyenel fewer Gl symptoms were reported
compared to pacebo(Roberts et al., 2016] hese data along with the data from those with IBS, shows
that LAB4mayhave the potential to be of benefit to endurance athletes in regards to Gl symptoms,

although more studies are required.

2.5Summary
In summary, endurance exercise appears to be associated with a high frequency of GI symptoms,

particularlyduring competitive long distanceinning events. A number of mechanisms have been
proposed, but an increase in Gl permeability and damag®isghtto be a contributing factoyas is

CHO consumption during exercigenvhich appears to exacerbate symptoms. Howevbere are
discrepancies in themeasures used to assess Gl permeability, and thexdaisk ofdataassessing the
relationship between theseeasuresand Gl symptoms. Thelig alsoa large disparity in theeported
frequency and severity of GI symptoms, with a number of methodological approaches used. Research
interest in Gl symptoms, its measurement,daits causes is growing. There is a need to assess the
efficacy of biological markers to assess Gl permeability, as well as finding practical strategies to reduce

the severity and/or frequency of Gl symptoms during exercise.
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Chapter 3 General Methods




General Methods

3.1 Location of testing and ethical approval
Exercise and biochemical analysis were carried out in the physiology and biochemical laboratories

respectively at the Research Institute for Sport and Exercise Scjelngespool John Moores
University. The track marathon took place on an official measured 400m athletics track and pre and
postrace samples were collected in the physiology laboratory at Edge Hill UnivEthitsal approval

was granted from the local ethics committee at Liverpgatin Moores University. Analysis of arijl
serum cortisolvas conducted at the Royal Cavall Hospital. Analysis of plasma and bre& at the

University of Sumy. All other analysis was performed at Liverpool John Moores University.

3.2 Subject chacteristics
Participant characteristicare described in each study chaptiione of the participants had a history

of gastrointestinal disease and none were under pharmacological intervention during any study.
Participants were asketb maintain habitual activity levels during each study, and refrain from

additional exercise, caffeine and alcohol for at least 24 hours prior to any testing sessions.

3.3 Assessment of cardiespiratory measures
3.3.1 Assessment of maximal oxygen corgion &Pmay) - running
+Pmax WasS assessed using an incremental exercise test performed on a motorized treadmill (HP

Cosmos, Germany). Oxygen uptake was measured continuously during exercise usidipamgas
analysis system (Oxycon Pro, Carefus®armany). The test commeed with a 2min stage at 10

km-h? followed by 2min stages at 12 k!, 14 kmh, and 16 krih’l. On completion of the 16 kitw

!stage, the treadmill was inclined by 1% every 2 minutes thereafter until volitional exhausfbiax

was stated as being achieved by the following endpoint critétipheart rate within 10 beatsiin®

of age predicted maximum, (2) respiratory exchange ratio >1.1 and (3) plateau of oxygen consumption
despite increased workload. Based on the results of the incremental test, the running speed
corresponding to 100%fP,maxWas estimated for each participansing a linear regression equation,

allowing for calculation of running speeds of varying intensities.

3.3.2 Assessment of lactate threshold and peak oxygen consunffgeag ¢ running
Lactate hreshold and:peakwere determined via amcrementd running test as previously described

(Jones 2006). Brieflparticipants ran a minimum of sstages on a motorized treadmill (HP Cosmos
Saturn, Traunstein, Germany). Each stage was 3 minutes in duration, interspersed ‘s&bo8d

breaks to facilitatdingertip capillaryblood samplingand lactate concentration analysis[ I OG I 4§ S t NB
AnalyzerArkray, KDK Corporation, Kyoto, Jap&h)niing speed was increased by 1 krhat the end

of each stage, until runners reached volitional fatig@xygen uptakevas measured continuously
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during exercise using an dime gas analysis system (Oxycon Pro, Carefusion, Germfhyd..was

determined from the mean of last 10 s of each 3 minute interval.

3.3.3 Assessment of peak oxygen consumptiPanéay and pealaerobic power output (PPO)
- cycling
+@peak and peak aerobic power outpu(PPQ were determined onan electronically braked cycle

ergometer (Lode Excalibur Sport, Groningen, The Netherlands) during an incremental exhaustive
exercise test. Work rate commeed at 95 W for 3 min, followed by incremental steps of 35 W every

3 min until volitional exaustion. Oxygen uptake was measured continuously during exercise using an
on-line gas analysis syste(iloxus modular metabolic system, AEI technologies Inc, Réramsa,
USA)+zpeakwas determined fronthe mean of last 10 s of each 3 minute inter®P.Ovas calculated

from the last completed work rate, plus the fraction of time spent in the final-oompleted work

rate multiplied by the work rate incrementgidkendrup et al., 1996).

3.4 Psychgohysiological measures
3.4.1 Ratings of perceived exertion
Participants reported ratings ofgpceived exertion (see Table 3during exercise according to a-15

point Likertscale devised by Borg (1970).

Table 3.1Ratings of perceived exertion

Rating Description

6 No Exertion At All
7 Extremely Light
8

9 Very Light

10

11

12

13 Somewhat Hard
14

15 Hard

16

17 Very Hard

18

19 Extremely Hard
20 Maximal Exertion

3.4.2 Rating of global GI symptoms
Global gastrointestinal symptoms were recorded ev&bymin during each experimental protoic

using a Gl discomfort scale adapted fr&feiffer et al.(2009). Participants rated their symptoms on
alOpointscale,raB Ay 3 FTNRBY 51 0 yl@o WINERSS f6S2YNEAFGG  AFf K 0a
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> 4 being regarded 88 Y 2 R S Rartidigfs were instructed to consider symptoms of bloating, the

urge to defecate, burping, nausea, flatulence, and/or the urge to tomi

3.4.3 Rating of specific GI symptoms
After exercise, grticipants were asked to complete a more detdilquestionnaire (adapted from

Pfeiffer et al, 2012) to assess any gpfic symptoms of Gl discomfort bfoating, flatulence stitch,
belching, nausa, urge tovomit, urge to defecate, and stomach cram@gppendix ). GI symptoms
were scored on a 1point scale (0 = no pain and 10 = worst possible ypwaiith a score > 4 being
regarded asnoderate Lower Gl symptomsvere classified aflatulence bloating, diarrhoea and
urgent need to defecate and upper Gl symptoms nauseabelching stitch and urge to vomitTo

ensure understandingpecificsymptoms were explained and described to participants.

3.4.4 Gastrointestinal symptoratingscale (GSRS)

The Gastrointestinal Symptom Ratingae (GSR$pvedlund et al., 1988lrpntainsl5 items, each
rated on a seveipoint Likert scale from no discoort to very severe discomfort relating to;
abdominal pain, hunger painsausea heartburn, acid regurgitation, diarrhel@ose stoolsrumbling
abdominal distensionbelching, increasedldtulence, constipation, hard stoolsand feeling of
incomplete evacuatio. This questionnaire was chosen for use with remote particip@@tsapter 4)
as it has been validated with a large number of participants when used as an mwdmarce(e.g.

Spiegl et al., 2014)

3.5Collection storage and analysis of blood samples
Blood samples were drawn from a superficial vein in the anticubital crease of the forearm using ether

standard venepuncture technigs or via an indwelling cannul&amples wereollected into serum
separation tubes (SST):BOTA or lithium heparin vacutainers (BD Biosciences, RIRDTIK and
lithium heparin tubes were stored on ice while SST vacutainers stored at room temperaturéor

1 h before centrifugation at 1500 g x hfinutes at 4°C. Following centrifugation, plasma or serum

was separated into aliquots arstiored at-80 °C for later analysis.

3.5.1Assessment of intestinal permeability
Intestinal permeability was assessed by analysing serum samples using a previously published protocol

(Fleming et al., 1996b)with the modification of using rhamnose instead of mannitol as the
monosaccharide probé& 50 mL sugar probe solution (5 g lactulose, 2 g rhamass consumed ah
the ratio of the sugars was measured from ser{@hapters 5, 6, @nd urine (Chapter Samples post
exercise.The respective sugars were separated using Bigdssure liquid chromatographsnd

guantitated by use of a pulsed electrochemical detectorngsa gold working electrode and
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silver/silver chloride reference electrode. The detection potential v@eB81 V (€0.5 s), the oxidation
potential was +0.75 V (0.81.64 s), the reduction potential wa®.75 V (0.6%.75 s), and the
integration period wa€.05 to 0.5 s. Retention times were 2.7 min for rhamnose andrérilfor

lactulose using 120mmai* NaOH as an isocragduent The coefficient of variatiofor lactulose and
rhamnose combined was 11%imings for administration ofR probe solutionsand serum sample

collectionduring eactchapterare given inTable 3.2

Table 32 Timing of LR drink solution in eadtapter
LR probe administration ~ Serum sample collection
Chapter 5 Immediately preexercise  Immediately postexercise (~1hr after administration)
1hr post exercise (~2hr after administration)
Chapter 6 Immediately postexercise 60 min post exercise (60 min after administration)
Chapter 7 Baseline 60 min after administration
Immediately postace 60 min postrace (60 min after administration)

3.5.2 Assessment of intestirfatty acid protein (FABP)
I-FABP catentrations from EDTA plasma weatetermined using amnzymelinked immunosorbent

assay(ELISA(Hycult Biotechnology, Uden, the Netherlandgtettion window 47- 3000 pgml?)
FOO2NRAY3I (2 GKS YI yieF IEO0OSAdZNBaNIbfthaser yrayindided i A 2 y & @
immunosorbent assay based on the sandwich principle. Samples were diluted 1:2 with a provided
sample dilution buffer and plates were read at 450 .nhme coefficient of ariance was8% for

betweensample duplicates.

3.5.3Cytokine analysis
Cytokine concentrations were measured using cytometric bead array (CBA, BD Biosciences, San Diego,

USA) for the cytokines (as described in relevant chapters) using the manufactutarstioss with

bead populations with distinct fluorescence intensities coated with capture antibodies specific for
each proteinFollowing acquisition of sample data using tlmenflcytometer, the sample results were
generatedin graphical andabular format using the BD CB¥aalysis Software. Thepefficients of

variationwere 9.7%.

3.5.4Circulating metabolite analysis
Plasma glucose, lactate, nasterified fatty acids, and glycerol and were analysed using a Randox

Daytona spectrophotometer ral commercially available kits (Randox Laboratories, Ireland). The

coefficient of variabn for plasma glucose, lactate our laboratorywa > p 3z &

3.5.5Serum cortisol analysis
{ SNHzy O2NIiA&azf ¢l & YSI adz2NBER dza Ay Jindtrytiods[(Blegsys 1 A G |

Cortisol assay, Cob&®che, UK). The range of measures was@3nmol-L! with a CV of 2.9%.
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3.5.6Plasma sCD14
Plasma sCD1was measured witha commercial enzymdinked immunosorbent assay kit (R&D

Systems, Inc., Minneapolis,A W'y Sa2 G+ 0 | 002 NRA yiBstrutidns Tihk€ Gangd of y dzF | O
measures was 250:016,000 pgnL!with a CV of 5.9%.
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Chapter 4 Prevalence,
Severity and Potential
Nutritional Causes of
Gastrointestinal Symptoms
during a Marathon In
RecreationaRunners

This study was published in Nutrients in 2@Appendix 2

Pugh, J.N., Kirk, B., Fearn, R., Morton, J.P. and Close, G.L., 2018. Prevalence, Severity and Potential
Nutritional Causes of Gastrointestinal Symptoms during a Marathon in Recreational Runners. Nutrients,
10(7):811.
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Prevalence and severity of Gl symptoms in recreational marathon
runners

4.1 Abstract
Purpose:To investigate the prevalence of gastrointestir{@l) symptoms amongst recreational

runners during a mrathon race, and any potential nutritional factors that may contribute.

Methods Runnerg(n=96)of the 2017 Liverpool and Dublin marathon were recruited. Gl symptoms
wereretrospectivelyassessed in relation to the 7 days prior to the marathon and ddniegnarathon
using the Gastrointestinal Symptom Rating Scale (Svediualki 198b), while nutritional intake was

recordedusing food diariefor the day before the race, morning of the race, and during the race.

Results43% of participants reported m&INJ G S ia tken70day®ri¢r to the marathon and 27%
reported moderate symptoms during the marathon with most common symptoms being flatulence
(16%) during training, and nausea (8%) during the marathon race. Comsldtweennutritional
intake (total Kcal, carbohydrate, fibre, fat, protein, fluid intakehd GISwere not statistically
significant p >0.05). There were significant correlations between total€siBe ( = 0.510p <0.001),
upper GIS score € 0.346p = 0.001) and lower GIS seqr = 0.483p <0.001) in training and during

the marathon.

ConclusionThere appears to be a modest prevalence ofit8creational runners, in the week prior
to a marathon and during marathon running, although there was no association with nuttitimake

before or during the race.
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4.2 Introduction

GastrointestinalGl) symptomare widely reported in athletes participating in prolonged endurance
events including; cyclistgjathletes and marathon runnergslowever there is a large estimated rge

of symptom prevalence reported between studies. In a recent review of endurance events the
reported prevalence of Gl symptoms wéds96% of participant{Costa et al., 2017aNumerous
potential factors may explain the large variance in reported symptoms such as the mode, duration or
intensity of exercise, environmental conditions, nutital intake, type of assessment tool, and
YSGK2R dzaSR (G2 Oflaair¥e | &&aeévYLIi2Yé dpoiachldsSE Y LI
each with differing vernacular, to quantify GFRSeiffer et al., 2012, Ter Steege et al., 2008, Stuempfle

and Hoffman, 2015, Wilson, 201 Ppsitive responsg of any magnitude, including those that do not

affect performance, could be sedn overestimate the prevalence of symptoms, or may lead to
erroneous conclusions regarding symptom severity. For example, studies that have reported data for
Glsymptomsin marathon runners without acknowledging severity have shgnevalencerates of

52%and 71%Rehrer et al., 1989, Peters et al., 1999pntrarily, when symptoms were described as
WY2RSNI 6SQ 2NJ WASNR2dzZAQ Ay a Sob(Raifiereetal., 2INE Pdr £ Sy OS
Steege et al., 2008J-urthermore, symptom severity in theades used is a subjective measure and

not further quantified by, for example, duration or impact on performance.

Glsymptoms can have a number of aetiologiesluding underlying pathology such as inflammatory
bowel disease, the physiological changed thacur with exercise such as the reduction of splanchnic
blood flow, changes to the physiology of digestion and transit, and thebgaih axis(Costa et al.,
2017a) One potential cause of Gymptomsduring marathon running is nutritional intake before
and/or during the race. Carbohydrate (CHO) intake in both the days before and during endurance
exercise has been shown to be beneficial to performa8tellingwerff and Cox, 2014, Helge, 2017)
yet there appears to be an associatibetweencarbohydrate intake during endurance exercise and
Glsymptoms(Costa et al., 2017b, dei@ira and Burini, 2014, ten Haaf et al., 20T@)e mechanisms
through which this may occur include potential malabsorption leading to luminal distension, delayed
gastric emptying and gas producti¢klajor et al., 2017, Shin et al., 2013) has been shown that
reducing Gsymptomsassociated with CHO intake during exercise was associated with improvements
in performance(Costa et al., 2017bHowever, to date, there has been little research into habitual
dietary intake of recreational marathon runners, and their association widy@ptomsduring a race.

The aim of the present study was to document the dietary intake megalence and severity of Gl

symptomsduring a marathon and to investigate any association between them.
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4 .3Methods

4.3.1 Marathon runners

Runners registered to participate in the 2017 Rock n Roll Liverpool and SSE Airtricity Dublin marathons
wereinvited to participate in this study via email sent out by the race organisers. Informed consent to
participate was provided through registration via an interbesed online data collection tool. A total

of 216 runners across both races registered to iggrate, with 100 of these runners completing the
online questionnaire. Of these, four participants did not provide sufficient detail to be included in the
dataset. Characteristics of runners from each race are presented in Zableuring the races, mea
ambient temperatures were 16 °C and 12 °C and mean relative humidity was 80% and 82% for
Liverpool and Dublin respectively. There was O mm of precipitation during both races. The race routes
had total ascensiofvertical distancend maximum elevationsfd10 m and 72 m (Liverpool) and 120

m and 58 m (DublinMean time to complete the marathon in each race was 6065;361) and 236
(183:278) min,for the Liverpool and Dublin marathon, respectivebglfreported training data are

shown in Table 4.1.

Table 4.1 Subject characteristics of recreational marathon runners (values are mean + standard deviation (SD)).

Liverpool Marathon Dublin Marathon
(n =66) (n=30)
Age (years) 434+ 9.5 42.3+8.8
Body mass (kg) 70.4+ 125 66.1+11.7
Height (cm) 163.7 + 36.7 163.7 + 34.0
Number of previous marathons 7+10 15+ 29
Quickest marathon in last 2 years (min) 2457+ 42.0 238.2+29.4
Highest weekly mileage 415+ 143 46.7 £+ 14.6
Longest single training run (miles) 204+ 4.8 204+ 35

4.3.2Experimental design

One week before the marathon, participants were semhail instructions in regard to the timing of
subsequent communications, what information they would be asked to provide, and the importance
of accuracy in all of their responsesrtiyeeight hours before the race, a food diary template was sent
to participants along with instructions on how to complete it, examples of completed food diaries,
and images of different weights of common foods. Participants were required to prospecécelyl

all food and fluid consumed in the 24 h before the race, as well as the morning of the racerde® in

nutrition, participants were informed that this information would be required, and to try to recall all
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in-race foods and fluids consumed. Tidormation from food diaries, as well as-iace nutrition,
were input into relevant sections of the questionnaire. The dietary information reported was analysed
to quantify using Nutritics professional diet analysis software (Nutritics RUiBljn, Irelard) by two

blinded, independent, and trained nutritionists.

4.3.3Questionnaire

In the evening following the race, participants received an email link to the online questionnaire, and
were asked to complete this as soon as possible. Reminder emails wdr@4seamd 48 h later.
Participants were required to report their age, gender, weight, height and details regarding their race
history and training for the marathon. In order toffdrentiate between habitual Gl symptoms, and

race specific Gl symptongarticipants completed a modified version of the Gastrointestinal Symptom
Rating Scale (GSRSYedlund et al., 1988bjelating to the 7 days prior to the marathon, and then
specifically symptoms during the marathon. The GSRS gives explanateathafymptom and was

used as it has been shown to be understandable and has good reproducihilityebisuring the
presence of Gl symptommmpared to interviewgBovenschen et al., 2006)his questionnaire has

been previously used in large scale investigati@mslemans et al., 2013, van Kerkhoven et al., 2008)
Symptoms include upper abdominal pain, epigastric pain, heartburn, regurgitation, abdominal
rumbling, bloating, nausea, empty feeling in the stomach, eatlgtgapostprandial fullness, belching,
flatulence, haematemesis, dysphagia, and questions on defecation. Subjects were asked to rate the
severity ofGlsymptoms on a sevepoint Likert scale (1 = absent; 2 = minor; 3 = mild; 4 = moderate;

5 = moderately evere; 6 = severe and 7 = very severe). In analysisa O2NB 2F xH 61 &
A8YLIWi2Y LINBASYyOS I y RratgsympiomdpresBriset RoWed Kl symptomsd R S
classified as gas/flatus, bloatindiarrhea, and urgent need to defecate and upper $gmptomsas

nausea, heartburn, acid reflux, hunger, burping.

4.3.5 Analysis

Descriptive statistics (mean + SD) were calculated for all variables. Differences between symptomatic
and asymptomatic runners were analysed using unpdiregts. As Gsymptomswere not normally
distributed, anon-parametric approach to analysing associatiorithwutritional intake was used
{LISENXYIFYyQa NIyl O2 NNBriptbnisketeytongideradP 4205 Was @fsislgfed D L
statistically significantBased on a MarmgWhitney U test, no differences in talt GI symptoms
6adzYYSR a02NB FTNRBY D{w{0 66SNB I LI} NByoR5)adsiisSSy
0SG6SSy LI NIAOALIN Yy p=0946).dHus eorraitiofsSvare cafrled iithialln dncy =
participants combined. A tweided p- @ f dz§ XX nonp 1 & dzASR & GKS

significance.
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4.4 Results

In the 24 hr prior to the race participants consungfpP2+ 758 Kcal, 262 + 98 g CHO, 93 + 40 g protein,
85 + 47 g fat, and 24961271mL water.Nutritional intake of participant$or each individual rac24

hr before themarathon are shown ifTable 4.20n the morning of the race, participants consumed
515+ 301 Kcal, 70 £ 44 g CHO, 17 + 11 g protein, 6 + 4 g fat, and 685 & &@f#em There were no
significant differences betweerariables of nutritionaintakesbetweeneach raceeither 24 hr before

the race or on the morning of the ra¢p > 0.05)

Table4.2. Nutritional intake on the day before the race and during the race day breakfast

Day before race

Race day breakfast

Liverpool Dublin Liverpool Dublin
Total Energy Intake (Kca2329 + 775 1987 + 692 552 + 316 436 + 251
CHO (9) 262 + 93 262 + 120 76 £ 45 59+41
CHO (&g?) 38+x14 3425 1.1+09 0.8+0.8
Sugars (g) 89 £ 57 100 £ 74 39+29 27 £ 25
Starch (g) 168 + 66 148 + 63 36 +30 34+21
Fibre (g) 22+9 21+8 64 65
Protein () 98 + 39 85+41 19+12 13+8
Protein (gkg?) 1.4+0.8 1.1+£0.8 0.3+0.2 0.2+0.2
Fat (9) 95 + 52 66 *+ 36 17 +18 18 + 36
Saturated fat (g) 34+ 17 22+ 14 7+8 4+4
Sodium (mg) 2478+ 1434 1937 £ 1094 436 + 402 304 + 281
Water (mL) 2672 + 1369 2110 + 1057 795 + 598 443 + 306

During the race, participants consuméd0+ 282 Kca) 108+61g CHJ0.4 + 0.2 gnin?),2.9+6.99g
protein, 1.9+ 4.2¢ fat, andl314+ 745mL water.Nutritional intake of participants for each individual
race are shownn Table 4.3. There were no significant differences between variables of nutritional
intakes between each race (p > 0.05).

Table4.3. Nutritional intake during the marathon race
During the race

Liverpool Dublin
Total Energy Intake (Kcal) 439 £ 277 540 £ 312
CHO (9) 100.9 +60.1 126.3+64.1
CHO (gnin?) 0.4+0.2 05+0.3
Sugars (9) 37.2+31.8 36.6 £34.2
Starch (g) 64.2 £45.9 72.4£55.8
Fibre (g) 1.0+£28 23+46
Protein (g) 24+£6.5 43+79
Fat (g) 14+36 3.3+538
Saturated fat (g) 04+1.1 08+£15
Sodium (mg) 259 + 268 286 + 323
Water (mL) 1390 + 765 1149 + 693
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From both races, 41% and 47% of participants reported at least one moderate symptom during the
previous 7 days, while 30% and 20% repokggderiencing moderate symptoms during the race for
Liverpool and Dublin marathon respectivdBrevalence of individual Gl symptoms reported for each
race are shown iffable 4.4To identify potential assodiae factors, Gl symptorscores were summed

to gve lower, upper and totascores. Correlations betwee@l symptoms during the race and all
nutritional factors were low and insignificant €0.20,p >0.05). There were significant correlations
between symptoms in the 7 days prior to the racelaluring he race for total Gécore (= 0.510p
<0.001), upper Gcore (= 0.346p = 0.001) and lower Gl symptoscore ( = 0.483p <0.001).

Tabled.4t NBGI t SyO0S 2F AYyRAGARdzZEt aeévYLizY &a02NBa o padidpantsy R Y2 RSN
in each race.

Liverpool Marathon ( = 66) Dublin Marathon ¢ = 30)
X H X n X H X n

Nausea 32 17 18 2
Heartburn 8 5 2 2
Acid Reflux 9 2 3 0
Hunger 18 3 12 5
Burping 30 8 11 2
Bloated 24 11 5 0
Gas/Flatus 30 9 14 2
Diarrhea 15 8 5 2
Urgent need to defecate 20 9 5 2

4.5Discussion

The current study assessed the incidence and severity of num&bagmptomsusing a previously
validated questionnaire to document the dietary intake and @lfng training in the week before a
marathonand during a marathon in order to explore potential predictive factors @y@lptoms. The
datahereindicatesthat there is a significant prevalence of moderates@hptomsn the week leading

to a marathon race, and during the raeenongst recreationatunners. It isshown that 42% of
participants reported moderate Glymptomsin the 7 days prior to the marathon and 27% reported
moderate symptoms during the marathon with most common symptoms being flatus (16%) during
training, and nausea (8%) during timearathon race. However, it was found that there was no
association between nutritional intake and symptomsither in the 24 h prior to, during the meal

before,nor during the race.

Gastrointestinal symptoms during endurance competitibave been previosly reported by 496%
of participants(Costa et al., 2017apifferences between stugs could be due to a number of factors

such as exercise intensity or duration, and environmental temperafwhich havebeenshown to
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exacerbateGldamage and increase symptor(®feiffer et al., 2012, Pals et al., 1997, Peters et al.,
1999, Costa et al., 2017ajariances may also arise from the questionratirged, the symptoms that

are included, andhe criteria for classifying a symptom. Studies that have repodath for Gl
symptomsin marathon runners, without acknowledging severitgve shown prevalence rates of 52%

and 719%(Rehrer et al., 1989, Peters et al.,, 1999) s KA f S WY2RSNI 6SQ 2NJ Wi SNA
been reported as 47% (Pfeiffer et al., 2012, Ter $ge et al., 2008)In the present study, 70% of
participants reported having any symptoms, while only 27% had symptoms recorded as moderate or
worse, with nauseaeing the most common (2% of all runners). This highlights the need to
differentiate symptom severity within studies, as well as the specific symptom, as these may have
different aetiologies, and therefore require different interventions for attenuation. Future studies
should ersure pathology is excluded (bloods and faecal calprotectin, endoscopy etc.) and
psychological factors, along with validating symptoms against Rome Il or IV diagnostic criteria for

irritable bowel syndrome.

Gastrointestinal symptoms have been shown t@telto higher CHO intake, higher fat intake, gind
particular, lower fluid consumption during ultrdistance events of longer duratiq®tuempfle et al.,

2013, Pfeiffer et al., 2012However, this has not been as clear in marathon running or events of
shorter durations(Pfeiffer et al., 2012, van Nieuwenhoven et al., 208fre, there was no correlation
between btal, upper or lower GIS scores and any nutritional factor recorded. This includes dietary
intake in the 24 h prior to the race, breakfast @te-day, or inrace nutrition. The difference may be

due to the duration of the event. For example, it has besoven that the majority of symptoms during
ultra-distance running events did not occur until after 50 km of runr(@empfle and Hoffman,
2015, Stuempfle et al., 2013)onger duration events, and therefore greater ta@&lGntake, increase

the likelihood of CHO malabsorptidPeters et al., 1995, Costa et al., 201 Mpwever, with the
recorded CHO intakes during the marathon (mean of 0.4 §mnthis was unlikely to be seen here.
While not the primaryaim of the present study, it should be noted that the mean values for CHO
intake both before and during the race were below those recommended for marathon performance
(Jeukendrup, 2011)This nutritional intake data is in close agreemeavith previous studies in
marathon runnes(Atkinson et al., 2011, Wilson etal.,2003) WS ONB I G A2y | f NHzyy SNA Q
therefore be improved with appropriate CHO intake. As no association was observed here between
nutritional intake and GIS, some other factors, not assessed here majbca to the prevalence of

Gl symptomgound.

Gastrointestinal symptoms are often more prevalent during marathon running and other endurance
events in individuals with a history of sympto(feters et al., 1999, Pfeiffer et al., 2012, Stuempfle et

al., 2013) The results here showesignificanf moderate (r > 0.3porrelation between symptom
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scores during the 7 days before the race and dytive race. This corroborates previous study findings
and may be due to a number of factors. These individuals may consistently be those becoming
dehydrated, they may have some underlying pathology, or they may experience greater levels of
stress and/or ariety which has been shown to increase gastrointestinal symptomaofdgison,

2018) although this was not assessed in the present study

4.6 Conclusion

The curret study has idetified a high prevalence of GI symptonmsrecreational runners, both in
training in the week prior to a marathon and during marathon running. The most common symptoms
were flatus and nausea during training and marathon running, respégtiye this population of
runners, there was no clear association between any nutritional factors and symjpadthnsugh CHO
intake was generally lonHowever, there was a significant correlation between symptoms during
training, and symptoms during the mahon. The current study highlights the need to further quantify
not only the prevalence, but also the potential aetiology o$yBhptomsto develop interventions that

may attenuate symptoms. This may then lead to increased athletic performance, qudlfg;, and

health.
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Chapter 5 Acute high
Intensity interval running
Increases markers of
gastrointestinal damage and
permeabllity but not
gastrointestinal symptoms

This study was published Applied Physiology, Nutrition and Metabolism in 2QAgpendix 3
Pugh, J.N., Impey, S.G., Doran, D.A., Fleming, S.C., Morton, J.P. and Close, G.L., 2017. Acute high-
intensity interval running increases markers of gastrointestinal damage and permeability but not
gastrointestinal symptoms. Applied Physiology, Nutrition, and Metabolism. 42(9):941-947.
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Acute highintensity interval running increases markers of
gastrointestinal damage and permeability but not gastrointestinal
symptoms

5.1 Abstract
Purpose: To investigate the effects of hightensity interval (HIIT) runningon markers of

gastrointestinal (Gl) damage and permeability alongside subjective symptoms of Gl discomfort.

Methods Eleven male runners completed an acute bout of HIIT (eighteen 400 m runs at-i20%
where markers of Gl permeability, intestinardage and Gl discomfort symptoms were assessed and

compared with resting conditions.

Results Compared to rest, HIIT significantly increased serum lactulose:rhamnose ratio (0.051 + 0.016
vs. 0.031 $€.021, p = 0.006and sucrose concentrations (0.388.217 vs 0.137 + 0.148 g p <
0.001). In contrast, urinary lactulose:rhamnose (0.032 + 0.005 vs 0.030 + 0.005; p = 0.3) @ sucros
concentrations (0.169 + 0.168 vs 0.123 + 0.42@%; p = 0.54 did not differ between HIIT and resting
conditions.Plasma-FABP was significantly increased (p < 0.001) during and in the recovery period
from HIIT whereas no changes were observed during rest.-$yittptoms of GI discomfort, were
reported immediately and 24 h posHIIT, although these symptoms did nobrelate to Gl
permeability or {FABP.

ConclusionAcute HIIT increased Gl permeability and intestikeABP release, although these do not
correlate with symptoms of Gl discomfort. Furthermore, by usingrsesamplingdatais provided
showing that it $ possible to detect changes in intestinal permeability that is not observed using

urinary sampling over a shorter tinp@eriod.
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5.2 Introduction

Endurance training in both elite and nefite athletes typically involves exercise that can vary in
frequercy, duration and intensit{Seiler, 2010)Descriptive studies of elite runners have shown that
while 80% of training sessions appédarbe steady state and performed at low intensities (< 2 mM
blood lactate), around 20% of training consists of periods of-titgnsity exercise (> 4 mM blood
lactate), that is usually completed aspetitions at approximately 90%tfmax (Seiler 2010)High
intensity interval training (HIIT) is central to athlete training, based on the premise that it improves
middle distance running performancefp.maxand running economgBillat, 2001, Daussin et al., 2008)
induces fat los¢Trapp et al., 20083nd is perceived to be more enjoyable than moderate intensity
steady state exercisgBartlett et al., 2011) However, despite the growing realisation and
understanding as to the physiological benefits of KiBlen and Gibala, 2013}he effects of acute

HIIT protocols on markers of GI damage and permeability, and symptoms of Gl discomfort are not well
characterisedIin Chapter 4 it was shown thd2% of participants reported moderate §mptomsin

the 7 days dor to the marathon Previous studies have equally shown that GI symptoms are common
for athletes during training, as well as competiti@@e Oliveira et al., 2014Furthermore, given that

DL &d@dYLlizYa | NB NBLRZNISRINRé 08Hzr2 NB2 VRIVYNEB K R2AzZN&K §
sessiongKeeffe et al., 1984, Riddoch anthick, 1988)there is a definitive need to better understand

the acute effect of HIIT on Gl profile.

Traditionalassessment of Gl permeability has relied uplo@ ingestion of a bolus saccharide probe
followed bya 5 h urinary collection period whilst the subject remains fasted, which may be imptactica
with athletic populations. Btermination of the ratio of sacchile concentrations in serum correlates
with the 5 h urine raticandis an acceptable alternative to urirendcan reduce the sample collection
time to 90120 minuteqFleminget al., 1996a)Determination of sacchat® concentrations in plasma

is able to show increases in Gl permeability following exerc{sean Wijck et al., 2013b,
JanssenDuijghuijsen et al., 201B)asma analysis revealed 60 minutes cycling at 70% maximal capacity
increased intestinal pernability, measured at 140 minutes, while urine samples at 2 h showed-a non

significant increase in permeabilifyan Wijck et al., 2011)

More recently, the use ofFABP, a small (15 kDa) cytosolic protein specifically present in mature
enterocytes of the small intestinbas also emerged as an early and sensitive marker of small intestinal
injury (Pelsers et al. 2003; Derikx ét2008)andincreases in-FABP correlate witexerciseinduced
splanchnic hypoperfusiongn Wijck et al. 2011). Whilst multiple models of exgeincrease plasma
I-FABPconcentrations(van Wijck et al. 2012; Barberio et al. 201thgse increases have not been

conclusively shown to correlate to the @isor severity of GI symptomsagm Wijck et al. 2011).

61



The present studyvas therefore conduetdto characterise the acute effects of a HIIT running session
on markers of small intestinal damage, intestinal permeability and whether these were associated
with symptoms of Gl discomfort. When compared with resting dtors, it washypothesised that

acute HIIT (using a model considered relevant for elite runners) would significantly increase markers
of intestinal damage (FABP), permeability (primariyRratio) and symptoms of Gl discomfoltwas

also hypothesisethat measurements of LR in serum would provide a more 8emgsitive method of

analysisompared to urine.

5.3 Methods

5.3.1 Participants

Eleven trainednale runners (mean = SEmax60.0 = 3.2 mkg*min®!, body mass 75.1 + 5.8 kg,
height 179.1 + 8.8m, age 33.1 + 10.4 years) completed the study. The criteria used for selection was
a minimum 10km race performance of 39 min, and a minimum of 5 training sessions é&&xelelsion

criteria are outlined in Section 3.2.

5.3.2 Assessment of maximal oxyggstake
+maxwas determined as described in 3.3Based on the results of the incremental test, the running
speed corresponding to 100¥P.max Was estimated for each participant using a linear regression

equation. The running speed corresponding t@%?waghen calculated.

5.3.3 Experimental design and HIIT protocol

In a repeated measures countbalanced design, participants reported to the laboratory on 2
occasions, separated by a minimum of 7 days, to complete the HIIT and rest trials. Priefitstth
visit, participants completed a 24 h food diary and repeated this diet prior to the second visit. For a
given participant, each trial was conducted at the same time of day, beginning betweenh0an@O
10:00h. No alcohol consumption, nesteroidd anti-inflammatory drug (NSAID) consumption, fibre

rich or spicy food consumption, unaccustomed or strenuous exercise was perittédprior to
experimental visitsOn the morning of each trial, participants were informed to eat a small breakfast,
typical of that consumed prior to training or competition and that this breakfast should remain the
same for each visit. Participants arrived at the laboratory on the morning of theTthiaHII Texercise
protocol consisted first of a 5 minute rest period,etha 5 minute warrup run at a velocity
corresponding to 50%fmaxand finally 5 minutes of active stretching. Participants then performed a
total of 18 x 400 m interval efforts, performed on a motorized treadmill (HP Cosmos, Germany). The
running pacedr the interval runs was b&R 2 Yy A Y R-hsBesdRdifhnf, QareshdNdihg to
120% of theirt@xmax Each repetitiorwas followed byan interval ofrunning at a velocity associated

with 50%+fmax for an amount of time equal to 75% of that taken to run the 400 m. These were
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divided into 3 sets of 6 x 400 m runs separated by 3 minutes of completeSesstFigurd®.1 for a
schematic representation of the study overvieRarticipants were permitted taonsume water ad
libitum during and after each trial; drinking patterns were not recorded although participants were
encouraged to consume fluid during the trials in order to prevent dehydratiwtal volume

consumed was less than 250 mL for all paréinig.

Rest h | Rest ‘

HIT x [ Warm up ] [6x400m] , [6x400m] ___, [6x400m] Recovery ]

4 1 7

0 15 ~60 90 120 24hr

| =Blood Sample I= Urine Sample \' = Permeability Probe Ingestion IZ GI symptom questionnaire

Figure 5.1Schematic overview of the experimental protocol. Urine and blood samples were taken at the same corresponding
time points during rest as they were during HIIT

5.3.4 Blood analysis
Blood samples we collected and analysed foRLand-FAB? as described ireStion 3.5.

5.3.5Assessment of Gl discomfort
Global gastrointestinal symptoms were recorded after each set of six 400m runs as described in
section 3.4.2. Immediately posixercise, and 24 hr post, specific GI symptoms were decbas

described in section 3.4.3

5.3.6 Statistical analyses

Statistical analysis was conducted using the Statistical Package for the Social Sciences software
programme (SPSS, version M, Armonk, N)Y A twofactor repeated measure ANOVA was used to
analyse plasmaFABP with condition (rest, exercise) and various time points (pre, set 1, set 2, post,
90 min, 2 h) as the independent variables. Pairwitasts with a Bonferroni corrections were used to
compare time points between conditions. Intestiprmeability was assessed using pairdedts.

To evaluate data on Gl symptoms, a nonparametric statistical approach was chosen, as scores on Gl
symptoms were mainly reported on the low end of the scale and not normally distrib8tedptom

scores and mvalencewere compared with the use of Wilcoxon Signed Rank t&gsarmarmank

order correlation was used to analyse the relationship between significantly increased Gl symptoms,

with post exercise-FABP and intestinal permeability measured in serutmdkmally distributed data

63



are presented as mean * standard deviation (SD), data not normally distributed are reported as

median and range. P < 0.05 was considered statistically significant.

5.4 Results

5.4.1Physiological responses to acute HIIT protocol

Participants ran a total of 7.2 kat a velocity of 17.7 + 1.0 khnt (mean + SD)while recovery running
totalled 2.2 + 0.1 k at a velocity of 8.9 + 0.5 km*. HR, RPE and thermal comfort increased
incrementally throughout interval bouts with peak vakiof 187 + 10 bpm, 19 £ 1, and 8.5 £ 0.7,

respectively.

5.4.21-FABP as a biomarker of intestinal damage

A significant interaction effect between condition and time was found (p = 0.0868BP increased
72% during HIIT from basedirtoncentration of 481 334 pgmL!to mean peak levels of 829 + 448
pgmL?!immediately post exercise and then decreased during subsequent recovery, whilstithsre
no change during rest (Fig2). There was no significant difference in baselilf&\BP concentrations
betweenHIIT (481 + 33ggmL?) and rest condition (263 + 14%mL?) (p = 0.25).

1500~
= * -o—- Rest
-
£ -o- HIIT
£ 1000-
o
o0
&
< 500~
£
7))
)
> 1
c | | | |

0 30 60 90 120
Time (min)

Figure5.2. Mean (+ SD) plasmaHABP concentrations during rest and HIIT conditi@ignificant difference tbaseline (p <
0.05)
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5.4.3Gastrointestinal permeability

LRin serum was 59% higher following HIIT when compared to the resting condition (0.051 + 0.016 vs.
0.031 +£0.021, p = 0.6p(Figh.3A). However, there was no significant difference in urihddlyetween
restand HIIT trial (p = 0.37) (BEB). There waa weak, negativeorrelaion between serum and
urinary IR (r =0.179, p = 0.21), Serum sucrose recovery was also significantly higher during the HIIT
trial when compared to the resting condition (0.388 + 0.217 vs. 0.137 + 0.148, p < 0.001). There was
no significantdifference in urinary sucrose recoyefollowing HIIT (0.169 + 0.168ompared © rest

(0.123 + 0.120p > 0.05).
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Figure5.3. Mean serunpost (A) and2hr (B), and urinary (Clactulose to rhamnose ratios during rest and HIIT condition
*Significant difference p < 0.001
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5.4.4Gastrointestinal discomfort

During experimental vistpeakglobalGl symptoms were higher during HIIT compared with rest (3.0
+2.5vs.0.3+£0.5, p<0.01). The results of the specific GI symptoms are displafdeb.1. During

020K GNARFfas DL aeévyLidzvya ¢SNBE vYadftea aO02NBR I d i
YAY2N) LINPOof SYagdod C2NJ a@dvYLlizYa RdzZNAy3 | OGA@AGe:
GCtl GdzZ SyO0S¢ ¢ SNR IKAMIYKIENI IR/ R {Hin2KY aOK ONJ YLJA¢ ¢S
the rest condition (p < 0.05krom these symptoms which were significantly increased, there was no

significant correlation with any of these to either peastercise IFABP or serumR_{Table5.2).

Table5.1 GI symptoms during rest and HIIT conditions assessed at 2 and 24 hours from baseline.

Exercise 24 hours

Symptom Rest HIT Wilcoxon | Rest HIIT Wilcoxon

p value p value
Side stitch 0 (0) 0 (01) 0.317 0 (0) 0 (0) 1.000
Nausea 0 (01) 0(0-5) 0.157 0 (0) 0 (01) 0.157
Bloating 0 (01) 1 (06) 0.027* | 1(02) 3(0-8) 0.034*
Urge to burp 0 (02) 1 (06) 0.027* | 0(03) 0 (02) 0.915
Urge to vomit 0 (0) 0 (04) 0.109 0 (0) 0 (02) 0.317
Urge to defecate 0(01) 0 (08) 0.062 2 (05) 3(0-6) 0.150
Diarrhea 0 (03) 0 (03) 0.0785 | 0(03) 0 (03) 0.785
Flatulence 1(02) 3(0-6) 0.037* 0 (04) 2 (05) 0.018
Stomach Cramps | 0 (0-5) 0 (06) 0.833 0 (0) 0.9 (68) 0.042*

Data are mediaand range?* Significantly difference between Hiifidrest (p < 0.05)

Table 52. Correlations betweeGl symptoms withFABP andR.

I-FABP L:R

Symptom Correlation p value Correlation p value
Exercise

Bloating 0.0114 0.739 0.084 0.826
Urge to burp 0.071 0.835 -0.324 0.392
Flatulence 0.206 0.544 -0.068 0.861
24 hours

Bloating -0.066 0.848 -0.172 0.484
Flatulence 0.343 0.302 -0.358 0.384
Stomach Cramps | 0.088 0.891 -0.103 0.564
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5.4 Discussion

The purpose of this study was to investigate the effect of a HIIT running session on markers of small
intestinal damage, intestinal permeability and subjective symptoms of Gl discomfort. The main
findings were that HIIT increased markers of intestinal petility and small intestinal injury bthey

were not stronglyrelated to increases in subjective measure&bdiscomfort.

During exercise, there is a redistribution of blbaway from the splanchnic are@he magnitude of
such reductions in splanchnislood flow appears to be related to relative exercise intensity
(McAllister, 1998) It has been shown previously that the extent of this exeritidaced splanchnic
hypoperfusion significantly correlates with intestinal damage, measured as pladrfeBR
concentration(Van Wijck et al., 2011}FABP is a cytosolic watsoluble protein, which appearst
be present in mature enterocytes of the small and large intesf{Pelserset al., 2003a) As such,
plasma{FABP is considered a sensitive measurement of small intestinal d{Redggrs et al., 20034,
Derikx et al., 2008 Here I-FABP is increased during HIIT running sesmtbowing a similar temporal
sequence to that reported by others. Peak values exceed those previously seen following 60 minutes
of cycling at 70% wattmayxan Wijck et al., 2012a, Van Wijck et al., 208D) minutes of running at
70%+@xmax iN the heat(Sessions et al., 201@)ut are lower than FABP concentrationgported

following exhaustive running in the he@arberio et al., 2015)

Traditionally, 5 hurine collection and percentage recovery of sugar probes has been used to assess
intestinal permeability. This method isensitive to changes in permeability caused by exercise of
varying modalities, durations and intensitigxals et al., 1997, Lambert et al., 2008, van Nieuwenhoven

et al., 1999, Marchbank et al., 201However, the main disadvantage of this method is the need to
collect all urinary output for 5 hours, with participants normally remaining fadted. shown here

that by measuring sugar probes in serunhis possibléo showv anexerciseinduced increase inR.and
sucrose concentration 1 and 2 hours after probe ingestion. However, analysis of urine collected over
2 hours did not show any differencel$.is suggested that the use of plasma and serum samples
increases the sertsiity, thus reducing the need for large oral doggan Wijck et al., 2013pand
reduces the collection timéFleming et al., 1996apue to differences in the dosages of the probes
used,time delivered in relation to exercise, and analytical methddis difficult to compareR values
between studies. Here thouglit, has beenshown tha HIIT increasesR, as detected from serum

measurements.

Although HIIT increaseds=ABP andR,thesedid not correlatewith symptomseither during or in the
proceeding 24 hours after exercis&€he low scores for Gl discomfort may be due to the fact that the

cohort were healthy, well trained males who were also accustomed to the exercise modality, well
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hydrated and had with no history of Gl disease. This is in line with much of the recent labdratey
research into single exercise sessions and markers of GI damage. Many of these have reported
measures of increased intestinal damage but reported eitlogr or mild scores of Gl discomfort
during acute exercise bout®&/an Wijck et al., 2011, Lambert et al., 2008)have not reported
subjective Gl symptoms at &duhl et al., 2014, Marchbank et al., 201¥¢t, as described in Section
2.1.1, there is a significant pralence of GI symptoms reported in competitive endurance evdihts.
apparent discrepancy between symptom frequency between field and laboratory studies may be due
to a number of factors. Exercise modalities used in laboratory studies have oftensheeter in
duration and lower in relative intensity than those typically seen in competitive endurance races.
Competitive events could also cause increases in mental stress not seen in laboratory studies which
could exacerbate Gl symptoms due to furthercdEases in splanchnic blood floMurray, 2006)

direct changes to intestindlacterial compositior{fPalma et al., 2014)r effects on Gl transit via the
central nervous systerfBrouns and Beckers, 1993he difference may also lie in the measurement

and reporting of symptoms, with some studidecumenting any symptom, of any severity, others
NBLZ2NIAY3I WY2RSNI GSQ &e@ YL 2 Y aent sdalgshor questimihaiss dza A y
Here,symptoms aried between participantand so reporting individual symptoms gave low average

and mean scorg

5.6 Conclusion

In summary,it has beenshown that high intensity interval running increases gastrointestinal
permeability and intestinal cellular damage, without subsequently causing symptoms of Gl
discomfort.Furthermore, by using serum sampling, nbaatais provided that showd is possible to
detect changes in intestinal permedtyi over a shorter timegperiod. Such changesould not be
detected via urinary samplingSerum sampling therefore appears to offer a more time sensitive

methodfor any fuure investigations.
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Chapter 6 Probiotic
supplementationncreases
total and exogenou€HO
oxidation in trained male
cyclists: a randomized, double
blind, placebecontrolled
crossover trial
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Probiotic supplementation improveSHOoxidation in trained male
cyclists: a randomized, douHdind, placebecontrolled crossover
trial

6.1 Abstract

Purpose- In vitro and animal studies suggest probiotic supplementation can enhance glucose
oxidation. This study aimed to investigate theeets of multistrain probiotics supplementation on
substrate utilization markers of gastrointestinal damage, permeability, subjective symptoms of

discomfort and performancduring endurance cycling.

Methods- Nine male cyclists (age 23 + 4 fhmax62.1 + 4. 7mLkg*min?) were randomized to two
periods of daily supplementation with a probiotiBRO)capsule (25 billion CFU bhctobacillus
acidophilus(CUL60 and CUL2Bifidobacterium bifidum(CUL20)Bifidobacterium animalisubsp
lactis (CUL34)Proven Probiotics) or placeffLCYor four weeks, separated by a -ty washout
period (doubleblind crossover trial). After each supplementation period, cyclists consumed a 10%
maltodextrin solution (initial 8 mkg! bolus at commencement of exereiand 2 mikg?* every
subsequent 15 min) while exercising for 120 minutes at 55%: idllowed immediately by 400 kJ
time trial performance test. Mrkers of Gl permeabilitgamageand Gl discomfort were assessed

well as substrate utilization vieenous blood and breath samples.

Results Probiotic supplementation resulted in an increase of total carbohydrate (CHO) oxidati@n (

+ 0.30vs 1.81 + 0.44g-min', P=0.019 and the oxidation of an ingested maltodextrin drink (0£9

0.10 v0.75+ 011 gmin?of glucose equivalent®= 0.024) during the final hour of exercise. Total fat
oxidation was reduced following probiotic supplementation compared to placBloQ.004. There

were also significant increasasplasna insulin and reductions NEFA and glycerali PRO compared

to PLCDifferences between markers of Gl damage and permeability were not significant, as was time

trial performance P> 0.05).

Conclusion- Probiotic supplementation enhances total and ingested CHO oxidation while
simultaneously attenuating total fat oxidation during moderate intensity cyclingobiBtic
supplementaion did not changeGl symptoms, time trial performance and markers of intestinal

damageandpermeaubility.
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6.2 Introduction

While there was a lack oBaociation between consumed CHO and Gl symptoms in marathon runners
in Chapter 4, total CHO consumed was lower (~BBjythan amounts typically recommended for
endurance competitionX60 ghr?). These greater amounts of CHO consumed have been linked t
both increases in exercise performance and increased risk of Gl symp{detuate CH@vailability
asthe mainfuel for skeletal muscle anthe central nervous system during endurance exertasting

1-2 his a critical component for optimal performaad.iver and musclglycogenstores are limited

and oral ingestion o€HObefore and during exerciseas been reportedo improve performance
(Currell and Jeukendrup, 2008)d delay fatigueluring cycling and runningCoyle et al., 1983This
performance benefit has sind®en reported in numerous publications, with exogenous carbohydrate
ingestion showing ergogenic effects for endurance performance in most of these stBteémgwerff

and Cox, 2014, Pochmuller et al., 2018pwever, aidation rates of orally ingested glucosad
maltodextrin (glucose polymerkolutions appear to plateau around 1 -gint (or 60 gh?)
(Wagenmakers et al., 1993b8ven with ingestion rates as high as g:min (Jeukendrup et al.,
1999b) The capacityof the sodiumglucose transpodr (SGLT1) in the small intestiie generally
regarded as thelimiting factor for glucose absorptioand the oxidation rate of glucose and
maltodextrin ingested during endurance exerc{Seukendrup, 2014)Nhile there apears to be a
maximal rate of exogenous glucose oxidation ofrlig, some studies have failed to reach this level,
even when glucose is consumed in excess, suggesting some individual vafidilkgndrup and
Jentjens, 2000) Environmental factors can also reduce the maximal oxidation of consumed
carbohydates, with reductions seen at both an increased temperat{dentjens et al., 20023nd
altitude (O'Hara et al., 2017jnost likely due to reductions in splanchnic blood flow and compromised
intestinal absorptior(Rowell et al., 19685uch malabsorption of CHO could then increase the risk of
Gl symptoms during endurance exerc{€®sta et al., 2017b¥ytrategies that may then increase the
maximal oxidation rate of consumed glucose, either above the previously establishaihl, gbove

'y AYRADGARdIZ £ Q&4 26y YIFEAYIFE NIGST 2N 6KSyf Sy dAaNp

benefit to endurance athletes.

One novel approach that may increase carbohydrate absorption and CHO oxidation is probiotic
supplementation.n vitro research has shown that éocubation of Cac@ cells (enterocyte model)

with metabolites fromprobiotic strains from thé.actobacillspecies increases glucose uptakmugh
non-genomic meangRoo0j et al., 2010a)Probiotics can also modukaluminal short chain fatty acid
production(RiosCovian et al., 2016yhich are known to cause a genomic increase in the abundance

and activity of SGLTMappenden et al., 1997)There are then potential mechanismy lwvhich
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probiotics could increase absorption and oxidation of consumed glucose and these findings would

havepractical and relevant implications for athletes if replicable dugndurance exercise

As well as the potential to increase CHO absorptioncidiation, probiotics have also been proposed
to be beneficial to performance via their effects on Gl permeability and damaggs(12t has been
shown that probiotic supplementation, or inoculation with the metabolites of probiotic bacteria, can
preventepithelial apoptosigYan and Polk, 2002)hcrease racin secretionCaballereFranco et al.,
2007) inhibit pathogenic bacteria attachmef(Bernet et al., 1994)as well as increase expression of
TJ proteins and decrease secretion of-prflammatory cytokinegMennigen and Bruewer, 2009)
However, studies of the protective effects of probiotics against exeiothéced Gl damage and

symptomsand immune repsonsi in vivohuman studies are limited.

The aim of the current study was to examine the potential benefits of probiotic supplementation on
total CHO oxidation and the oxidation of an ingested maltodextrin drink during 2 h of cycling exercise
at 55% Wax It is hypothesisedhat 4 weeks ofprobictic supplementationwould increase the
intestinal digestion and absorption of the maltodextrin drittie percent contributiorof the drink to
carbohydrate oxidation rateand total carbohydrate oxidation ratek is also hypothesisethat the
ingestion @ the probiotic supplementvould significantlyeducethe LR ratio andnhtestinal damage
(I-FABPandimprove performanceduring the 2 h of cycling exercise. This hypothesis has been tested

using a double blind placebmntrolled crossover design.

6.3 Methods

6.3.1 Participants

Nine trained cyclists participated in this study (mean + SD; age®@rs, body mass 74.8 £ 6.3, K
+frpeak 62.1 +4.7 mLkglmin?). Total carbohydrate oxidation was measuredall of them. The
oxidation rate and appearance of the ingested maltodextrin in the plasma due to financial restrictions

was only measured in seven of the cycliitsclusion criteria are outlined in Section 3.2.

6.3.2 Pretesting

At least 7 days prido the first experimental trial, subjects completed preliminary testitf@.peaand
maximal aerobic power output (M) were determinedas described in Section 3.3 A&fter a rest
period of 3660 minutes, participants then completed 1 h of cycling eseret 55% Wax with the
prescribed drinking protocol and followed by a time trial to familiarise themselves to the real testing

procedures described in the following paragraphs.
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6.3.3 Treatment allocation

In a randomized, doublblind, placebecontrolled crossover design, each subject completed two 28
day periods of supplementation with a-ty washout period between them. Subjects also consumed

an additional supplement capsule on the morning of each trial, one hour before commencing exercise.
Participans were randomized to consume either a capsule of a commercially available probiotic (PRO)
or a visually identical placebo daily for 28 days. The PRO supplement contained the active strains
Lactobacillus acidophil{€UL60)L.actobacillus acidophil{€UL2}, Bifidobacterium bifidunfCUL20)
andBifidobacterium animalisubsplactis(CUL34) (Proven Probiotics, Port Talbot, UK). The minimum
concentration was 25 billion coloffgrming units (CFU). The PLC capsules were visually identical and
consisted of stath only (Proven Probiotics, Port Talbot, UK). Subjects were instructed to swallow the
capsule daily after their first meal. The randomization code was held by a third party (Cultech Ltd) and
unlocked for statistical analyseby the authors upon completion of sample analysis. During the
supplementation period, participants were informed to avoid consumption of probiotic foods such as

fermented foods and yogurts.

6.3.4Experimental trials

Each subject underwent four experimental trials; one prior to anthi@iend of each supplementation
period. Trials consisted of 120 min of cycling at 55%¥llowed by a time trial amounting to 100 kJ
of work. Subjects were instructewt to perform any strenuous exercise and to avoid caffeine, alcohol,
and any spicy foo@4 hr prior to testing Subjects also recorded their food intake in the 24 hr before
the first trial and repeated this for each subsequent visill. trials were unddaken in ambient

laboratory temperatureg~21°C)

Subjects reported to the laboratory at the same time (~7:30am) for each trial after an overnight fast

of at least 12 hours. A cannula (Safety Lock 22G, BD Biosciences, West Sussex UK) was inserted into
the antecubital vein and baseline blood sample was taken. Resting breath samples were collected over

a 5 min period (Moxus modular metabolic system, AEI technologies Inc, Pennsylvania, USA) and
exetainer tubes were filled directly from the mixing chamber édedmine the'*C/%C ratio in expired

CQ. Subjects then began cycling at 55%a.Vtbr 120 minutes. Immediately following this, simulated

cycling time triad were undertaken with the ergometer set in a cadedependent power output

(linear) mode for subjes to complete 100kJ of work. Power output was therefore a function of
cadence and a fixed factor (alpha valug)s usedas described in the following equation: Power (W)
=Lxrpm?, in which the rpm is the pedalling rate, and L is a linear factor fattisr was chosen in a

way that would evoke a pedalling rate of 90 rpm at 100% PPO.
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