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ABSTRACT

Exercise-induced gastrointestinal syndrome (EIGS) is a common characteristic of exercise. The
causes appear to be multifactorial in origin, but stem primarily from splanchnic hypoperfusion and
increased sympathetic drive. These primary causes can lead to secondary outcomes that include
increased intestinal epithelial injury and gastrointestinal hyperpermeability, systemic endotoxe-
mia, and responsive cytokinemia, and impaired gastrointestinal function (i.e. transit, digestion, and
absorption). Impaired gastrointestinal integrity and functional responses may predispose indivi-
duals, engaged in strenuous exercise, to gastrointestinal symptoms (GIS), and health complica-
tions of clinical significance, both of which may have exercise performance implications. There is
a growing body of evidence indicating heat exposure during exercise (i.e. exertional-heat stress)
can substantially exacerbate these gastrointestinal perturbations, proportionally to the magnitude
of exertional-heat stress, which is of major concern for athletes preparing for and competing in
the upcoming 2020 Tokyo Olympic Games. To date, various hydration and nutritional strategies
have been explored to prevent or ameliorate exertional-heat stress associated gastrointestinal
perturbations. The aims of the current review are to comprehensively explore the impact of
exertional-heat stress on markers of EIGS, examine the evidence for the prevention and (or)
management of EIGS in relation to exertional-heat stress, and establish best-practice nutritional
recommendations for counteracting EIGS and associated GIS in athletes preparing for and
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competing in Tokyo 2020.

Introduction

During exercise, perturbations to the gastrointestinal
tract, including compromised epithelial integrity and
impaired function, with associated upper- and (or)
lower-gastrointestinal symptoms (GIS), can result in
complications ranging from minor inconvenience to
those requiring medical intervention [1-3]. The term
“exercise-induced gastrointestinal syndrome” (EIGS)
has been reported to describe both the etiology and
pathophysiology of exercise-associated gastrointest-
inal perturbations, as well as the outcomes (i.e. perfor-
mance and health) that may occur in response to
exercise [4]. The onset of EIGS, and associated GIS,
varies across different forms of exercise; from reported
GIS incidence of <10% in strength and power sports,
team sports, and endurance exercise <4 h in duration
[5-7], to 260% in ultraendurance running and triath-
lon events [1,8-11]. Moreover, GIS incidence and

severity appear to be enhanced by exercise activities
presenting a running element [6,8], and may also
account for a substantial severity warranting exercise
performance drawback, cessation, or withdrawal
[1,8,10,11], which is a major concern for athletes pre-
paring for and competing in the upcoming 2020
Tokyo Olympic Games.

It is predicted that the Games of the XXXII
Olympiad will present ambient temperatures (T,b)
>30°C, with high relative humidity (RH) [12]. From
a performance and medical perspective, competitive
athletes frequently report greater incidence and sever-
ity of EIGS, and associated GIS, when undertaking
exercise in hot ambient conditions, compared to tem-
perate or cold ambient conditions [1-3,5]. These also
appear to be more pronounced with endurance exer-
cise [4], which include the marathon, 50 km race
walk, triathlon, and cycling road race within the
Olympic Games competitive program. This is
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supported by laboratory-controlled studies, where
gastrointestinal perturbation (e.g. epithelial integrity
and systemic responses) and GIS were increased to
a greater extent when endurance exercise was con-
ducted in T, 30°C and T,y 35°C, compared with
Tamp 22°C, irrespective of relative humidity (RH) (e.g.
field and laboratory study range: 23-82% RH)
[2,3,13,14]. High profile examples of EIGS outcomes
in recent Olympic Games include Paula Radcliffe’s
inability to finish the marathon at the 2004 Athens
Olympics, in a reported T, 35°C and 31% RH, after
which she described abdominal cramping, bloating
and urge to defecate, and a history of NSAID use in
the days preceding the event (www.theguardian.com/
sport/london-2012-olympics-blog/2012/mar/21/50-
stunning-moments-paula-radcliffe). More recently, in
Tamp 25-28°C and 76% RH, race walker Yohann
Diniz was leading the 50 km race walk for the first
2 h of the 2016 Rio de Janeiro Olympics, before
suffering abdominal pains and defecation, which
developed into fecal blood loss, and episodes of col-
lapse (www.dailymail.co.uk/news/article-3752875).
Given that Olympic athletes are frequently exposed
to hot ambient conditions during training and com-
petition, and may be more susceptible to
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gastrointestinal disturbances, which are common
under these conditions, the aims of the current review
are to: (1) comprehensively explore the impact of
exertional-heat stress on markers of EIGS; (2) exam-
ine the evidence for the prevention and (or) manage-
ment of EIGS in response to exertional-heat stress;
and (3) establish best-practice nutritional recommen-
dations to counteract EIGS and associated GIS.

Exercise-induced gastrointestinal syndrome
Primary causal pathways

At the onset of exercise, two primary physiological
changes occur that compromise the integrity and
function of the gastrointestinal tract (Figure 1).
Firstly, redistribution of blood flow to working mus-
cles and peripheral circulation results in reduced total
splanchnic perfusion and subsequent gastrointestinal
ischemia [15-17]: “the circulatory-gastrointestinal
pathway” [4]. Secondly, an increase in sympathetic
activation reduces overall gastrointestinal functional
capacity through suppressing myenteric and submu-
cosal plexus activity [18-21]: “the neuroendocrine-
gastrointestinal pathway” [4]. A comprehensive over-
view of the impact of exertional stress on markers of
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Figure 1. Schematic description of “exercise-induced gastrointestinal syndrome” (EIGS) including the “circulatory-gastrointestinal” and
“neuroendocrine-gastrointestinal” pathways. Adopted from Costa et al. [4], with permission.


http://www.theguardian.com/sport/london-2012-olympics-blog/2012/mar/21/50-stunning-moments-paula-radcliffe
http://www.theguardian.com/sport/london-2012-olympics-blog/2012/mar/21/50-stunning-moments-paula-radcliffe
http://www.theguardian.com/sport/london-2012-olympics-blog/2012/mar/21/50-stunning-moments-paula-radcliffe
http://www.dailymail.co.uk/news/article-3752875

60 R.J. S. COSTA ET AL.

EIGS (i.e. gastrointestinal integrity and function, and
endotoxin profile) can be viewed in Costa et al. [4];
while a comprehensive review of the cytokine
response to exercise can be viewed in Peake et al. [22].

Secondary outcomes

The secondary outcomes of splanchnic hypoperfu-
sion, and subsequent gastrointestinal ischemia,
include injury to cells of the intestinal epithelium
(e.g. enterocytes, goblet cells, Paneth cells, and (or)
enteroendocrine cells), potentially reducing their
functional capabilities, including nutrient diges-
tion and absorption, luminal mucus secretions,
production and release of antimicrobial agents as
part of immune surveillance and protection, gas-
trointestinal motility and appetite regulation [15-
17,23]. In addition, injury to the gastrointestinal
epithelium is associated with increased barrier per-
meability (i.e. hyperpermeability), by either physi-
cal breaks in the intestinal epithelium, damage to
tight-junction proteins, and (or) dysfunction to
tight-junction regulation [24,25]; thus enhancing
the potential translocation of pathogenic content
from the lumen into circulation [2-4]. Moreover,
such localized intestinal epithelial cell injury pro-
motes acute local inflammatory responses via
NFkB gene expression within cells, further pro-
moting epithelial injury, dysregulation, and hyper-
permeability [26,27], through a positive feedback
loop.

The secondary outcomes of increased sympa-
thetic drive and altered gastrointestinal functional
capabilities include reduced gastric emptying and
delayed orocecal transit [18-21]. There is also
accumulating evidence that exercise stress leads
to nutrient malabsorption during and after
a bout of strenuous exercise (i.e. resistance, endur-
ance cycling and running) [23,28-30]. It is, how-
ever, still unclear if the mechanism(s) underlying
impaired nutrient absorption are due to intestinal
epithelial enterocyte injury and subsequent trans-
porter damage and (or) malfunction, downregu-
lated intestinal  transporter  activity, or
a combination of both. In either situation, the
resultant increase in delivery of nutrients to the
distal ileum and colon has the potential to increase
the degree of bacterial fermentation. This in turn
leads to luminal distension from gas production

(e.g. Hy, CHy, CO,, and H,S) and osmotically
driven increases in intestinal water content. Such
a scenario may prompt lower-GIS, which is depen-
dent on the individual’s visceral sensitivity, and
may further compromise gastric and duodeno-
jejunal motility through the ileal-brake feedback
mechanism, albeit predominantly identified and
explored in animal models, using either neural or
enteroendocrine mediators [23,29,31-35].

Exacerbation factors and implications

Extrinsic factors, such as exercise intensity, duration,
modalities, the environmental conditions of the exer-
cise bout, and nonsteroidal anti-inflammatory drug
(e.g. aspirin and ibuprofen) use, play a crucial role in
determining the magnitude of gastrointestinal distur-
bance in response to exercise stress [4,18,36-39].
Moreover, intrinsic factors, such as, individual feeding
tolerance during exercise, a predisposition or active
gastrointestinal disease(s)/disorder(s), and possibly
the relative bacterial abundance and diversity of the
gastrointestinal microbiota may influence the inci-
dence and magnitude of EIGS [4,23,29].
Nevertheless, if perturbations to gastrointestinal
integrity or function, and (or) systemic responses are
substantial enough, these can lead to acute or chronic
health complications of sub-clinical or clinical signifi-
cance (Figure 2), including development of chronic
gastrointestinal inflammatory disease; or in extreme
cases, fatality due to heatstroke, with gastrointestinal
and immune originated pathophysiology (e.g. luminal
endotoxin-associated sepsis and systemic inflamma-
tory response syndrome (SIRS)) [40-47]. Fatality is
rare within the sports and exercise context, or may be
underreported. However, it is more frequently
reported in occupational health settings (e.g. mining,
military, agriculture, and field resourcing) due to
these activities showing increased and (or) continued
activity, in hot T, after thermoregulatory threshold
of clinical significance has progressed beyond the
point of self-preservation [48-54]. From an exercise
perspective, such gastrointestinal perturbations, and
associated GIS, are more commonly reported to pre-
sent performance implications, including, but not
limited to, reduced work output, cessation or with-
draw from activity, and reduced feeding ability during
and after exercise, potentially impacting both



TEMPERATURE (&) 61

| EXERCISE STRESS |

Circulatory-Gastrointestinal
Pathway

Neuroendocrine-Gastrointestinal
Pathway

¥

. 2

Primary
factors

and peripheral circulation.
- Splanchnic hypoperfusion.

- Redistribution of blood flow to working muscles

- Increased sympathetic drive.

- Decreased parasympathetic drive.

- Myenteric and submucosal plexus deactivation.

- Increase stress hormone release (e.g.. cortisol and

catecholamines).

- Gastrointestinal ischaemia.
Acute:

Nausea,

Involuntary projective vomiting,

Involuntary explosive diarrhoea,

Gastric and (or) intestinal lesion and necrosis,
Haemorrhagic gastritis,

Transient intestinal ischaemia,

Reversible ischaemic colitis,

Systemic sepsis (endotoxaemia),

Systemic inflammatory response (cytokinaemia).

Chronic:

Ischaemic bowel disease,

Chronic malabsorption (e.g., irritable bowel syndrome),
Chronic inflammatory conditions (e.g..inflammatory bowel
disease),

Chronic fatigue,

Underperformance (overtraining) syndrome.

32
4
iz
¢
.
Ea
3%

Acute:

Nausea,

Involuntary projective vomiting,
Involuntary explosive diarrhoea,
Nutrient malabsorption,
Gastroparesis,

Paralytic ileus.

Chronic:
Ischaemic bowel disease

EXERCISE PERFORMANCE IMPLICATIONS
Impaired absorption of competition nutrition,
Impaired absorption of recovery nutrition,
Reduced total daily intake on consecutive days of strenuous
exercise,
Longer time to complete endurance event,*
Reduced running performance (distant test).*

Figure 2. Potential acute and chronic health complications and performance implications arising from the physiological alterations
of EIGS. * Symptoms and nutritional status induced. Adopted from Costa et al. [4], with permission.

competition (e.g. fueling and hydration) and recovery
nutrition (e.g. refueling, rehydration, immunocompe-
tency, optimal muscle synthesis, and training adapta-
tions) [1,8,10,11,23,28-30,55-57].

Impact of exertional-heat stress on
exercise-induced gastrointestinal syndrome

The effect of exertional stress, with the additive
effect of heat stress, has been studied in relation to
both the mechanisms and outcome markers of
EIGS. A summary of controlled laboratory and
field studies that have comprehensively investi-
gated the impact of exertional-heat stress on gas-
trointestinal status (i.e. a combination of
gastrointestinal integrity and functional markers,
systemic endotoxin and immune responses, and
using a validated and reliability-tested GIS assess-
ment tool), are presented in Table 1. The out-
comes of these studies are hereafter discussed,
alongside exertional-heat stress experimental
designs that have only assessed one or a limited
range of gastrointestinal markers, with or with-
out GIS.

Gastrointestinal injury and permeability

It is well established that splanchnic hypoperfusion,
and subsequent gastrointestinal ischemia, is a key
promoting factor for intestinal injury and hyper-
permeability [15-17], which may include: mucosal
erosion, physical breaks in the epithelium, damage
to the multiprotein complex of the epithelial tight-
junction (zonulae occludentes) and/or dysfunction
to tight-junction regulatory proteins (i.e. claudin,
occludin, and (or) junction adhesion molecules).
Portal blood flow has been reported to decrease by
20% within 10 min, and by 80% after 1 h, of running
at 70% of VO,may [58]. Whereas, 1 h of cycling at
70% of maximal power (wattage) output (Wp,ay)
resulted in a 1.7 kPa increase in gastric arterialized
PCO,, indicative of splanchnic ischemia, within
10 min of exercise commencement [17].

The effect of exertional-heat stress on intestinal
injury is most commonly assessed via the measure-
ment of intestinal fatty acid binding protein
(I-FABP), a protein exclusive to the epithelial
mucosa of the intestinal wall [15]. Release of
I-FABP into circulation indicates enterocyte
damage, often due to ischemia of the
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gastrointestinal tract [17]. Several studies across
a range of temperate, warm, and (or) hot ambient
conditions have assessed the change in I-FABP
pre- to post-exercise, using similar exercise and
dietary protocols (Figure 3). Collectively, these
studies show that when treadmill running at
60-70% VOsay for 2 h, consuming water only
to maintain euhydration, the increase in I-FABP
is substantially greater once T, is 235°C, with
changes in I-FABP pre- to post-exercise of
>1000 pg/ml consistently observed under these
hot conditions; compared to increases of
<600 pg/ml in warm conditions (e.g. T, ~30°
C), and <400 pg/ml in temperate conditions (e.g.
Tamp 22-25°C) [13,14,60]. Peak values appear
immediately to 1 h after exercise, returning to
similar baseline values within 2 h on cessation of
exercise, in all trials, possibly linked to systemic
clearance. Two of these studies provide a direct
comparison, with the same participants exercising
in temperate (T, 22°C), and either warm (T,

2500

2000

1500

1000

500 .
| N

222°C (44%)  24.7°C (46%) 301c<3</) 31<:( %) 34C(16/) 35.7°C (23%)

3] 159 Gaskell etal
2019

A pre- to post-exercise plasma I'FABP
concentration (pg/ml)

Figure 3. The magnitude of intestinal epithelial injury in response
to exertional vs. exertional-heat stress. Mean + SEM. T, (RH).
Gaskell et al., 2019 from unpublished observations.

0.06

0.04

0.02

Post-exercise lactulose to rhamnose
ratio

22.2°C (44%) 30.2°C (35%) 35.4°C (26%)
3] 4] 13

Figure 4. Small intestine permeability in response to exertional
vs. exertional-heat stress. Mean = SEM. T, (RH).
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30°C) or hot (T, 35°C) conditions in rando-
mized crossover trials [13,14]. After nonheat accli-
matized endurance athletes performed treadmill
running at 60% VO, for 2 h, consuming
water ad libitum with no other nutrient intake,
the increase in I-FABP from baseline was signifi-
cantly greater following exercise in T,my, 30°C
compared to T, 22°C (A pre- to post-exercise:
184% wvs. 127%, respectively), and substantially
greater after running in T,,, 35°C (A pre- to
post-exercise:  427% vs. 127%, respectively).
Together, these studies demonstrate
a proportional increase in intestinal injury with
increasing exertional-heat stress exposure, and
associated proportional increases in exertional
and thermoregulatory strain (i.e. body tempera-
ture, heart rate, thermal comfort rating, and rating
of perceived exertion).

It should be noted that the effect of exertional-
heat stress on intestinal integrity appears to also be
related to exercise duration. Studies employing
exertional-heat stress for <2 h, which does not
provide sufficient time to induce adequate thermo-
regulatory strain, and (or) achieving core body
temperature measurements (e.g. rectal tempera-
ture (T.)) of <39.0°C, have typically observed
a far smaller rise in I-FABP, even when exercise
is performed at higher intensities and in hot ambi-
ent conditions [64-67]. Considering the precision
mechanics of the human body’s thermoregulatory
system (i.e. vasodilation adjustments for circula-
tory redistribution, increased peripheral circula-
tion, body water hemodynamics, sweating
responses, upregulated and (or) opportunistic
heat loss mechanisms- radiation, evaporation, con-
vection, and conduction), upregulated cooling effi-
ciency allows a trained athlete to cope with
a substantial amount of exertional-heat stress
before internal heat production through exercise,
and external heat exposure through hot ambient
conditions, overwhelms these mechanisms and
substantial thermoregulatory strain of clinical and
performance significance is observed (e.g. mild
heat stress at T, 30°C resulting in T,. of <39.0°
C vs. heat stress at T, 235°C resulting in T,. of >
39.0°C) [13,14,59,64,65]. In a recent study, 12 male
participants undertook 45 min of cycling exercise
at 70% of VO, in temperate (T,,, 20°C and
40% RH) and warm (T, 30°C and 40% RH)
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ambient conditions, with an additional passive
heat exposure trial [67]. The I-FABP response to
exertional stress in temperate and warm trials,
which resulted in peak T, of 38.2°C (95% CI:
38.0°C-38.3°C) and 38.3°C (38.0°C-38.6°C), was
a modest 281 pg/ml and 369 pg/ml (i.e. A pre- to
post-exercise), respectively. No change in rectal
temperature and intestinal injury was observed
with passive heating. Clearly, the failure to expose
participants to any substantial exertional-heat
stress, above the body’s natural ability to thermo-
regulate, resulted in an insignificant increase in
thermoregulatory strain and subsequently intest-
inal injury, in which values are in accordance with
Snipe et al. [14]. It therefore appears, that
a prolonged period of exertional-heat stress, that
exceeds the thermoregulatory threshold, is
a prerequisite for the occurrence of substantial
intestinal injury to warrant any clinical or perfor-
mance significance [4,68,69].

Exercise-associated gastrointestinal hyperperme-
ability is believed to arise from intestinal barrier
dysfunction, induced by splanchnic hypoperfusion,
prolonged mechanical trauma during sports such as
running (i.e. repetitive jarring of the gastrointestinal
tract), oxidative and nitrosative stress, and (or) ther-
mal effects of hyperthermia [70,71]. Gastrointestinal
permeability is commonly assessed by urinary excre-
tion of ingested nonmetabolizable sugar probes such
as lactulose and rhamnose for the small intestine,
sucralose and erythritol for the large intestine, and
sucrose for the stomach [70-72]. In terms of asses-
sing small intestinal permeability, the large sugar
probe (i.e. lactulose) crosses the epithelium via the
paracellular pathway, while the small sugar probe
(i.e. rhamnose or mannitol) crosses the epithelium
via a transcellular route. Therefore, expressing the
excretion rate of these two sugars as a ratio
(e.g. lactulose to L-rhamnose ratio (L/R)) controls
for factors affecting their urinary excretion (e.g. gas-
trointestinal transit, intestinal translocation, renal
function, and body fluid distribution after absorp-
tion) [70-72].

A pre- to post-exercise increase in intestinal per-
meability has consistently been reported. For exam-
ple, an increase in L/R (0.040) in excreted urine,
indicating a greater degree of small intestinal perme-
ability, was observed in response to 60 min running
exercise at 70% VOymax it Tamp 30°C (12-20% RH),

resulting in a reported core body temperature of
39.5°C [73]. There was however no temperate T,
comparison. Using the same exercise protocol of
60 min running exercise at 70% VOsmar, but in
Tomp 22°C (62% RH) and T, 33°C (50% RH),
resulting in a core body temperature of 38.4°C and
39.1°C, respectively, a greater increase in claudin-3,
a proposed indirect marker of intestinal permeabil-
ity, was observed on T, 33°C (A pre- to post-
exercise: 1.6 ng/ml) compared with T, 22°C
(0.9 ng/ml) [74]. More recent studies compared
small intestine permeability (i.e. dual sugar mixture
containing 5 g lactulose and 1 g L-rhamnose inges-
tion 30 min prior to the cessation of exercise), in
response to 2 h of running at 60% VOsmax it Tamp
22°C, 30°C, and 35°C [13,14] (Figure 4). Despite the
L/R progressively increasing from T,,;, 22°C to Ty
35°C, the magnitude of difference was not signifi-
cant. The time course for exercise-associated hyper-
permeability returning to baseline levels is currently
unknown. This is primarily due to difficulties in
sugar test application along a short timeframe,
researchers focusing on the magnitude of hyperper-
meability, and research employing differing mea-
surement points (e.g. pre-, during-, and post-
exercise). It is, however, speculated that recovery
would be similar to intestinal injury, and follow
a similar recovery trajectory to the primary causal
mechanisms-splanchnic hypoperfusion and gastro-
intestinal ischemia.

A recent systemic literature review confirmed the
progressive heightened intestinal hyperpermeability
in proportion to core body temperature [75].
Correlation analysis included pre- and post-exer-
cise small intestinal permeability data (r = 0.605,
p = 0.013), which may have overemphasized the
Teore to intestinal permeability relationship.
A follow-up publication, however, clearly showed
an increase in intestinal permeability in proportion
to indices of core body temperature using only
post-exertional and exertional-heat stress data
(r = 0.908, p = 0.033) [76]. This indicates that if
a minimal threshold of thermoregulatory strain is
not attained (e.g. Tcore 239.0°C), the gastrointest-
inal perturbations are negligible and of no clinical
significance or consequence [4]. Moreover, to date,
many studies have targeted gastrointestinal perme-
ability as the key variable, and in some studies the
only variable, within exercise gastroenterology



research [72,74,77,78]. Since intestinal permeability
exists on a continuum, is on its own generally
asymptomatic, and is not itself a final outcome of
EIGS (rather a step within the pathophysiology of
EIGS) [4], such variable data on its own, within the
context of exercise experimental models, may be
considered redundant, and risks data misinterpre-
tations, erroneous conclusions, and erroneous
translation into practice. Instead, it is the potential
implications of increased gastrointestinal perme-
ability that must be considered, specifically, the
translocation of pathogenic bacterial endotoxins
resulting in endotoxemia and cytokinemia [2,3,26].

Systemic endotoxemia and cytokinemia

Assessing exercise-associated systemic endotoxemia
is usually performed with an assay for gram negative
bacterial endotoxin (e.g. limulus amebocyte lysate
chromogenic endpoint assay), with or without endo-
toxin lipopolysaccharide binding protein (LBP) and
bacteria detecting soluble CD14 (sCD14) [4,71]. It
has been noted in a recent systematic review [4] that
exercise of >2 h duration, as well as, shorter higher
intensity exercise (e.g. 270% VOspmay) in hot ambient
conditions, can both result in a concentration of
circulating pathogenic bacterial endotoxins (e.g.
lipopolysaccharide (LPS)) =5 pg/ml above baseline,
which is the reference cut-off indicative of systemic
endotoxemia [2,3,64,74,79-83]. In addition to the
circulating endotoxin concentration, anti-endotoxin
antibody (e.g., IgG and IgM) should also be assessed
to determine the immune response to endotoxemia,
and to interpret the endotoxin concentration in the
context of the body’s clearance capacity [80,84-86].
In direct comparison, circulating endotoxin concen-
tration has not been found to be significantly greater
following 2 h running at T, 30°C or T, 35°C,
compared to T, 22°C [13,14]. However, anti-
endotoxin antibodies were substantially reduced
after running in T,,,;, 35°C, compared to an increase
after the same exercise bout in T,;, 22°C and T,
30°C (Figure 5), indicating that a greater immune
response was elicited when running in hot ambient
conditions to maintain a similar level of circulating
endotoxins. To avoid the potential difficulties in
interpreting endotoxin profiles resulting from exer-
tional-heat stress, endotoxin binding factors (e.g.
proteins and immune components) can be measured
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Figure 5. Endotoxin profile in response to exertional and exer-
tional-heat stress. (a) plasma gram negative bacterial endotoxin
concentration by limulus amebocyte lysate chromogenic end-
point assay, and (b) plasma IgM anti-endotoxin antibody con-
centration by Endocab ELISA assay. Mean + SEM. T, (RH).

to indirectly detect the response magnitude. For
example, plasma sCD14 concentration has been
observed to increase more substantially (380 ng/ml)
after exertional-heat stress (i.e. 2 h running at 60%
VOsmax i Tamp 35.7°C), compared with exertional
stress (i.e. 2 h running at 70% VOZmaX in T,y 24.7°
G; 53 ng/ml) [59, Gaskell et al., unpublished obser-
vations]. Moreover, the same exertional-heat stress
promoted a significant pre- to post-exercise increase
in plasma LBP concentration (1447 ng/ml) [Gaskell
et al., unpublished observations]; however, no Ty
comparisons are available to date for plasma LBP
concentration. Regardless of environmental condi-
tions, the duration of exercise appears to be critical in
the development of endotoxemia. A recent field
study, following the first 37 km stage of a 230 km
multi-stage ultramarathon event, conducted in hot
ambient conditions (T, 31-40°C), found an
increase in circulating endotoxin from baseline of
40 pg/ml [3], peaking to 80 pg/ml on cessation of
Stage 4. Additionally, despite being run in cold to
temperate conditions (T, range 0-20°C), a 24-h
continuous ultramarathon resulted in an increase of
122 pg/ml [2]. The recovery time course of exercise-
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associated endotoxemia appears dependent on the
magnitude of response. Laboratory controlled exer-
tional-heat stress studies demonstrate peak
responses immediately post- to 1 h post-exercise
[13,14,81], reducing thereafter, and reaching similar
baseline concentration within 4 h. In contrast, field-
based studies have shown a longer recovery time. In
a mountain ultra-distance triathlon, with heat expo-
sure, a modest rise in systemic LPS was observed,
returning to baseline levels within 24 h [8]. During
multi-stage ultramarathon in the heat (daily running
distance range: 37-63 km), a sustained resting and
exercise-associated ~systemic endotoxemia was
observed throughout [3].

The effect of endotoxemia, occurring either
from intestinal injury creating barrier rupture,
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epithelial hyperpermeability, or a combination of
both, can also be observed from the resulting
inflammatory cytokine profile (Figure 6). Indeed,
evidence has been presented to show a pro-
nounced systemic cytokinemia, similar to that of
clinical sepsis, in the presence of a substantial
exercise-associated endotoxemia, compared to
exertional stress per se, where the magnitude was
not sufficient to induce perturbations to systemic
endotoxin profile (e.g. <2 h of exertional or exer-
tional-heat stress) [2-4,22,87]. In general, strenu-
ous exercise leads to an in
proinflammatory and inflammatory response cyto-
kines, including interleukin (IL)-1B, tumor necro-
sis factor (TNF)-a, IL-6, and IL-8; albeit findings
have been inconsistent and do not appear to be
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Figure 6. Systemic cytokine profile in response to exertional and exertional-heat stress. Plasma (a) IL-1, (b) TNF-q, (c) IL-6, (d) IL-8,
(e) IL-10, and (f) IL-1ra concentrations by human cytokine/chemokine multiplex assay. Mean + SEM. T, (RH). IL-1f, TNF-q, IL-6, and
IL-8 peaking immediately post-exercise; while IL-10 and IL-1ra peaking 1-2 h post-exercise.



related to T, [13,14,60]. However, clear differ-
ences, due to heat stress, are observed in anti-
inflammatory cytokine responses (peaking 1 to
2 h post-exercise), with substantially greater
increases in IL-10 and IL-1 receptor antagonist
(ra) observed during recovery from 2 h running
at 60% VOyay in Tamp 35.1-35.4°C, compared to
either Ty 22.2°C or Tymp 30.2°C [13,14,60]. It
appears that the competency of the anti-
inflammatory response will dictate the magnitude
of proinflammatory cytokine concentration to
exertional-heat stress. For example, an absent
proinflammatory response after exertional-heat
stress exposure was accompanied by the highest
anti-inflammatory responses [60]; whilst modest
increases in proinflammatory cytokines after exer-
tional stress in temperate and warm conditions
adjunct with more modest anti-
inflammatory responses [3,13,14]. Thus, it has pre-
viously been suggested that in well trained and
(or) heat-adapted athletes, for whom exertional-
heat stress is well-tolerated, anti-inflammatory
responses predominate, potentially blunting proin-
flammatory cytokine responses and off-setting any
clinically significant episodes associated with pro-
nounced proinflammatory cytokinemia (e.g. SIRS)
[2,3,42,52,54,87]. This may also have performance
implications, through the proposed role of cyto-
kines (e.g. IL-6) as “fatigogens” [45,88]. On
a concerning note, for untrained individuals and
under- or deconditioned athletes that are not “fit
for task,” athletes presenting immune-dysfunction
or are immunocompromised, and (or) athletes
that have a predisposition to inflammatory
disease(s)/disorder(s), may be high risk individuals
for developing either acute or chronic health
implications linked to exercise-associated gastro-
intestinal tract originated and triggered systemic
cytokinemia.

were

Gastrointestinal motility

Gastrointestinal motility can be assessed across
different sections of the gastrointestinal tract.
The most common measurement techniques
for assessing gastrointestinal motility in exer-
cise experimental models are gastric emptying
using bolus and aspiration, radio-isotope scan-
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ning, radiopaque markers with fluoroscopy, or
C-acetate solution administration with breath
sampling; orocecal transit time (OCTT) using
lactulose administration with breath hydrogen
(H,) responses; and electrogastrography for
gastrointestinal smooth muscle neural activity
[4]. Literature relating to gastric emptying and
OCTT in response to exercise have typically
focused on the effect of exercise intensity, and
diverse drink and (or) meal types during and
after exercise, generally in short duration exer-
cise, and in temperate ambient conditions [18].
As such, there is currently limited available data
to remark on the differences of gastric empty-
ing and (or) OCTT between exertional and
exertional-heat stress. However, one study has
reported a negative correlation between gastric
emptying volume and T,. in response to 3 x 15
min bouts of running at 50% VOsmax in Tamp
18°C, 35°C, and 49°C [89]. These findings sug-
gest that increased core body temperature dur-
ing exertional-heat stress may impair gastric
emptying, and potentially contribute to the
development of upper-GIS arising from
increased gastric distension.

Assessment of OCTT, on which gastric emp-
tying will exert some influence, has been made
by providing a lactulose solution 30 min before
the cessation of exercise, then observing the
time course of the breath H, response post-
exercise [4]. This method is used because
breath samples taken during exercise do not
reflect the expected H, concentration, due to
a potential dilution effect with increased venti-
lation rate [23,90]. Unpublished data collected
from breath sample analysis, as part of Snipe
et al. [13,14], showed a rapid rise in breath H,
on cessation from 2 h of running in T, 22°C
(baseline: 2 ppm to post-exercise: 21 ppm), but
a delay of at least 30 min in breath H, response
after 2 h of running in T,,,;, 30°C (2 ppm to 19
ppm) and T, 35°C (2 ppm to 18 ppm). Taken
together, these data may indicate an increased
OCTT, and therefore reduced gastrointestinal
motility with exercise in hot ambient condi-
tions. However, as breath samples were only
collected every 30 min in the post-exercise per-
iod, it is not possible to ascertain the precise
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time of breath H, turning-point and peak, and
whether any differences in OCTT occur
between T, 30°C and T,,,, 35°C.

Carbohydrate malabsorption

Breath H, responses after consuming carbohy-
drate provide an indicator of both the presence
and magnitude of carbohydrate malabsorption
before, during, and after exercise [90,91]. Breath
samples have been collected and analyzed for H,
during exercise experimental models in temperate
conditions, where substantial carbohydrate has
been consumed during exercise, and clearly
show exertional stress induced carbohydrate
malabsorption (i.e. 210 ppm from baseline) [91]
of a pre-exercise meal, during exercise feeding,
and recovery beverage [23,29,59, Gaskell et al,
unpublished observations]. However, there are
currently no studies that allow comparison of
the same diet and exercise intervention in tempe-
rate, warm, and (or) hot ambient conditions;
whilst consuming foods and (or) fluids that pro-
vide potentially fermentable carbohydrates, and
avoiding  other  substances that produce
a quantifiable breath H, response (e.g. lactulose
used for the determination of intestinal perme-
ability). Therefore, an inference about the specific
effect of exertional-heat stress on carbohydrate
malabsorption cannot be made at this time.

Gastrointestinal symptoms

GIS are a common feature of exercise stress,
especially endurance exercise [4]. Athletes fre-
quently report an increase in GIS when exercis-
ing with the added effect of heat stress [1,13,14].
Until recently, however, no studies had pre-
viously assessed GIS in a laboratory-controlled
setting to any comprehensive degree, with vary-
ing ambient conditions. Table 2 summarizes
those studies now published in this area, asses-
sing GIS using a validated and reliability tested
modified visual analog scale [92]. The incidence
of total-GIS when completing the same exercise
protocol (i.e. 2 h running at 60% VOymax), and
consuming water only to maintain euhydration,
was <70% in temperate conditions [13,59],
increasing to 80% in warm conditions [14], and

>88% in hot ambient conditions [13,60, Gaskell
et al., unpublished observations]. The nature of
this relationship appears consistent across gut
discomfort, total-, upper-, and lower-GIS. For
example, upper-GIS incidence was <65% in tem-
perate conditions, rising to >70% in warm and
hot conditions [13,14,59,60, Gaskell et al.,
unpublished observations]. Likewise, lower GIS
incidence was <30% in temperate conditions, but
>58% in warm and hot ambient conditions. In
addition to increased incidence, the severity of
GIS appears greater when heat stress is added to
exercise proportionally. Total severity scores for
gut discomfort, total-, upper-, and lower-GIS
were greater when exercising in warm and hot
ambient conditions, compared to temperate con-
ditions (Table 2). It is interesting to note that
GIS reported during exertional-heat stress (2 h
running at 60% VOymax in Tamp 35°C), led into
GIS (58%) during the 4 h recovery monitoring
period, and into the evening (~12 h post-exer-
cise) [Gaskell et al., unpublished observations].
This suggests that exercise-associated GIS can be
long lived, despite gastrointestinal physiological
perturbations (i.e. integrity, function, and sys-
temic responses) returning to baseline levels
shortly after exercise cessation, and may inter-
tere with recovery nutrition and daily nutritional
intake [1]. The underlying causes for such a high
incidence of GIS are multifaceted (Figure 1); but
may be singular, coupled, or multicausal within
and between individual athletes, as previously
discussed, and may vary or be similar with
each exertional-heat stress exposure. Based on
the available laboratory-controlled and field
exploratory or observational evidence, the fol-
lowing summary is proposed to depict the rela-
tionship between EIGS pathophysiology and
GIS [93].

Time Time course

Pathophysiological course of

pathway: Factor:  of onset:  incidence:

Circulatory- Primary Rapid Transient Asymptomatic
Gastrointestinal

Circulatory- Secondary Delayed Prolonged Asymptomatic
Gastrointestinal or symptomatic

Neuroendocrine-  Primary Rapid Transient Symptomatic

Gastrointestinal
Neuroendocrine-
Gastrointestinal

Transient or
prolonged

Secondary Delayed Symptomatic
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Table 2. Research studies that have comprehensively assessed the impact of exertional stress, with and without heat stress, on
exercise-associated gastrointestinal symptoms (GIS), in real-time, using a validated and reliability tested modified visual analog scale

[92].
Gut Total- Upper- Lower-
discomfort  GIS'  GIS®>  GIS? Nausea Predominant symptoms

Snipe et al. [13] Incidence: NA 70% 40% 30% 10% Belching, bloating, and urge to defecate.
Tamb 22.2°C and 44% RH  Severity*: 6 (7) 608 24 3(8) 0(0
Costa et al. [59] Incidence: NA 64% 64% 27% 36% Belching, upper abdominal pain, bloating, flatulence,
Tamb 24.7°C and 46% RH Severity*: 16 (11) 24 (18) 14 (13) 4 (4 2 (3) nausea, and dizziness.
Snipe et al. [14] Incidence: NA 80% 70% 70%  40% Belching, bloating, upper abdominal pain, urge to
Tamb 30.2°C and 35% RH Severity*: 18 (15) 38 (37) 17 (190 6 (5) 8 (13) defecate, and lower abdominal pain.
Snipe & Costa [60] Incidence: NA 92% 83% 58% 25%  Belching, upper abdominal pain, urge to regurgitate,
Tamb 35.1°C and 25% RH Severity*: 23 (16) 33 (27) 20 (20) 8 (14) 3 (6) flatulence, urge to defecate, nausea, and dizziness.
Snipe et al. [13] Incidence: NA 90% 90% 70% 40% Belching, bloating, urge to regurgitate, urge to defecate,
Tamb 35.4°C and 26% RH Severity*: 25 (21) 72 (90) 34 (48) 9 (13) 13 (22) nausea, dizziness, and acute transient abdominal pain.
Gaskell et al. [unpublished Incidence: NA 88% 71%  59%  12% Belching, upper abdominal bloating, flatulence, lower

observations] Severity*: 9(13) 17 (82) 8(46) 7(22) 1(10) abdominal bloating, lower abdominal pain, and urge to

Tamb 35.7°C and 23% RH

defecate.

* Mean (SD) of summative accumulation of rating scale point score of measured time periods (corrected for number of measured time periods). GIS
include: upper- (gastroesophageal and gastro-duodenal originated: regurgitation, urge to regurgitate, gastric bloating, belching, stomach pain, and
heartburn/gastric acidosis) and lower- (intestinal originated: flatulence including lower-abdominal bloating, urge to defecate, abdominal pain,
abnormal defecation including loose water stools, diarrhea, and blood in stools) GIS, and/or other related symptoms (e.g. nausea, dizziness, and
acute transient abdominal pain). 'Summative accumulation of upper-, lower-, and other-GIS; 2summative accumulation of upper- or lower-GIS. Tmp

: ambient temperature, RH: relative humidity, NA: not applicable.

Prevention and management strategies

Considering the multifactorial etiology and pathophy-
siology of EIGS, and associated GIS, it is imperative
that athletes undergo a comprehensive individual gas-
trointestinal assessment, [4,23,93]mimicking the
ambient temperatures experienced during training
and (or) competition, in which GIS occur. Such an
assessment aims to identify which primary causal and
(or) exacerbation factor(s) (i.e. extrinsic and (or)
intrinsic) may be contributing to GIS; and should be
performed prior to any programmed intervention,
since there is no “one-size-fits-all” approach to pre-
venting or managing EIGS, and associated GIS.
Assessment should also include habitual fueling and
hydration regimes to ascertain gastrointestinal toler-
ance in response to the tested ambient temperature. It
has consistently been observed within clinical practice
and athlete support interventions that the manage-
ment of these exacerbating factors appears to be the
first line action in reducing gastrointestinal perturba-
tions and symptoms associated with exertional-heat
stress, as these attempt to attenuate the circulatory-
gastrointestinal and neuroendocrine-gastrointestinal
pathways’ primary factors. Certain dietary and nutri-
tional strategies before and (or) during exercise may
be either beneficial, favorable, neutral, or damaging in
supporting gastrointestinal health in athletes exposed
to exertional-heat stress, depending on whether or not

these strategies address the prime causal and exacer-
bating factor(s) specific to the athlete. The current
evidence for these dietary and nutritional strategies,
as part of a targeted approach to address an identified
causal and (or) exacerbating factor(s), will now be
presented.

Hydration status

Dehydration is a common feature of exercise, espe-
cially in hot ambient conditions. There is emerging
evidence that dehydration may negatively affect gas-
trointestinal integrity and function independently of
ambient temperature, leading to greater incidence
and severity of GIS. Potential mechanisms include:
(1) the increase in skin blood flow that occurs during
exercise, to aid thermoregulation, is accentuated
with the addition of heat stress, potentially exacer-
bating splanchnic hypoperfusion [94]. (2) The
increased body water losses that occur through
increased sweating during exercise, are further
accentuated with heat stress [95]. If not adequately
replaced, body water losses can result in significant
reductions in plasma volume P, [96], which may
exacerbate the effects of blood flow redistribution
in burdening splanchnic perfusion [97]. And, (3)
Dehydration has been independently shown to
increase sympathetic drive in response to exercise
stress, with the added effects of heat stress [98].
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Demonstrating this, pre-exercise dehydration
before 90 min of cycling at 70% VO Tesulted in
impaired  gastric  emptying, and  greater
GIS, compared with exercise commenced in
a euhydrated state [99]. Additionally, a 1.5% body
mass loss in response to 1 h of running at 70%
VO e Was sufficient to increase gastroduodenal and
intestinal permeability above resting levels [100]. Both
field and controlled-laboratory studies have shown
that dehydration (e.g. >2% exercise-induced body
mass loss (BML) and plasma osmolality (Pogmol)
>300 mOsmol/kg) may exacerbate endotoxemia, and
subsequently cytokinemia, in the post-exercise period
[3,81]. Laboratory data have confirmed that maintain-
ing euhydration (BML 0.6%, post-exercise Pogmol 291
mOsmol/kg, and A P, —1.0%) during 2 h of running at
70% VO i temperate conditions (T, 24.7°C and
46% RH), was more favorable in attenuating markers
of EIGS compared with dehydration (BML 3.1%, post-
exercise Pogmel 306 mOsmol/kg, and A P, —5.8%) [59].
Specifically, the exercise-associated rise in I-FABP was
significantly greater in the dehydrated state (A pre- to
post-exercise: 539 pg/ml vs. 371 pg/ml), as was carbo-
hydrate malabsorption of the pre-exercise meal,
observed by a greater increase in breath H, in the
post-exercise period (area under the curve:
1188 ppm/3 h vs. 579 ppm/3 h). However, such modest
disturbances to gastrointestinal integrity and function
did not result in exacerbation of systemic endotoxemia
or cytokinemia with dehydration. Interestingly, whilst
the incidence of total-GIS was greater in the dehy-
drated (82%) compared to euhydrated state (64%),
no differences in GIS severity were observed between
conditions. This may be because the programmed
nature (ie. forced drinking schedule) of the water
consumed during the euhydrated trial (844 ml/h), in
itself, contributed to the development of GIS. This
likely occurred through gastric intolerance due to over-
whelmed intragastric pressure, in comparison to ad
libitum intake that would cater for ameliorating these
debilitating gastric factors [101]. From a clinical per-
spective, anecdotally, we have previously observed sev-
eral endurance athletes with poor gastrointestinal
tolerance to fluid intake, despite ingesting a volume
that is grossly inadequate to maintain euhydration (i.e.
< measured sweat losses). In support of this, endurance
athletes commonly report avoiding aggressive fluid
replacement strategies, specifically to prevent the
onset of GIS during exercise [102].

Regardless of tolerance to fluid intake, over-
hydration is also associated with GIS [103]. At its
extreme, the onset of exercise-associated hyponatre-
mia (EAH), which can result from an accumulated
effect of excessive fluid intake, is associated with multi-
ple GIS [104]. These include nausea with mild EAH,
and vomiting resulting from severe EAH and (or)
EAH encephalopathy. It is recommended that athletes
assess fluid intake and losses in training and competi-
tion, using a fluid balance assessment, in order to
avoid either significant dehydration or over-
hydration during exercise [105]. For endurance exer-
cise, exceeding >4 h, where the incidence of EIGS is
greatest, body mass changes may not adequately
reflect hydration status, and care is needed in inter-
pretation of fluid balance assessments undertaken
over this duration [101,106,107]. Drinking fluid ad
libitum during such endurance exercise bouts appears
to be adequate for most individuals to maintain euhy-
dration [101,103,106]. However, a fluid balance
assessment with the additional assessment for gastro-
intestinal tolerance to fluids may help to identify indi-
viduals where ad libitum fluid consumption may not
be adequate.

As well as fluid intake, it is a common practice for
athletes to supplement with sodium, before and dur-
ing exercise [108-110]. Anecdotally, one rationale
for sodium supplementation is the focus and belief
on attenuating dehydration, and subsequently redu-
cing occurrence and severity of GIS. It has been
observed that sodium ingestion during submaximal
exercise increases thirst and voluntary fluid intake
when fluid is consumed ad libitum [111], and this
could result in greater P, over multiple hours of
exercise that influence both the circulatory-
gastrointestinal and neuroendocrine-
gastrointestinal pathways. However, sodium intake
does not appear to exert any effect on core body
temperature independent of water intake [112]. To
date, no research has confirmed whether sodium
supplementation, either independent of fluid inges-
tion or as a means of stimulating increased ad libi-
tum fluid intake, plays a role in preventing or
reducing outcomes of EIGS [113,114].

Feeding during exercise

Considering there is a hyperperfusion to the gastro-
intestinal system with digestion and absorption of



TEMPERATURE (&) 71

1200 -
e
_:; 1000 A
-
= 800
g 0 600 -
R
-
SE 400 -
A M
2L
= 200
P
-]
g 0
S
-9
< 200 -
Pre Post
b
0.040 -
Z'
5
=
g~
g2 0.030 4
gE
v g
£
g _g 0.020 - a
= I
S
E @
< $
g < 0.010 -
s S
R
wn
=
=
0.000
GLUC

1h 2h 4h

+——— Recovely ——

aab

WPH WATER

Figure 7. Change in plasma I-FABP concentration (a), and exertional-heat stress (EHS) induced small intestine permeability (b), in
response to 2 h of running at 60% VOymax iN Tamp 35°C on glucose (GLUC: white), hydrolyzed whey protein (WPH: gray), or water
(WATER: black). Mean = SEM (n = 11): **, p < 0.01 vs. pre-EHS; * p < 0.01 and ® p < 0.05 vs. WATER. From Snipe et al. [118], with

permission.

nutrients, it is feasible that regular ingestion of nutri-
ents during exercise may play an important role in
dampening exercise-associated splanchnic hypoper-
fusion, and consequently the associated gastrointest-
inal perturbations [115,116]. Indeed, Qamar & Read
[116] originally observed splanchnic blood flow to
increase with the ingestion of a liquid test meal
during a moderate intensity 15-min treadmill run.
Moreover, Rehrer et al. [117] reported a maintained
portal vein blood flow to a greater extent with glu-
cose intake pre-exercise and every 20 min, compared
with water alone, during 1 h of cycling exercise at
70% VO,max in temperate ambient conditions. The
absorption of nutrients such as glucose, amino acids,

and amino acid precursors (i.e. glutamine, aspartate,
glycine, L-arginine, and L-citrulline) provide
a stimulus for the production of metabolic vasodila-
tors, including nitric oxide, which may also poten-
tially —promote vasodilation of the villi
microvasculature, and enhance gastrointestinal per-
fusion [15,71,115].

In support of the aforementioned, Snipe et al.
[118] showed consumption of 15 g of glucose
before and every 20 min (45 g/h) during 2 h run-
ning at 60% VO, ax in the heat (T, 35°C) com-
pletely prevented epithelial injury, reduced small
intestinal permeability, supported endotoxin clear-
ance, and reduced markers of physiological strain
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(Figure 7). Furthermore, GIS incidence and sever-
ity did not intensify compared with water. In the
same study, equivalent ingestion of hydrolyzed
whey protein before and every 20 min during
running was investigated. While intestinal injury
was similarly prevented and small intestinal per-
meability substantially reduced compared with
water, endotoxin and cytokine profiles were not
affected in comparison to glucose supplementa-
tion. In addition, protein intake increased GIS
incidence and severity compared to both glucose
and water, possibly due to tolerance difficulties
under exertional-heat stress conditions. Similarly,
Lambert et al. [119] observed no additional benefit
of glutamine supplementation the night before,
immediately prior to, and within a 6% w/v carbo-
hydrate beverage during 60 min of running at 70%
VOsmax i temperate ambient conditions (T, 22°
C; T <39.0°C in all trials) on gastrointestinal
permeability, over the 6% w/v carbohydrate bev-
erage alone. It therefore appears that
frequent feeding of small amounts of tolerable
carbohydrate before and during exertional-heat
stress plays an integral part in preventing and
(or) attenuating EIGS, while not exacerbating GIS
during exertional-heat stress, unlike the ingestion
of other nutrients, such as protein.

Cooling strategies

The rise in core body temperature in response to
exertional-heat stress appears to contribute sub-
stantially toward the perturbations to gastrointest-
inal integrity, function, symptoms, and systemic
responses. It therefore seems logical that attempt-
ing to reduce core body temperature before and
(or) during exertional-heat stress would provide
a beneficial strategy to avoid such performance
debilitating and potentially health issues [120-
122]. To date, a small number of studies have
investigated the effects of internal cooling during
exertional-heat stress (i.e. per-cooling), external
cooling before exertional-heat stress (i.e. pre-cool-
ing), and heat acclimation on various aspects of
EIGS.

Internal cooling
The ingestion of cold fluid before and during exer-
tional-heat stress, for the purpose of pre- and per-

cooling, may help to minimize gastrointestinal per-
turbations, by attenuating the increase in localized
gastrointestinal temperature and peripheral blood
flow associated with exercise, and consequently les-
sening the extent of gastrointestinal hypoperfusion
[122,123]. Internal cooling strategies may also
reduce overall sympathetic drive, lessening the
extent of gastrointestinal dysfunction and (or)
paralysis [4]. Core body temperature has been
shown to reduce by up to 0.7°C with internal pre-
and per-cooling strategies during exertional-heat
stress [124-126]. In a counterbalanced randomized
control trial, male triathletes (n = 9) ingested 617 g of
an ice slurry sports drink (<1°C) during the cycle leg
of a simulated Olympic distance triathlon in the heat
(Tamp 32-34°C, 20-30% RH) or the same volume of
a control solution (i.e. sports drink at the experi-
mental room temperature, ~30°C) [127].
Intragastric temperature was significantly lower
with ice slurry ingestion compared to control at
47 min of the cycle leg, after cycling, and at 1.5 km
of the run leg; although no significant difference was
found for perceptual gastrointestinal discomfort
between trials. Using a more comprehensive experi-
mental design and analysis, Snipe and Costa [60]
investigated the ingestion of 250 + 40 ml/15 min of
cold (0.4°C) or cool (7.3°C) water during 2 h running
at 60% VOsmay i Tamp 35°C on gastrointestinal
integrity, systemic responses, and GIS, compared to
the ingestion of temperate water at 22.1°C. In com-
parison to temperate water ingestion, cold and cool
water ingestion during exertional-heat stress amelio-
rated the rise in T,. (2.0 = 0.5°C vs. 1.6 £ 0.4°C and
1.7 £ 0.4°C, respectively), resulting in a modestly
lower peak T, (38.9°C vs. 38.6°C and 38.6°C, respec-
tively) and a lower plasma cortisol concentration
(507 nMol/L vs. 435 nMol/L and 354 nMol/L,
respectively). There was no effect of water tempera-
ture on GIS incidence and severity, except for cold
and cool water ingestion tending to reduce upper-
GIS, predominately urge to regurgitate. There was
also no differences for peak post-exercise cytokine
profile (plasma IL-6, IL-1p, TNF-a, IL-8, IL-10, and
IL-1ra concentration) between cold, cool, and tem-
perate water ingestion. However, a trend was
observed for a truncated pre- to post-exercise mag-
nitude in intestinal injury (plasma I-FABP concen-
tration: -460 pg/ml and -428 pg/ml, respectively)
with cold and cool water, in comparison to



temperate water ingestion. Large individual varia-
tions in T, and post-exercise I-FABP were observed
in the cold and cool water trials, suggesting that the
ingestion of such fluid temperatures may only ben-
efit those athletes that respond well to internal cool-
ing strategies. Interestingly, outcome measures such
as T\, heart rate, and plasma I-FABP concentration
were similar with cold and cool water per-cooling,
indicating that the consumption of ~7°C water may
be as effective in reducing thermoregulatory strain
and intestinal injury as water at 0°C, and more
practical due to the difficulties of accessing and
ingesting fluids at ~0°C during exertional-heat stress.
In summary, cold or cool water ingestion before and
during exertional-heat stress appears to have no
substantial effect on GIS or systemic responses dur-
ing prolonged exercise, such as 2 h of running or
a simulated Olympic distance triathlon, but may play
a role in reducing thermoregulatory and exertional
strain, and promoting a small beneficial role on
gastrointestinal integrity.

External cooling

From a theoretical perspective, external cooling stra-
tegies before and (or) during exertional-heat stress
may also reduce exercise-associated splanchnic
hypoperfusion and sympathetic drive; and possibly
to a greater extent compared to internal cooling
strategies. This is due to the larger surface area of
the body’s periphery, versus the compacted anatomy
of the gastrointestinal tract, allowing for more effi-
cient transfer of heat or cold through temperature
transfer mechanisms. To date, no study has compre-
hensively assessed the impact of external cooling
strategies, such as (1) pre-cooling ice bath, cold
water emersion, and ice or chill vest systems, and
(2) per-cooling cold water shower or wash-down,
and ice or chill vest systems, on markers of EIGS.
However, attenuating the exercise-induced increase
in core body temperature has been shown to amelio-
rate exercise-associated cytokinemia (i.e. plasma
IL-6, I1L-12, TNFa, and IL-1ra concentration), in
both male and female populations [128,129]. One
recent study assessed inflammatory cytokine profile
in response to 90 min running at 65% VOZmaX in
Tampb 32°C (47% RH), following 1 h of whole-body
pre-cooling in a 20°C water bath on one occasion,
and 1 h of seated rest in T, 20°C (control) on
another occasion [130]. Whole-body pre-cooling
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resulted in an attenuation of eHsp72 responses, and
modest attenuation of plasma IL-6 and IL-10 con-
centrations, but no difference in plasma TNF-a and
IL-1ra concentrations were observed. In contrast,
pre-cooling with ice-vest and cold towel intervention
before 30 min of intermittent sprint exercise in the
heat showed no effect on plasma IL-6 concentration
compared to no cooling [131].

How these inflammatory cytokine responses
relate to exertional-heat stress associated gastroin-
testinal perturbations is still unknown, and war-
rants exploration. Prior to further investigation,
the following should be considered. Firstly, taking
into account the modest mean and peak T,
(38.25°C and 38.88°C, respectively), and modest
A pre- to post-exercise cytokine values [130], it is
likely the exertional-heat stress was insufficient to
promote any substantial degree of gastrointestinal
perturbations to effect systemic inflammatory
responses [4,13,14]. Secondly, the progressive rise
in Ty, from pre- to post-exercise, was more pro-
nounced with whole-body pre-cooling (3.14°C)
compared with control (2.19°C), resulting in simi-
lar peak T, (38.85°C wvs. 38.88°C) [130]. It is
speculated that whole-body pre-cooling would
therefore not promote favorable outcome in
managing EIGS in response to a substantial degree
of exertional-heat stress (e.g. 22 h of exercise in
Tamb 35°C) [4], and thus additional supportive
external cooling strategies would be required. For
example, investigation into more aggressive exter-
nal-cooling strategies, such as pre-cooling in
adjunct  with  per-cooling, tested within
a sufficient exertional-heat stress model, is
required to determine whether external cooling
strategies actually provide some protection against
EIGS.

Heat acclimatization and acclimation

Heat acclimatization and acclimation protocols have
been extensively investigated, with the aim of creat-
ing acute adaptations, such as increased plasma
volume, which improve thermoregulatory and car-
diovascular strain to exertional-heat stress; and more
prolonged adaptations, such as increased sweating
responses, renal hormonal adjustments, and
enhanced thermal perception, which improve overall
tolerance to exertional-heat stress [64,132,133].
Therefore, if thermoregulatory strain and
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intolerance is reduced by such adaptations, it is
speculated and seems logical that the magnitude of
EIGS, and associated GIS, would also be reduced. To
date, only one study has investigated the impact of
consecutive days of exertional-heat stress exposure
on markers of gastrointestinal integrity. Over five
consecutive days, participants ran at ~11.1 km/h
(running speed equivalent to 4mMol/L lactate) in
Tamb 40°C (40% RH), either to volitional exhaustion
or until an increase of 2°C core body temperature
was reached (day range: 24-26 min of exercise), with
water provided ad libitum [64]. The magnitude of
T, rise was less on Day 5 (peak: 38.7°C) vs. Day 1
(39.0°C); however, no differences were seen for phy-
siological strain index, running distance, circulating
LPS levels, plasma I-FABP concentration, and cyto-
kine profile (except for a modest reduction in
plasma TNF-a concentration). It appears the exer-
tional-heat stress, both total daily exposure and total
number of repetitive exposures, was insufficient to
warrant any substantial adaptation, especially
increased plasma volume, which is a prerequisite to
support thermoregulation and exertional-heat stress
tolerance. Indeed, frequent (24-48 h) exertional-heat
stress accumulative to 26 h, with each exposure
attaining substantial thermoregulatory strain (e.g.
T, >38.5°C) has been reported to result in
a substantial rise in P,, and subsequently improved
cardiovascular and thermoregulatory function, to
the equivalent exertional-heat stress exposure
[2,68,134]. It is therefore proposed that greater
daily exertional-heat stress and a greater number of
exposures may support the management of EIGS,
and warrants substantiation through further
exploration.

Dietary FODMAP modification

Often diet in the pre-, during-, and post-exercise
period can play a key role in influencing exercise-
associated GIS. It has almost become traditional
for athletes to alter their diets and (or) be advised
to limit their pre- and during-exercise dietary
fiber, fat, and protein intake, in order to help
prevent exercise-associated GIS. Moreover, it has
been reported that athletes without diagnosed coe-
liac disease are seeking a gluten-free dietary
approach, in the belief it may prevent symptoms
[135]. However, such a diet has failed to show any

gastrointestinal benefits in experimental models
[136]. Interestingly, in a cohort of 910 athletes,
>50% were found to unknowingly be avoiding
foods high in fermentable oligo-di-mono-
saccharide and polyols (FODMAPs) with the pur-
pose to prevent exercise-associated GIS [137].
Remarkably, 80% of the cohort self-reported gen-
eral symptom improvement.

A collection of short-chain rapidly fermentable
carbohydrates, FODMAPs are important dietary trig-
gers of irritable bowel syndrome [138,139]; and are
found in a range of foods, including fruits such as
apples and mangoes, lactose containing products such
as milk and yoghurt, and a variety of vegetable and
grain sources including legumes, wheat, rye, barley,
onion, and garlic. The malabsorption of ingested
FODMAPs can increase intestinal luminal content
through gas production and osmotic water transloca-
tion, owing to bacterial fermentation and the osmotic
properties of carbohydrate types. Consequently,
lower-GIS such as excessive flatulence, lower abdom-
inal bloating, and urge to defecate may be triggered,
and lower abdominal pain in individuals with visceral
hypersensitivity due to increased luminal distention
[31,138,139]. These same lower-GIS mimic those
experienced by athletes undertaking strenuous exer-
cise in hot ambient conditions. From a translational
perspective, compromised digestion and absorption
that may occur in response to exertional-heat stress,
risks malabsorption of FODMAPs ingested before,
during, or after exertional-heat stress [4,140]. As
a result, lower-GIS may be triggered, and plausibly,
rapid onset of upper-GIS via the ileal brake mechan-
ism [23,29,32,34]. Athletes expectedly have a high
dietary FODMAP intake, due to the variety and
volume of food and nutrient rich fluids consumed to
meet energy requirements. Indeed, in a typical diet of
a multisport athlete, 80 g/day of dietary FODMAPs
[141] was detected, in comparison to the average
Western intake of approximately ~25 g/day [142].

Dietary FODMAP modification has shown
some potential to reduce GIS in athletes at rest
and during exercise; albeit current evidence is pri-
marily derived from case studies [141,143]. There
has recently been much excitement and growing
anecdotal advocacy for the use of a low FODMAP
diet, for the purpose of reducing EIGS and asso-
ciated GIS during exercise, in athletes presenting
recurrent episodes of GIS during exercise [144].



Much of this attention appears related not only to
the published case studies [141,143], but also to
a recent single blind randomized cross-over study,
conducted in temperate ambient conditions [145].
General reductions in GIS were observed at rest
following 6 days of low (8.1 + 3.5 g/day) dietary
FODMAP provisions, compared with 6 days of
high (41.4 = 7.9 g/day) dietary FODMAP provi-
sions, in a cohort (n = 11) of recreational compe-
titive runners with symptomatic history. However,
the study appears not to have provided sufficient
exertional stress (i.e. sessions comprised of
5 x 1000 m at 100% VOsmap plus a 7 km threshold
run) to prompt GIS incidence and sufficient sever-
ity within the exercise protocol, to adequately test
the impact of the dietary intervention on GIS out-
comes of concern to athletes (i.e. during exercise)
[4]. Similarly, another study suggested a low
FODMAP diet may support a reduction in exer-
cise-associated GIS, however failed to identify GIS
incidence and severity during exercise, with prime
focus on the resting period [146]. Moreover, both
of these studies discussed the role of EIGS patho-
physiology in the incidence and severity of exer-
cise-associated ~ GIS,  but  neither  study
comprehensively measured any supportive circula-
tory-gastrointestinal or neuroendocrine-
gastrointestinal pathway markers in response to
the exertional stress [145,146]. The outcomes
from both of these studies do not present novel
findings, since it is already well established that
low FODMAP dietary interventions can reduce
GIS at rest in both free-living healthy and func-
tional  gastrointestinal ~ disorder  populations
[142,147,148]. To date, only one study has com-
prehensively investigated the impact of dietary
FODMAPs prior to exertional-heat stress on mar-
kers of EIGS and associated GIS. Non-heat accli-
matized male and female endurance and ultra-
endurance runners (n = 17) consumed a 24-h
high (47 g/day) FODMAP diet or a 24-h low
(2 g/day) FODMAP diet, in a double blind rando-
mized cross-over design, before completing 2 h of
running at 60% VO, max in hot ambient conditions
(Tampb 35.7°C, 23% RH) [Gaskell et al., unpublished
observations]. A recovery beverage matching the
dietary intervention was consumed immediately
after exertional-heat stress. In contrast to the low
FODMAP diet, upper- and lower-GIS incidence
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and severity before and during running, and across
the total intervention period (including acute and
prolonged recovery periods) were greater follow-
ing the high FODMAP diet (summative accumu-
lation of rating scale point score of measured time
periods and individual reported participant range:
44 (4-157) vs. 22 (2-76)). Breath H, concentration
was substantially greater throughout the high
FODMATP trial (area under the curve (mean and
95% CI): high FODMAP diet 2525 (1452-3597)
ppm/4h, and low FODMAP diet 1505 (1031-1978)
ppm/4 h). Interestingly, the magnitude of intest-
inal injury was found to be substantially greater on
the low FODMAP diet, compared with the high
FODMAP diet, and a trend for a greater lipopoly-
saccharide binding protein response (i.e. endotox-
emia magnitude marker) was also found in the low
FODMAP trial, possibly due to greater hypoperfu-
sion associated with lesser nutrient trafficking
along the intestinal epithelium [23,118]. In sum-
mary, findings taken from this study demonstrate
a low FODMAP diet reduces the incidence and
severity of exercise-associated GIS, possibly
through reducing carbohydrate malabsorption
and associated compromise to gastrointestinal
functional responses, but results in greater pertur-
bations to gastrointestinal integrity. Since low
FODMAP carbohydrate (i.e. glucose) ingested
prior to and frequently during exertional-heat
stress has been found to completely prevent intest-
inal epithelial injury [118,149]; best practice sug-
gests that dietary advice targeting both GIS and
gastrointestinal integrity, comprises a combination
of at least a 24-h low FODMAP diet before, and
low FODMAP carbohydrate sources ingested fre-
quently during exertional-heat stress.

Nutritional supplementation

Within the public domain, there exists a substantial
amount of testimonials and anecdotal comments sug-
gesting a wide array of nutritional supplements to
“prevent”  exercise-associated = GIS.  Despite
a substantial amount of research being conducted to
understand the potential causal mechanisms, very
limited research has been done in determining the
effectiveness of certain nutritional supplements in the
prevention and management of EIGS. To date, the
only nutritional supplement interventions that have
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received research attention, in regards to gastrointest-
inal integrity, function, and (or) systemic responses,
with or without GIS, using exertional-heat stress
experimental designs in humans, have been antioxi-
dants, amino acids L-arginine and glutamine, bovine
colostrum, curcumin, and probiotics (Table 3). Due to
the varying degrees of exertional-heat stress, the lim-
ited and inconsistent scope of EIGS markers within
and between experimental protocols, the modest
magnitude of gastrointestinal perturbation marker
amelioration (including no abolishment responses in
several studies) that do not reflect values of clinical
significance, and variability in supplementation inter-
ventions (e.g. form, dosage, frequency, and timescale),
substantial discrepancies between study outcomes are
evident. Therefore, the translational and practical
message from these nutrition supplementation inter-
ventions is difficult to ascertain, and the clinical and
performance relevance is unclear. Nevertheless, con-
sidering nutritional supplement interventions target
the secondary outcomes of EIGS, it is unlikely that
these play any substantial role in preventing the pri-
mary causal mechanisms (i.e. splanchnic hypoperfu-
sion and sympathetic drive), with only amelioration
of secondary outcomes are potentially feasible.

Probiotics

With respect to gastrointestinal health, there is
significant interest and belief amongst the general
public for the administration of probiotic supple-
mentation, with the aim of optimizing gastroin-
testinal health and preventing gastrointestinal
related issues, despite multiple systematic reviews
that do not support such claims [159-161].
Similarly, it is a common habit for athletes to
consume probiotics (e.g. pharmaceutical style cap-
sules or powders, and commercially available bev-
erages or yogurts) leading into competition,
during periods of intensified training, and (or)
episodes of ill health; whether self-administered
or recommended by the athlete’s professional sup-
port network. Considering probiotic bacteria have
demonstrated favorable mechanistic effects in vitro
on epithelial integrity, albeit using Lactobacillus
plantarum [162,163], and may have favorable clin-
ical outcomes in some populations presenting
compromised intestinal integrity (e.g. infection
and inflammation) [164], it is suggested that pro-
biotic supplementation may also ameliorate

exercise-associated gastrointestinal perturbations.
Previous research has established that as the
dosage of probiotic supplementation (e.g.
Bifidobacterium animalis ssp. lactis x 10" vs. x
10" colony-forming unit (CFU)/day) increases,
the proportion of bacteria-specific positive identi-
fication also increases [165]. Thus, it is generally
speculated that providing a higher probiotic
dosage over a shorter duration, or lower probiotic
dosage over a more prolonged time period, will
create a scenario of bacterial abundance of specific
strain(s) and a subsequent protective effect. The
mechanisms of action by which increasing the
relative abundance of certain short chain fatty
acid-producing bacteria (e.g. butyrate producing
Lactobacillus and Bifidobacterium) may provide
a protective effect to the secondary outcomes of
EIGS include, but are not limited to: enhancing the
mucosal lining, enterocyte stability and functional
capabilities, antimicrobial protein and immuno-
globulin secretions, immune regulation of luminal
pathogenic agents including enhanced regulation
of local inflammatory responses, and epithelial
tight-junction protein stability and regulatory
function [166-169].

Two blinded cross-over randomized controlled
laboratory studies and three field-based intervention
studies have reported on the impact of probiotic
supplementation on markers of gastrointestinal integ-
rity, with or without GIS, in response to exertional-
heat stress and (or) competition (Table 3). Four weeks
of capsule form Lactobacillus, Bifidobacterium, and
Streptococcus (4.5 x 10° CFU) supplementation
(n = 10 male runners) did not substantially alter
exercise-associated perturbations to gastrointestinal
integrity, endotoxemia and cytokinemia, compared
with placebo, in response to running exercise to fati-
gue (~35 min) at 80% of ventilatory threshold in T,
35°C [154]. A more recent study observed that oral
ingestion of a commercially available probiotic bev-
erage containing L. casei (volume equivalent for x10"'
CFU/day) (n = 8 male runners) for seven consecutive
days, before 2 h running at 60% VOmax it Tamp, 34°C,
resulted in a substantially greater endotoxemia (i.e. A
pre- to post-exercise: 15 pg/ml and 1 h post-exercise:
46 pg/ml) in all participants, compared with matched
placebo [81]. Despite a higher cytokinemia in the
probiotic group, the magnitude of difference to the
placebo group was not substantial enough to warrant



significance. It was speculated that these outcomes are
potentially due to the increased dosage of fermentable
carbohydrates (i.e. fructose and lactose) contained
within the probiotic beverage formulation (vs. pla-
cebo). This in turn may have altered the gastrointest-
inal microbiota composition (e.g. increase in total
bacterial abundance per se), promoting greater pre-
disposition to exercise-associated endotoxin translo-
cation, although this was not of clinical significance
(i.e. no cytokinemia indicative of sepsis was observed).
Indeed, a high FODMAP diet (95% CI: 16.9-30.6 g/
day) has been shown to result in a significantly higher
absolute bacteria abundance in the gastrointestinal
tract, compared with a low FODMAP diet (95% CI:
1.9- 4.2 g/day) [170]. Moreover, acute consumption
of fructose and lactose based FODMAP has been
linked to small intestinal bacterial overgrowth, albeit
in clinical populations [171,172]. On an additional
note, recent reviews [173,174] have referred to the
study by Lamprecht et al. [175], suggesting
a multispecies probiotic supplementation (10"
CFU/day) for 14 weeks reduced intestinal hyperper-
meability in response to strenuous exercise. Firstly,
the biomarker used to establish intestinal permeability
(i.e. fecal zonulin) is not an established marker to
detect hyperpermeability. Secondly, the ELISA kit
used to detect this none-established marker has
recently been confirmed to contain analysis issues,
warranting caution with results interpretation [176].
In regards to field based interventions, 12-week
multistrain probiotic and prebiotic (fructooligosac-
charide) capsule supplementation, with or without
an antioxidant formulation (lipoic-acid and N-acetyl-
carnitine hydrochloride), prior to an Ironman dis-
tance triathlon (n = 30), did not result in any substan-
tial pre- to post-exercise differences in intestinal
permeability and endotoxin profile [155]. It should
be noted that researchers collected blood samples at
baseline, 1 day before and 6 days after competition,
and therefore the time periods of these resting blood
samples failed to assess exercise-induced changes.
Additionally, the modest, but clinically irrelevant,
change reported in intestinal permeability (e.g. lactu-
lose-mannitol ratio on placebo: baseline to pre-com-
petition +0.03, and pre- to post-competition samples
+0.02) and gram-negative bacterial endotoxin concen-
tration (A range: 1-4 pg/ml) from baseline resting
samples, are consistent with normal daily fluctuations
[2]. Three months supplementation of 4.0 x 10"
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L. rhamnosus CFU/day beverage (n = 141) did not
reduce the incidence of GIS to a marathon competi-
tion [156]. In addition, 12-week multistrain probiotic
supplementation (n = 32), with fructooligosaccharide
or glutamine, did not differ eHSP72 responses to
a multi-stage ultramarathon competition conducted
in hot ambient conditions, compared with pla-
cebo [157].

On the contrary to common belief within the pub-
lic domain, and unclear or erroneous reporting within
scientific reviews on the role of probiotics on markers
of gastrointestinal status (i.e. integrity, function,
symptoms, and systemic responses) in response to
exercise in human populations, which have not pro-
vided evidenced substantiation [173,174,177,178], it
appears that probiotic supplementation (i.e. capsule
or beverage) does not result in any clear and substan-
tial beneficial outcomes on markers of gastrointestinal
status in response to exertional-heat stress, which is in
accordance with a recently published systematic lit-
erature review [179]. This is not surprising, consider-
ing the mechanisms of action proposed for beneficial
effects are targeted toward enhancing secondary out-
comes (i.e. integrity of the epithelial barrier), and not
on prevention or amelioration of primary causal path-
ways (i.e. hypoperfusion and sympathetic drive).
Therefore, at present, there is no justification for
advising probiotic supplementation, and safety inves-
tigation is warranted, especially in response to exer-
tional-heat stress, due to potentially unknown and/or
underlying hidden outcomes.

Glutamine

Glutamine is proposed to play a role in supporting
gastrointestinal health during exertional-heat stress by
enhancing the expression of heat shock proteins
(e.g. hsp70), which can prevent injury to the intestinal
epithelium, and subsequently reduce intestinal perme-
ability and localized and systemic inflammatory
responses [24,25]. Additionally, protein intermediates,
such as glutamine, may promote a scenario for
improved villi microvascular hyperemia, through the
production of localized metabolic vasodilators, princi-
pally nitric oxide that improves intestinal microvillus
perfusion during exercise [24,73,115]. It has been
demonstrated that glutamine supplementation (e.g.
up to 0.9 g/FFM/day) for 7 days and pre-exercise
reduced intestinal permeability, and increased expres-
sion of protective heat-shock factors (i.e. cellular
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protection) in response to 1 h of running at 70%
VOsmax in Tamp 30°C. However, no substantial
improvements in other markers of EIGS were
observed (i.e. intestinal injury, GIS, endotoxin, and
cytokine profile) [73,151,152]. Moreover, the addition
of glutamine before (2 x 1300 mg) and during exercise
(0.6% w/v) in adjunct to a 6% w/v carbohydrate bev-
erage did not provide any further benefits in attenuat-
ing intestinal injury in response to 1 h of running at
70% VOymao albeit in temperate ambient condi-
tions [119].

Bovine colostrum

Similarly, bovine colostrum is proposed to play a role
in supporting gastrointestinal health in response to
exertional-heat stress, by enhancing the expression
of cellular protection factors, which may protect
intestinal epithelial enterocytes, epithelial tight-
junction stability proteins, and regulators, and thus
maintain intestinal epithelial integrity [65,78,180-
183]. To date, only one research group has found
consistent attenuation in intestinal permeability,
with one study showing an attenuation in intestinal
injury with 14-day bovine colostrum supplementa-
tion (20 g/day), vs. placebo, prior to 20 min of run-
ning exercise at 80% VOsmaw Without heat stress
(78,180,181,183]. The clinical and performance rele-
vance of the reduced intestinal permeability is
unclear, considering this marker of gastrointestinal
integrity has limited meaning without other integrity
and systemic response markers. The transferability
of these findings is also limited due to the exertional
stress used within the experimental design, without
heat exposure. Overall, such exertional stress is not
associated with gastrointestinal perturbations of
clinical significance or pronounced GIS [4]; subse-
quently outcomes observed were modest changes to
intestinal permeability and injury [78,180,181,183].
Interesting, other research studies have found no
positive effect with varying doses of bovine colos-
trum supplementation, compared with placebo,
using more pronounced exertional stress models,
with or without heat stress, and assessing a wider
variety of EIGS markers[65,153,182]. For example, 7
days of bovine colostrum supplementation (1.7 g/kg/
day) did not alter (vs. placebo) intestinal permeabil-
ity, endotoxemia, and cytokine profile in response to
90 min of alternating cycling and running exercise in
Tamp 30°C [65], whilst 14 days of bovine colostrum

supplementation (20 g/day) did not alter (vs. pla-
cebo) intestinal injury in response to 46 min of
running exercise at 95% ventilatory threshold in
Tomp 40°C [153].

Curcumin

The anti-inflammatory properties of curcumin have
been suggested to ameliorate intestinal epithelial
inflammatory mediators, subsequently reducing the
local inflammation that promotes intestinal epithelial
injury and hyperpermeability, and potentially redu-
cing systemic endotoxin concentration and cytokine
responses [158]. Only one study to date has investi-
gated the effects of curcumin supplementation prior
to exertional-heat stress on markers of EIGS.
Curcumin supplementation for 3 days (500 mg/day)
resulted in an attenuated increase (vs. placebo) in
intestinal injury and inflammatory markers in
response to 60 min of running exercise at 65%
VO i Top 37°C [158]. It is, however, important
to note that the magnitude of intestinal epithelial
injury was modest in nature (A pre- to post-exercise
plasma I-FABP concentration: curcumin 480 pg/ml
vs. placebo 768 pg/ml) compared to more pro-
nounced exertional-heat stress models [13,60]. The
attenuation on curcumin vs. placebo was also negligi-
ble (plasma I-FABP concentration: 288 pg/ml). Such
outcomes appear to be less effective than other stra-
tegies that are likely to have broader performance and
(or) health benefits for athletes (e.g. cooling strategies,
short-term low FODMAP diet, maintaining euhydra-
tion, and (or) carbohydrate ingestion before and dur-
ing exertional-heat stress) [59,60,118,149, Gaskell
et al. unpublished observations].

Summary and practical recommendations

Considering the anticipated hot and humid ambi-
ent conditions of the 2020 Tokyo Olympic Games,
it is likely that a high incidence of reported or
unreported EIGS may occur. It is now well estab-
lished that exertional-heat stress plays a potent
role in exacerbating the primary causal mechan-
isms of EIGS, and clearly the severity of exertional-
heat stress has a direct impact on the magnitude of
secondary outcomes. EIGS has the potential to
impair nutrient delivery, exercise performance,
and increases the risk of exercise-associated GIS
and health implications. Thus, prevention and
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Table 4. Practical recommendations for the management of exercise-induced gastrointestinal syndrome, and associated gastro-

intestinal symptoms, as a result of exertional-heat stress.

Essential:

- Undertake a gastrointestinal assessment (e.g. gut challenge protocols) during exertional-heat stress, for identification of primary causal
mechanism and secondary gastrointestinal integrity and functional outcomes [4,23,93].
- Undertake a gastrointestinal assessment during exertional-heat stress in a training or competition mirrored simulation, to establish individual

tolerance to fuel and fluid types, forms, and concentrations [23,29,93].

- Identify and manage extrinsic and intrinsic exacerbating factors [4].
Strategies to consider:

- Begin exercising in hot ambient conditions euhydrated, and maintain euhydration throughout (within individual tolerance) using ad libitum fluid

intake behaviors [59,106].

- Avoid overconsuming fluids, and scenarios of exercise-associated hyponatremia [29,103,104,106].

- Carbohydrate before and frequently throughout exertional-heat stress [118].

- Undertake a gastrointestinal assessment during exertional-heat stress to establish exercise-associated nutrient malabsorption, especially of high
FODMAP sources (e.g., fructose, lactose, sorbitol, mannitol, and lupin flour) that are common ingredients found in sports nutrition products, and

adapt pre- and during-exercise nutrition accordingly [23,29,143].

- Trial and practice competition nutrition in training sessions, including specific food and fluid quality and quantity [23].
- Avoid NSAID medication in the day leading up to, immediately before, and during exertional-heat stress [39].

- Gut training protocols [23,29].

- Short-term low FODMAP diet, with or without low residue, after assessment to establish tolerance [4,93,143].
- Internal and external cooling strategies to limit thermoregulatory strain; such as pre- and per-cooling using cool fluids, and cool water bathing,

showers, or vests [60].

- Undertake appropriate heat acclimation/acclimitization protocols prior to competition in hot ambient conditions. Consider specific exercise
mode, intensity, duration, and T, per exercise bout; and also, frequency of exertional-heat exposures and timescale between exposures [69].

Unlikely to be of benefit (unclear outcomes or requiring further substantiation):

- Gluten free dietary interventions in athletes without diagnosed coeliac disease [136].

- Nutritional supplementation interventions (e.g. antioxidants, specific amino-acids, bovine colostrum, and curcumin) (Table 3).

- Probiotic supplementation (Table 3).

- Exercise or dietary regimes to alter gastrointestinal microbiota bacterial relative abundance, diversity, and (or) functional properties [4].

management strategies will be a key feature for any
athlete attempting to optimize their performance
in such environmental extremes. Emerging evi-
dence indicates that attenuating the rise in ther-
moregulatory strain in response to exertional-heat
stress may ameliorate the magnitude of secondary
outcomes; however, individual tolerance will dic-
tate the success of any particular intervention. As
such, prior to any individualized intervention,
a tailored gastrointestinal-assessment is recom-
mended as the essential first line action, to ascer-
tain the singular or multifaceted causal
mechanisms of an athlete’s gastrointestinal issues
in response to exertional-heat stress. Thereafter,
recent findings indicate management of exacerba-
tion factors, maintenance of euhydration using
cool fluids, consuming tolerable amounts of car-
bohydrate frequently (e.g., every ~20 min) during
exercise, and short-term dietary FODMAP restric-
tion, as promising strategies to moderate altera-
tions in gastrointestinal integrity and function, and
associated symptoms, in response to exertional-
heat stress. Other aforementioned strategies are
more ambiguous in nature, and their true clinical
relevance in preventing or managing aspect of
EIGS are not certain. Table 4 provides an overview

of practical recommendations for the management
of EIGS, and associated GIS, as a result of exer-
tional-heat stress.
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