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Thesis Abstract 

Prolonged exercise, particularly in the heat, results in gastrointestinal hypoperfusion and oxidative 

damage, compromising gastrointestinal tight junction proteins and intestinal mucosa wall integrity, 

increasing epithelial permeability and the potential for translocation of luminal endotoxins into the 

circulation. The aim of this thesis was to determine the effects of exercise intensity and duration, 

coupled with environmental heat stress, as well as short-term nutritional interventions, on blood 

markers of gastrointestinal damage and immune/inflammatory response in well-trained and elite 

athletes.  

 

A systematic review evaluated the effects of exercise in the heat on blood markers of 

gastrointestinal epithelial disturbance in well-trained individuals (Chapter 3). The findings of the 

review indicate that prolonged high-intensity (>70% �̇�O2max) exercise in the heat acutely increases 

biomarkers of gastrointestinal permeability (e.g. lipopolysaccharide endotoxin [LPS]) and damage 

(e.g. IFABP, sCD14) compared to exercise in cooler conditions.  

 

The first experimental study (Chapter 4) found that treadmill running at increasing intensities (i.e. 

60, 75 and 95% �̇�O2max) led to transient perturbations in gastrointestinal permeability in well-

trained athletes, as indicated by a 69% increase (0.2 EU·mL-1, 0.1 to 0.4; P=0.011) in LPS, 

irrespective of exercising in hot (34°C, 68% RH) or cool (18°C, 57% RH) conditions. However, 

LPS binding protein (LBP) was 4% (5.3 µg·mL-1, 2.4 to 8.4; P<0.001), 32% (4.6 µg·mL-1, 1.8 to 

7.4; P=0.002) and 30% (3.0 µg·mL-1, 0.03 to 5.9; P=0.047) higher in the hot condition following 

exercise at 60%, 75% and 95% �̇�O2max, respectively, compared to the cooler condition. Moreover, 

intestinal fatty acid binding protein (IFABP) was 43% (2.1 ng·mL-1, 0.1 to 4.2; P=0.04) higher 1 
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h post-exercise in the hot compared to the cool condition. Self-reported gastrointestinal discomfort 

between the HOT and COOL conditions did not differ (P=0.597). These data suggest that running 

at increasing intensities in the heat resulted in acute but transient changes in gastrointestinal 

perturbations, which were well-tolerated by the endurance-trained cohort, as indicated by the lack 

of reported gastrointestinal discomfort (i.e. symptoms).  

 

In the second experimental study (Chapter 5), non-heat acclimated male team-sport athletes 

completed a 5-session, repeated-sprint training regimen over seven days in either HOT (40°C and 

40% RH) or COOL (20°C and 40% RH) conditions. In the heat, IFABP increased by 593 pg·mL-

1 (254 to 932 pg·mL-1; 95% CI; P<0.001) immediately post-exercise and was 454 pg·mL-1 (115 to 

793 pg·mL-1; P<0.004) higher 1 h post-exercise, relative to baseline. Soluble CD14 (sCD14) 

increased by 398 ng·mL-1 (149 to 647 ng·mL-1; P=0.001) following exercise in the heat compared 

to the cool condition on Day 1 and by 308 ng·mL-1 (59 to 557 ng·mL-1; P=0.010) on Day 5. LBP 

increased by 1694 ng·mL-1 (424 to 2964 ng·mL-1; P=0.005) immediately post-exercise in the heat 

on Day 1 and remained unchanged in the cooler condition. These findings indicated that exercise 

under heat stress, rather than exercise alone, exacerbates gastrointestinal disturbances and immune 

activation when performing maximal repeated-sprint efforts. 

 

Finally, the third experimental study (Chapter 6) compared the effects of short-term (i.e. five days) 

low carbohydrate high fat (LCHF) and high carbohydrate (HCHO) dietary interventions on blood 

markers of gastrointestinal damage during a 25-km race walk in warm conditions in elite athletes. 

The results showed that the LCHF diet increased IFABP concentration by 1822 pg·mL-1 (1205 to 

2438; P<0.001) and 662 pg·mL-1 (160 to 1163; P=0.010) post and 1 h post 25-km race walk, 
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relative to the HCHO diet. sCD14 was 0.9 µg·mL-1 (0.2 to 1.7; P=0.013) higher pre-exercise, 1.9 

µg·mL-1 (1.2 to 2.6; P<0.001) higher post-exercise, and 2.5 µg·mL-1 (1.8 to 3.2; P<0.001) higher 

1 h post-exercise after consuming the LCHF diet, compared to HCHO diet. Interleukin (IL)-1Ra 

increased by 57.5 pg·mL-1 (23.8 to 91.1; P<0.001) and 84.7 pg·mL-1 (51.0 to 118.4; P<0.001) post- 

and 1 h post-exercise, and IL-10 increased by 77.5 pg·mL-1 (59.2 to 95.9; P<0.001) and 83.4 

pg·mL-1 (65.1 to 101.8; P<0.001) post- and 1 h post-exercise in LCHF diet. While IFABP is 

commonly used as a marker of gastrointestinal damage, its greater concentration in the blood 

following the LCHF diet suggests that it may have a protective function in cells under metabolic 

stress, and therefore represent a marker of increased lipid intake and oxidation. Furthermore, the 

increased cytokines (i.e. IL-1Ra, IL-10) may suggest a regulatory macrophage response in the 

LCHF group.  

 

The results of this thesis suggest that: 1) well-trained and elite athletes experience transient 

perturbations in blood markers of gastrointestinal damage when exercising in the heat; 2) maximal 

repeated-sprint exercise in the heat acutely increases gastrointestinal damage and immune 

activation compared to sprinting in the cool; and 3) LCHF diets increase IFABP concentration, 

which is typically indicative of gastrointestinal damage, however, may also act as a marker of 

increased lipid intake and alter the systemic immune inflammatory response to strenuous exercise 

in elite athletes. Furthermore, it appears that most of the current research is focused on healthy or 

trained individuals, leaving a gap in knowledge regarding the acute and chronic responses of well-

trained and elite populations. Therefore, further investigation is required to determine whether 

well-trained individuals have an enhanced capacity to overcome gastrointestinal disturbances 

during exercise in the heat compared to untrained individuals.  
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1.0  Introduction 

Exercise, particularly when undertaken in hot environmental conditions, can place considerable 

stress on the body, exacerbating immune and inflammatory responses (Lee et al., 2017; Pyne 

et al., 2014). Exercise in the heat has also been shown to result in gastrointestinal hypoperfusion 

and oxidative damage that can compromise gastrointestinal tight junction proteins and 

intestinal mucosa wall integrity, increasing epithelial permeability and the potential for 

translocation of luminal endotoxins into the circulation (Costa et al., 2020; Osborne et al., 2019; 

Yeh et al., 2013). Despite possible implications to athlete health and performance, sporting 

competitions such as Olympic and Paralympic Games and/or World/National Championships 

are held in locations that present environmental difficulties (i.e. high ambient temperatures). It 

is therefore common practice for athletes to undertake training in hot conditions to gain 

meaningful physiological adaptations, such as: improved cardiovascular and thermoregulatory 

control (Périard et al., 2015a), increased gastrointestinal blood flow and enhanced exercise 

performance (Guy et al., 2016; Pyne et al., 2014). Investigating the relationship between 

exercise, heat and the effect on blood markers of gastrointestinal damage is important for 

understanding how athlete health and performance may be impacted.   

 

Exercise-induced gastrointestinal syndrome is a term used to describe the aetiology and 

pathophysiology of exercise-associated gastrointestinal perturbations (Costa et al., 2020). As 

such, severe exercise-induced gastrointestinal syndrome may increase susceptibility to clinical 

gastrointestinal symptoms during exercise (ter Steege et al., 2012) and be associated with 

decrements in athletic performance or withdrawal from exercise (Costa et al., 2017b). During 

exercise, the redistribution of blood flow to the working skeletal muscles for oxygen delivery 

and to the skin for heat dissipation can result in a reduction of splanchnic blood flow to the 
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intestinal mucosa, further increasing susceptibility to gastrointestinal epithelial damage (Costa 

et al., 2020). Gastrointestinal ischemia is graded in proportion to exercise intensity and heat 

strain, resulting in increased translocation of gram-negative bacteria (such as 

lipopolysaccharides [LPS]) into the circulation, and further heightening the risk of an increased 

pro-inflammatory cytokine response and immune susceptibility to pathogens (Costa et al., 

2020; Gill et al., 2015b). Based on this mechanism, prolonged or high-intensity exercise in the 

heat may be detrimental to athletes depending on the extent of the damage to the 

gastrointestinal epithelium and/or the downstream immune responses to luminal pathogens 

(Yeh et al., 2013).  

 

Early research investigating exercise-induced changes in gastrointestinal damage focused 

primarily on prolonged, endurance-based exercise in temperate conditions. The studies 

measured blood LPS as an indication of gastrointestinal damage following ultradistance 

triathlons (Bosenberg et al., 1988), long distance triathlons (Jeukendrup et al., 2000), 

ultramarathons (Gill et al., 2015a), and marathons (Camus et al., 1997). However, since then, 

additional research has examined other blood markers such as intestinal fatty-acid binding 

protein (IFABP), a biomarker of intestinal barrier dysfunction (van Wijck et al., 2011), 

lipopolysaccharide binding protein (LBP), an acute-phase protein that binds to LPS (van Wijck 

et al., 2011), and soluble CD14 (sCD14), a marker of monocyte activation secondary to 

microbial translocation that plays an important role in host innate immunity to LPS (Flynn et 

al., 2007; Kitchens et al., 2005). Similarly, research has started to investigate the effect of 

environmental conditions, such as increased ambient temperature, and different exercise 

intensities on changes in blood markers of gastrointestinal damage during exercise. However, 

additional research is required to characterise the effect of environmental conditions and/or 

exercise intensity on changes in blood markers of gastrointestinal damage.  
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While changes in blood markers of gastrointestinal damage in the heat have been investigated 

in endurance exercise (Bosenberg et al., 1988; Camus et al., 1997; Gill et al., 2015a; 

Jeukendrup et al., 2000), there is currently limited research examining the effects of short-term, 

high-intensity, repeated-sprint training in hot environmental conditions on gastrointestinal 

damage, particularly in well-trained athletes. Team-sport athletes regularly undertake 

intermittent style training to optimise repeated-sprint performance (Gillen et al., 2014), often 

in harsh environmental conditions (i.e. hot ambient temperatures), however similarly to 

endurance-based exercise (Bosenberg et al., 1988), additional heat stress may be detrimental 

to epithelial integrity and increase the blood concentration of markers of gastrointestinal 

damage (Yeh et al., 2013). It has been suggested that gastrointestinal damage, measured by 

increases in IFABP concentration, may be partly attributable to the intense nature of moderate- 

to high-intensity exercise (Pugh et al., 2017; Sheahen et al., 2018). Increased LBP may also be 

associated with increased LPS, mediating the influx into the circulation, and often linked to 

increases in gastrointestinal permeability following cycling at maximum workload capacities 

(van Wijck et al., 2011). Additionally, much of the current research is primarily focused on the 

effects of a single exercise bout and acute heat exposure. This highlights a current literature 

gap investigating gastrointestinal changes following chronic and short-term heat training 

regimens commonly undertaken by athletes of team or intermittent natured sport.  

 

Dietary intake is arguably one of the largest determinants of changes in the gastrointestinal 

tract (David et al., 2014) and ensuring optimal exercise performance is achieved (Burke, 2021). 

As such, elite athletes place high importance on ensuring their nutritional plans adequately 

match their energy expenditure (i.e. training and competition) needs (Burke, 2021).  

Furthermore, we currently have very little understanding about the influence of short-term 

dietary interventions, (i.e. 5-7 days) on: (1) changes in blood markers of gastrointestinal 
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damage; (2) their role in immune system activation, specifically monocyte/macrophage 

activation; and (3) pro/anti-inflammatory responses to exercise in warm to hot conditions, 

primarily relating high-carbohydrate (HCHO) diets and low-CHO, high fat (LCHF) diets. 

 

While early research was driven by the importance of CHO intake and optimising exercise 

performance (Coyle, 1991), more recent literature argues that LCHF diets can maximise the 

contribution of fat as a substrate for exercising muscles (Volek et al., 2015). The majority of 

literature that investigates the effect of exercise in heat on blood markers of gastrointestinal 

damage does not appropriately control for, or regulate, dietary intake. Standardisation of 

dietary intake is therefore crucial in helping to control for the effect of nutrition on 

gastrointestinal changes or adverse gastrointestinal symptoms. Given athletes place importance 

on diet periodisation and nutritional requirements during different phases of training, 

understanding the interaction of different dietary interventions (i.e. HCHO or LCHF) in 

combination with exercise in warm to hot conditions, particularly in elite athletes, is pertinent 

for minimising the risk of gastrointestinal damage and/or the onset of gastrointestinal 

symptoms.  To the best of our knowledge, there is no research investigating the influence of 

short-term HCHO and LCHF diets on blood markers of gastrointestinal damage during 

prolonged, endurance exercise in warm to hot conditions in elite athletes.  

 

Given the on-going exposure of athletes to environmental heat stress during competition and 

training, it is important to understand the integrative nature with which environmental and 

physiological factors contribute to gastrointestinal damage during exercise. This information 

is required to inform preventative strategies to reduce gastrointestinal damage, particularly in 

those well-trained individuals who may regularly be exposed to difficult environmental 
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conditions. Such practical applications may include improved planning and management of 

athletes training and competing in hot environmental conditions, enhancing exercise 

performance and reducing the incidence of clinical gastrointestinal distress, and optimised 

recovery and athlete health (Snipe et al., 2018b). Furthermore, profiling of healthy individuals 

with no underlying clinical gastrointestinal symptoms may assist in providing a normative 

exercising profile under cool and hot conditions.  

 

Therefore, there is a need to investigate whether: 1) exercise intensity; 2) acute and chronic 

repeated-sprint training; and 3) nutritional interventions can elevate blood markers of 

gastrointestinal damage and as a result, alter immune/inflammatory responses. Furthermore, 

there is a need to investigate whether well-trained athletic populations have an increased 

tolerance (i.e. lower magnitude of change pre-post exercise) to changes in blood markers of 

gastrointestinal damage, particularly when exercising under heat strain.   

 

1.1  Thesis Aims, Objectives and Outline 

Athletes commonly train and compete in difficult environmental conditions (i.e. ambient 

temperature and relative humidity), increasing strain on the gastrointestinal system and 

immune function. Characterisation of the effect of exercise intensity on blood markers of 

gastrointestinal damage during exercise in the heat, particularly during short-term repeated-

sprint training, or using short-term dietary interventions, including HCHO and LCHF diets, has 

not been thoroughly investigated in well trained or elite populations. 
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Thesis Aim 

The primary aim of this doctoral thesis is to determine the effects of exercise and environmental 

heat stress on gastrointestinal damage as assessed indirectly by blood markers. Secondary aims 

of this research include investigating the effect of exercise and heat stress on 

monocyte/macrophage activation and pro/anti-inflammatory systemic cytokine responses that 

are potentially related to gastrointestinal damage.  

 

Thesis Objectives  

1. Conduct a systematic review of the current literature in relation to the effect of exercise 

in the heat on blood markers of gastrointestinal damage (Chapter 3). 

2. Characterise the changes in blood markers of gastrointestinal damage during running 

at different exercise intensities, in combination with acute heat exposure in elite athletes 

(Chapter 4). 

3. Investigate the changes in blood markers of gastrointestinal damage following 

repeated-sprint cycling in the heat in well-trained individuals (Chapter 5).  

4. Determine the effect of a short-term, repeated cycling sprint training regimen on blood 

markers of gastrointestinal damage in well-trained individuals (Chapter 5).  

5. Determine the effects of HCHO and LCHF diets on blood markers of gastrointestinal 

damage following endurance-based exercise in elite athletes (Chapter 6).   

6. Investigate the effect of exercise on monocyte activation and immunological responses 

to changes in blood markers of gastrointestinal damage following HCHO and LCHF 

dietary interventions (Chapter 6).  
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Thesis Outline 

Presented as a ‘thesis containing publications’, this doctoral research contains a mixture of 

individual peer-reviewed publications, and non-published work as each thesis chapter (Figure 

1.1). This doctoral thesis includes a narrative literature review (Chapter 2), a systematic review 

(Chapter 3), two original laboratory investigations (Chapters 4 and 5) and a registered clinical 

trial conducted as a hybrid laboratory/field nutritional intervention (Chapter 6).  

Figure 1.1 Thesis Outline  

Thesis Aims and 
Objectives 

Characterisation 

Training Adaptations 

Nutritional Intervention 

Thesis Overview 

Chapter 2: Literature Review 

Chapter 3: Systematic Review 

Chapter 4: Study 1 

Chapter 5: Study 2 

Chapter 6: Study 3 
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Chapter 2 - Literature Review 
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2.0  Introduction 

Athletes often train and compete in harsh environmental conditions (e.g. high ambient 

temperatures). These conditions can place significant strain on the body, impairing 

thermoregulatory capacity, and in some cases, impacting on athletic performance (Périard et 

al., 2015a). Targeted events such as Olympic and Paralympic Games, World Championships, 

and national or regional competitions are often held in hot and/or humid locations (i.e. Tokyo 

Games presented temperatures  of >30°C and >65% relative humidity), whereby athletes need 

to consider the appropriate preparation to minimise the effects of the environment on 

performance (Kakamu et al., 2017). As such, preparations may include prior exposure to hot 

temperatures (i.e. heat acclimation or acclimatisation), appropriate dietary and hydration 

strategies, and striking the right balance between exercise training duration, frequency and 

intensity to gain meaningful physiological adaptations (Nybo et al., 2014; Périard et al., 2015a; 

Pyne et al., 2014). Exercise in high ambient temperatures may also place additional stress on 

athlete gastrointestinal integrity, resulting in the translocation of pathogens and bacteria into 

the circulation (Costa et al., 2017b), and potentially increase the risk of exercise performance 

decrements and/or athlete health. Therefore, it is important to understand the effects of acute 

and repeated bouts of exercise in the heat on gastrointestinal integrity to prevent or reduce their 

impact on athlete health and performance.  

 

The gastrointestinal barrier plays an important role in host health and acts as the primary 

intestinal defence layer, preventing pathogens such as gram-negative bacteria from 

translocating into the circulation (Vancamelbeke et al., 2017). At rest, intestinal epithelial cell 

tight junctions are largely impermeable to gram-negative bacteria (Vancamelbeke et al., 2017), 

however, during exercise the epithelial integrity of the gastrointestinal barrier may be 

compromised, increasing tight junction permeability (Yeh et al., 2013). During intense, 
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prolonged exercise in temperate conditions, splanchnic blood flow can decrease by up to 80% 

due to the redistribution of blood to skeletal muscle for oxygen delivery and the skin for 

dissipating metabolically generated heat (ter Steege et al., 2012). This redistribution of blood 

varies based on exercise intensity and duration (Pals et al., 1997; Rehrer et al., 2001). 

Furthermore, the reductions in splanchnic blood flow can contribute to intestinal ischemia and 

the consequential oxidative stress and inflammation known to compromise epithelial tight 

junctions and cause gastrointestinal barrier damage (Costa et al., 2020). 

 

Moderate- to high-intensity exercise combined with environmental heat stress can exacerbate 

gastrointestinal damage, further elevating oxidative stress (Costa et al., 2020) and systemic 

inflammatory biomarkers associated with alterations in gastrointestinal permeability (Yeh et 

al., 2013). In doing so, prolonged, or moderate- to high-intensity exercise in the heat may 

impact health and athletic performance due to increased gastrointestinal permeability (Yeh et 

al., 2013). Athletes may also undertake interventions such as heat acclimation or 

acclimatisation to enhance performance under heat stress (Périard et al., 2015a), or alter their 

nutritional intake (i.e. pro/prebiotic supplementation (Roberts et al., 2016)), high carbohydrate 

(HCHO) (Snipe et al., 2017) or low-CHO, high fat (LCHF) diets (Burke et al., 2017)) to 

maintain gastrointestinal health and minimise the risk of altered gastrointestinal integrity 

during exercise in the heat. Understanding the contribution of physiological and environmental 

components to gastrointestinal damage in exercising humans is essential to inform strategies 

to prevent or reduce exercise-associated gastrointestinal damage. To date, research in this area 

has primarily focused on gastrointestinal damage following prolonged (i.e. marathons and 

ultra-triathlons) endurance-based exercise (i.e. running and cycling) and there is a paucity of 

research investigating higher intensity exercise and different modes of exercise. Therefore, this 

review provides an overview of the current literature investigating the effects of heat stress and 
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exercise intensity, duration and mode, on blood markers of gastrointestinal damage, and 

outlines interventions (i.e. heat training or dietary intake) to attenuate gastrointestinal damage 

following exercise in the heat. 

 

2.1  Gastrointestinal Barrier, Exercise and Temperate Conditions  

The gastrointestinal system plays an important role in host health, going beyond its primary 

function of digestion and absorption of ingested food and fluid, and contributing to the body’s 

ability to control immune responses and brain function (Lim et al., 2006; Pyne et al., 2014). 

Smaller food derived molecules are absorbed across the epithelium of the small intestine, and 

subsequently enter the circulation, whereas the large intestine is primarily responsible for re-

absorbing water and compacting waste prior to excretion (Campbell et al., 2019). The small 

intestine has three major components: the duodenum; jejunum; and ileum; and structurally it 

spans approximately six metres in length (Figure 2.1). The small intestine is lined with 

specialist cells (plicae circulares) arranged into permanent folds, whereby each plica has 

numerous villi (folds of the mucosa) and each villus is covered by epithelium with projecting 

microvilli (Figure 2.1). Due to the numerous folds of the small intestine lining, it structurally 

has a large surface area to assist in the primary function of absorption (Campbell et al., 2019). 

However, in response to exercise (i.e. intensity, duration, and mode) alone or in combination 

with environmental heat stress, gastrointestinal barrier integrity may become compromised, 

increasing the chance for luminal pathogens to translocate into the circulation, potentially 

resulting in diminished host health and exercise capacity.  
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Figure 2.1 The small intestine structure, divided into three major sections (duodenum, jejunum 

and ileum) and composed of mucosal folds and plicae circulares, which are lined with 

microvilli to increase the surface area and assist in absorption.   

 

The gastrointestinal barrier  

The gastrointestinal system provides a structural barrier between the luminal contents of the 

intestine and the systemic circulation. It serves two main purposes: to act as a filter to allow 

absorption of essential nutrients from the intestinal lumen; and to prevent the translocation of 

foreign antigens and endotoxins (i.e. lipopolysaccharides [LPS], the most abundant antigens 

on gram-negative bacteria) into the circulation (Camilleri et al., 2012; Farhadi et al., 2003). 

Under homeostatic conditions, the gastrointestinal barrier is regulated by both transcellular and 

paracellular pathways (Camilleri et al., 2012; Groschwitz et al., 2009). The translocation of 

luminal content (i.e. antigens or bacteria) can occur via the epithelial cell layer either between 

the epithelial cells (paracellular pathway) or through the cells (transcellular pathway) (Schoultz 

et al., 2020). The transcellular pathway is associated with the diffusion of solutes through a cell 
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membrane, requiring active and energy dependent transport (Schoultz et al., 2020). In contrast, 

the paracellular pathway is unmediated and passive (Schoultz et al., 2020), and is comprised 

of specialised membrane proteins that are selective of materials that can pass between the 

gastrointestinal barrier epithelial cells. The paracellular pathway is primarily maintained by 

tight junction proteins, through paracellular pore and leak permeability pathways (Camilleri et 

al., 2012; Groschwitz et al., 2009) (Figure 2.2). Using these pathways, the gastrointestinal 

barrier can be selective, regulating the movement of ions, water and nutrients, while protecting 

against the leakage of luminal related foreign antigens and endotoxins (Camilleri et al., 2012). 

The maintenance of an intact and effective gastrointestinal barrier is critical in preventing 

epithelial damage and retaining general host health (Camilleri et al., 2012; Farhadi et al., 2003).  

 

 

Figure 2.2 The paracellular and transcellular pathway movements of luminal contents into 

circulation.  

 

At rest, the gastrointestinal barrier remains largely impermeable and selective of what can pass 

through the epithelial wall. However, stressors such as exercise can result in hypoperfusion and 
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the resultant oxidative damage can impair cell tight junction proteins and compromise the 

intestinal mucosal wall, increasing permeability to intestinal luminal endotoxins such as LPS 

(Figure 2.3) (Pyne et al., 2014; Roberts et al., 2016; Yeh et al., 2013).  

 

 

Figure 2.3 Gastrointestinal barrier and tight junction alterations during rest and following 

exercise. 

 

A condition known as endotoxemia ensues when the rate of LPS clearance from the circulation 

is overwhelmed by the influx of LPS from the gastrointestinal lumen, alongside a notable 

absence or insufficient levels of anti-LPS antibodies to aid in clearance (Lambert, 2008). The 

endotoxic metabolic pathway includes the binding of circulating LPS to LPS binding protein 

(LBP) and its transfer to the cluster differentiation (CD14) receptors, which are present both in 

a membrane-anchored form (mCD14) and in a soluble circulating form (sCD14) (André et al., 

2019). LBP is an acute-phase response protein that mediates the rise in LPS and may be 
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indicative of a sustained redistribution of blood flow away from the gastrointestinal system, 

resulting in epithelial tight junction disturbance and reflecting a systemic rise in LPS (van 

Wijck et al., 2011). This endotoxic metabolic process then initiates the secretion of pro-

inflammatory cytokines (e.g. interleukin 6: IL-6; tumor necrosis factor:  TNFα) (André et al., 

2019) by activated monocytes/macrophages (Mosser et al., 2008), increasing the risk of 

gastrointestinal disturbances (i.e. gastrointestinal symptoms) (Pyne et al., 2014; Roberts et al., 

2016), and in extreme cases, septic shock (André et al., 2019).  

 

Monocytes are key cytokine producers and major role players in acute-phase inflammatory 

responses, presenting antigens of pathogens to the adaptive immune system, resulting in 

increased antibody production, and playing a vital role in removing LPS from the circulation 

(Kitchens et al., 2005) (Table 2.1 and Figure 2.4). sCD14 is a phosphatidylinositol-linked 

membrane glycoprotein, that serves as a non-specific marker for monocyte activation and a 

receptor for endotoxins, and increases in response to septic conditions (André et al., 2019). 

Plasma sCD14 concentration has been reported to significantly increase from pre- to post-

exercise following ultra-endurance running (Stuempfle et al., 2016), supported by earlier 

research reporting elevated plasma endotoxin concentrations in response to an Ironman 

distance triathlon (Bosenberg et al., 1988; Brock-Utne et al., 1988; Moore et al., 1995). 

Furthermore, this increase in sCD14 may represent monocyte activation following ultra-

endurance running, and an inflammatory immune response to increases in gastrointestinal 

damage.   
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Figure 2.4 Overview of LPS removal from circulation and the initiation of a cytokine response. 

 

In addition to LPS, LBP and sCD14, another indirect marker of gastrointestinal damage is 

intestinal fatty acid binding protein (IFABP) (Table 2.1) (Chantler et al., 2021). IFABP is a 

small intracellular protein present in mature enterocytes of the small intestine and known for 

its role in escorting lipids to different cellular compartments, however, IFABP can also be used 

as an early marker of gastrointestinal ischemia (van Wijck et al., 2011). IFABP is one of the 

most widely applied biomarkers representing enterocyte tissue damage (Costa et al., 2017; 

March et al., 2017; Pugh et al., 2017; Snipe et al., 2017; van Wijck et al., 2012). Increased 

concentrations of IFABP have been correlated with splanchnic hypoperfusion during exercise, 

suggesting it is a useful surrogate for the reduction in gastrointestinal tract blood flow (Barberio 

et al.; van Wijck et al., 2011).  
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Table 2.1 Overview of indirect blood markers of gastrointestinal damage and inflammation.   

Indirect Markers of Gastrointestinal Damage 

Biomarker Abbreviation  Description  

Lipopolysaccharides LPS LPS is an essential component of the outer 

membrane of all gram-negative bacteria 

(Camilleri et al., 2012). Endotoxic LPS are 

powerful mediators of systemic inflammation 

and a drive of septic shock.  

Lipopolysaccharide Binding Protein LBP An acute-phase protein that binds to LPS (van 

Wijck et al., 2011). 

Intestinal Fatty Acid Binding Protein  IFABP Intracellular proteins that play an important role 

in the transportation and metabolism of long-

chain fatty acids (Funaoka et al., 2010). This 

biomarker is commonly used as a marker of 

intestinal barrier dysfunction (van Wijck et al., 

2011).  

Soluble Cluster Differentiation 14 sCD14 A marker of monocyte activation secondary to 

microbial translocation that plays an important 

role in host innate immunity to LPS (Flynn et 

al., 2007; Kitchens et al., 2005) 

Pro-inflammatory markers 

Biomarker Abbreviation  Description  

Interleukin-1 Beta IL-1β A potent pre-inflammatory cytokine that is 

crucial for host-defence responses to infection 

and injury (Lopez-Castejon et al., 2011).   

Interleukin-6 IL-6 Promptly and transiently produced in response 

to infections and tissue injuries, contributing to 

host defence through the stimulation of acute 

phase responses, haematopoiesis, and immune 

reactions (Tanaka et al., 2014).  

Interleukin-8 IL-8 Secreted by several cell types and functions as a 

potent angiogenic factor, IL-8 is one of the 

major mediators of the inflammatory response. 

Similar to IL-6 but has a longer half-life 

(Brennan et al., 2007). 

Tumor Necrosis Factor TNFα Naturally produced by activated macrophages 

and monocytes. TNFα is a potent paracrine and 

endocrine mediator of inflammatory and 

immune functions (Fitzgerald et al., 2001). 

Anti-inflammatory markers 

Biomarker Abbreviation  Description  

Interleukin-10 IL-10 An anti-inflammatory biomarker that maintains 

the balance of the immune response, allowing 

the clearance of infection while minimising 

damage to the host (Howes et al., 2014). 

Interleukin-1 Receptor Antagonist IL-1Ra Inhibits the inflammatory effects of IL-1α and 

IL-1β (Vecile et al., 2013). 

Markers of Heat Shock 

Biomarker Abbreviation  Description  

Heat Shock Protein 72 HSP72 Highly responsive to cellular stress including 

those associated with exercise. HSP72 is 

thought to be primarily responsible for the 

protective effects of the heat shock response 

(Henstridge et al., 2016). 
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Factors influencing gastrointestinal damage 

Splanchnic blood flow and gastrointestinal damage can be influenced by multiple factors, 

including but not limited to, exercise duration, intensity and mode (ter Steege et al., 2012). The 

association between exercise and gastrointestinal damage has been subject to increasing 

examination, whereby the majority of the research has focused on prolonged, submaximal 

endurance exercise such as running or cycling (Costa et al., 2017b). Higher intensity exercise 

(e.g. >70% of maximal rate of oxygen consumption (�̇�O2max)), however, may also elicit similar 

gastrointestinal responses to prolonged endurance exercise, such as increases in circulating 

endotoxins (Shing et al., 2014). Conversely, several studies have reported no significant 

changes in gastrointestinal damage following 60 min of treadmill running at 60-70% �̇�O2max 

(Lambert et al., 2008b; Wijck et al., 2014; Yeh et al., 2013). However, research has suggested 

that minor increases and decreases in the magnitude of gastrointestinal damage may dampen 

the provisions of recovery nutrition, which may have greater implications on exercise recovery 

following exercise in the heat (Snipe et al., 2018b). Therefore, further research investigating 

the effects of exercise duration, intensity and mode on gastrointestinal damage is required.  

 

Moderate and vigorous intensity endurance exercise in temperate conditions  

Splanchnic organs receive approximately 20% of the cardiac output at rest, but only consume 

10-20% of the available oxygen (Rowell et al., 1964). At the onset of exercise, sympathetic 

tone increases in response to increasing vascular resistance, leading to a decrease in splanchnic 

blood flow (Christensen et al., 1983). During exercise, splanchnic blood flow is reduced to 

maintain adequate blood supply to the working skeletal muscles and perfuse the cutaneous 

vasculature (Rehrer et al., 2001; Rowell et al., 1964; ter Steege et al., 2012; Yeh et al., 2013). 

Research investigating the relationship between relative exercise intensity and splanchnic 

blood flow (Rehrer et al., 2001; Rowell et al., 1964; ter Steege et al., 2012) has demonstrated 
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that reductions in splanchnic blood flow of 30-60% following 30 min of moderate-intensity 

exercise (60–70% �̇�O2max) can occur . Similarly, during moderate- to high-intensity exercise 

at 70% �̇�O2max, gradual reductions in portal vein flow can decrease by 20% following 10 min 

of cycling and by up to 80% following 60 min of cycling (Rehrer et al., 2001).  

 

Exercise-induced gastrointestinal damage has been reported over varying exercise durations 

(Otte et al., 2001; ter Steege et al., 2012; van Wijck et al., 2011), however, earlier research 

seems to focus on prolonged, endurance-based activities at a submaximal intensity (Bosenberg 

et al., 1988; Camus et al., 1997; Jeukendrup et al., 2000). Following ultra-distance triathlons 

(Bosenberg et al., 1988), long distance triathlons (Jeukendrup et al., 2000), ultramarathons (Gill 

et al., 2015a) and marathons (Camus et al., 1997) in temperate conditions, increases in plasma 

LPS were reported. High-intensity endurance exercise, at 80% peak oxygen consumption 

(�̇�O2peak) also resulted in increases in small intestinal permeability following 60 min of 

treadmill running, however, increased permeability was not reported following exercise at 40-

60%  �̇�O2peak (Pals et al., 1997).  Similarly, cycling at 70%  �̇�O2max for 60 min moderately 

increased small intestinal damage and splanchnic hypoperfusion, as reflected by plasma IFABP 

concentrations (van Wijck et al., 2011). Conversely, it has been reported that cycling for 60 

min at 70%  �̇�O2max in temperate conditions did not alter circulating IFABP concentrations in 

trained male cyclists (Osborne et al., 2019). Nevertheless, the extent of gastrointestinal damage 

and its relationship with exercise has been demonstrated to correlate with hypoperfusion, 

suggesting that there may be an association between exercise-induced hypoperfusion and 

alterations in intestinal integrity (van Wijck et al., 2011).  
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High intensity intermittent exercise in temperate conditions 

High intensity intermittent exercise involves the repeated production of near-maximal and 

maximal efforts, often in combination with skillful actions (Bishop et al., 2013). Team-sports 

involve such demands,  including explosive accelerations, sprinting, jumping and kicking, 

separated by brief recovery periods over the duration of a game or match (Bishop et al., 2013).  

While team-sport performance is predominately determined by tactical and technical 

proficiencies, athletes require highly developed and specific physical capabilities, and as such, 

often undertake high-intensity interval training to optimise repeated-sprint performance 

(Bishop et al., 2013). Despite the known benefits of high-intensity, intermittent training, such 

as improved  �̇�O2max and running economy (Gillen et al., 2014), there is a paucity of research 

investigating the impact of such exercise on the gastrointestinal system. However, it has 

previously been reported that high-intensity intermittent exercise may elicit similar 

gastrointestinal responses to endurance exercise, regardless of activity duration (Pals et al., 

1997; Pugh et al., 2017).  

 

Significant changes in  gastrointestinal ischemia has been reported in temperate conditions 

following 30 min of maximal rowing (Nielsen et al., 1995) and cycling (Otte et al., 2001). 

Higher intensity intervals in temperate conditions at 120%  �̇�O2max have also increased IFABP 

concentration by ~72%, during and following exercise, relative to rest (Pugh et al., 2017). 

Furthermore, intestinal damage was elevated in athletes, as indicated by increased serum 

IFABP concentration, following a running test at 80% of their best 10-km speed (Karhu et al., 

2017). However, increases in gastrointestinal permeability and intestinal cellular damage (as 

indicated by urine l-rhamnose ratio, and LPS and IFABP concentration) have been reported in 

trained athletes following high-intensity interval running (Pugh et al., 2017), suggesting that 
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splanchnic hypoperfusion, as a result of high-intensity exercise, may be a primary mechanism 

to exercise-induced gastrointestinal damage.  

  

Exercise mode 

Exercise mode may contribute to the magnitude of gastrointestinal damage. Lower frequencies 

of gastrointestinal symptomology have been reported in cycling (Rehrer et al., 1991) and in 

one research study, no symptomology was been reported during swimming (de Oliveira et al., 

2009), in comparison to research investigating running based activities (Pals et al., 1997; Yeh 

et al., 2013). For example, triathletes have been shown to experience a greater degree of clinical 

gastrointestinal symptoms (i.e. discomfort and cramping) during the running leg of a triathlon, 

compared to the swim and ride (Rehrer et al., 1992; van Nieuwenhoven et al., 2004).  However, 

despite running being the final leg of a triathlon, other running based research has reported 

increases in the vibration and mechanical stress in the abdominal region, likely due to elevated 

ground reaction forces, which is double that of cycling (Rehrer et al., 1991). However, there is 

insufficient research to suggest that exercise mode alone can contribute to gastrointestinal 

damage, and it is possible that exercise duration, intensity and environmental heat stress may 

contribute to increased gastrointestinal disturbance.  

 

2.2 Gastrointestinal Damage, Exercise and Hot Conditions 

Heat stress and exercise can affect a wide range of thermoregulatory, immune, inflammatory 

and neuromuscular systems down to a molecular level (Pyne et al., 2014), typically reducing 

exercise capacity in both acclimated and unacclimated athletes (Cheuvront et al., 2010; Jones 

et al., 2012; Wendt et al., 2007). Similarly, immune and inflammatory responses to heat stress 

and exercise, combined with compromised gastrointestinal integrity and the associated 
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translocation of pathogens into the circulation, may further impair athlete health and 

performance exercise capacity.  

 

The Thermoregulatory System 

The hypothalamus is a neural structure that contains the highest level of thermoregulatory 

integration (Wendt et al., 2007). It is comprised of a large number of heat and cold sensitive 

neurons that monitor blood temperature to the brain and thus detects changes in core body 

temperature (Zhao et al., 2017). As a result, the hypothalamus is responsible for initiating 

thermoregulatory responses, including modulating skin blood flow via adjustment in 

vasomotor tone (Wendt et al., 2007). During exercise, vasomotor responses lead to a 

redistribution of blood flow to allow: 1) the redirection of circulation away from inactive tissue 

to allow for a greater percentage of cardiac output to be distributed to working muscles to meet 

increased metabolic demands; and 2) an elevation in skin blood flow and sweat secretion for 

the purpose of heat dissipation (Périard, 2012; Wendt et al., 2007). The percentage of blood 

flow redistribution varies depending on exercise intensity, duration and mode (Rehrer et al., 

2001). In addition to an increase in skin blood flow, the activation of eccrine sweat glands 

causes sweat to be excreted on to the skin surface, promoting heat loss via evaporation (Baker, 

2019).  

 

Thermoregulatory mechanisms (i.e. cutaneous vasodilation and sweating) and behavioral 

mechanisms (i.e. active cooling) are responsible for maintaining core temperature at a 

homeostatic set-point of ~37°C (Périard et al., 2021; Wendt et al., 2007). The combination of 

redistribution of blood flow to the skin and sweating can increase physiological mechanisms 

such as cardiac output and heart rate, and result in a decline in central blood volume (Wendt et 

al., 2007). During exercise in hot environmental conditions, the gradient for heat loss to the 
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environment is dependent on the increased metabolic heat production of the working skeletal 

muscles, and the environmental temperature (Tikuisis et al., 2002). When heat is transported 

to the skin via cutaneous vasodilation, heat loss to the environment occurs through convection 

and sweating (Wendt et al., 2007).  However, when humidity and temperature in the 

surrounding environment increase, it becomes harder to maintain a heat balance (Périard, 

2012), resulting in an increased rate of body heat storage (i.e. core temperature) (Tikuisis et al., 

2002).   

 

The Gastrointestinal Barrier 

Athletes often undertake periods of intense training and heat acclimation or acclimatisation in 

preparation for competition, potentially increasing immune and gastrointestinal disturbances 

(Lim et al., 2006). Such disturbances may include the suppression of cell-mediated immunity, 

the translocation of LPS from the intestinal lumen into circulation, the suppression of anti-LPS 

antibodies and an increased concentration of cytokines, all of which can threaten athlete 

gastrointestinal health and exercise performance (Lim et al., 2006). Previous research has 

suggested that immune cell function (i.e. cytokines, T-cells, natural killer (NK) cells, 

leukocytes and lymphocytes) is temporarily impaired immediately post- and up to 72 h post-

exercise in the heat (Mackinnon, 1999; Nieman, 1994; Pedersen et al., 1995), whereby during 

this time, the body may be vulnerable to dormant pathogens that can prolong gastrointestinal 

symptoms or contribute to infection (Pedersen et al., 1995). However, more recent 

investigations have reported a limited effect of exercise in the heat on neutrophil function, 

monocyte function, natural killer cell activity and mucosal immunity (Walsh et al., 2006). 

While impaired gastrointestinal integrity and potential illness susceptibility may still be 

considered a side effect of exercise in the heat, more recent evidence supports the contention 

that exercising in the heat does not pose a threat to immune function (Walsh et al., 2006). 
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Nevertheless, gastrointestinal integrity may still be compromised by reductions in splanchnic 

blood flow and hyperthermia, therefore needs to be a close consideration during exercise under 

heat stress (Yeh et al., 2013).  

 

Blood Markers of Gastrointestinal Damage and Inflammatory Response 

The reduction in intestinal blood flow during exercise can be further exacerbated by 

hyperthermia when exercising in the heat (Figure 2.5) (Yeh et al., 2013). For example, treadmill 

running at 70% �̇�O2max in 33°C and 55% relative humidity (RH) increased circulating LPS by 

~54% compared to cooler conditions (22°C and 62% RH) (Yeh et al., 2013). Similarly, IFABP 

was shown to increase by ~563% following 90 min of cycling and running in 30°C (Morrison 

et al., 2014), 140% following 60 min of cycling at intensities between 40-70% �̇�O2max in hot 

(35°C and 53% RH) compared to temperate (20°C and 55% RH) conditions (Osborne et al., 

2019), and 46% following 26 min of running in 40°C at threshold pace (Barberio et al., 2015). 

Interestingly, a 10-day exercise-heat acclimation regimen did not attenuate the post-exercise 

increase in IFABP compared to Day 1 following 60 min of cycling at 50% �̇�O2max in 40°C 

(Lee et al., 2017).  

 

A dose-response relationship between markers of intestinal damage (i.e. plasma IFABP 

concentration) and environmental temperature has been reported, with an increase in intestinal 

damage associated with an increase in temperature from 22 to 35°C (Snipe et al., 2018a, 2018b; 

Yeh et al., 2013). Compared to exercise in temperate conditions (22°C and 44% RH), exercise 

in the heat (35°C and 26% RH) increased gastrointestinal injury and symptoms, reduced anti-

endotoxin antibodies and endotoxin clearance capacity, and promoted greater cytokinaemia 

and inflammatory monocyte activation, despite no difference being observed in small intestinal 

permeability (Snipe et al., 2018a). The increase in gastrointestinal injury during exercise in the 
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heat may have been attributed to increased core temperature in combination with decreased 

splanchnic blood supply, as participants were exercising at the same absolute running speed. 

This suggests that physiological strain and therefore, overall intensity, may have differed 

between ambient temperatures, whereby core temperature and heart rate were higher in the heat 

whilst running at the same speed (Figure 2.5) (Snipe et al., 2018a, 2018b).  On the other hand, 

when exercise is performed at the same relative intensity, but in different environmental 

conditions (i.e. hot versus cool), markers of gastrointestinal damage are similar (Sheahen et al., 

2018). Furthermore, short-term (i.e. 45 min) passive heat exposure (in 30°C and 40% RH)  was 

reported to not influence gastrointestinal integrity, suggesting that gastrointestinal damage may 

be mediated by exercise intensity rather than environmental temperature (Sheahen et al., 2018).  

 

During exercise in the heat, there is a complex and dynamic interplay between hyperthermia, 

the coagulation cascade and systemic inflammatory responses (Pyne et al., 2014). Impaired 

endurance performance when exercising in hot environments stems from the influence of 

whole-body hyperthermia on cardiovascular, central nervous system and skeletal muscle 

function (Cheuvront et al., 2010; Périard et al., 2021). Individuals with greater fitness levels 

(e.g. trained or elite athletes) may have an enhanced ability to tolerate exercise in the heat, 

given the frequent exposure to LPS endotoxins as a result of routine exercise (Lim et al., 2009). 

This increased tolerance may be due to greater thermoregulatory responses and improved 

splanchnic blood flow, potentially attenuating the detrimental side effects of exertional-heat 

stress (Lim et al., 2009).   
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Figure 2.5 Overview of gastrointestinal changes during exercise in the heat.  
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2.3  Training History and Gastrointestinal Damage 

It has been suggested that individuals who are more regularly exposed to circulating 

endotoxins may experience reductions in blood concentrations of markers of gastrointestinal 

damage and/or an enhanced ability to tolerate increased concentrations (i.e. lack of 

gastrointestinal symptom onset) during exercise in the heat given their training history (Lim et 

al., 2009). Repeat exposure to high core temperatures during training and competition, along 

with an increased tolerance to high-intensity exercise may explain part of this adaptation (Lim 

et al., 2009). Well trained athletes, and those who participate in regular physical activity, may 

develop an improved endotoxin tolerance as a result of repeated exposure to LPS, a higher 

than normal anti-LPS antibody concentration at rest (Bosenberg et al., 1988) and an improved 

immune response to the presence of LPS. Furthermore, it has been reported that highly trained 

athletes (Sessions et al., 2016), compared to untrained individuals (Sheahen et al., 2018), have 

considerably lower circulating plasma IFABP following 60 min of running at 70% �̇�O2max, 

supporting the notion that well-trained individuals may have an enhanced tolerance to 

increases in markers of gastrointestinal damage when exercising in the heat.  

 

It has also been demonstrated that both single bouts of exercise and frequent physical activity 

can stimulate the immune system (Campbell et al., 2018). Contemporary evidence from 

epidemiological studies has shown that regular physical activity may reduce the incidence of 

communicable (i.e. viral and bacterial) and non-communicable (i.e. cancer) diseases, implying 

that immune competency is enhanced by exercise (Campbell et al., 2018). Consequently, 

highly trained athletes may have an enhanced immune capacity compared to their untrained 

counterparts. There is growing evidence in both humans and rodents that exercise enhances, 

rather than suppresses, immune responses (Campbell et al., 2018). Following exercise-induced 

LPS translocation, an immune response is commonly elicited by LBP, presenting the LPS to 
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cell surface pattern recognition receptors (CD14) on macrophages (Le Roy et al., 2001). This 

typically results in an increase of inflammatory cytokines. However, if trained athletes have 

an increased tolerance to LPS translocation and increased epithelial integrity when exercising 

in the heat, inflammatory cytokine response may be attenuated. Furthermore, exercise in the 

heat may result in self-immunisation through the enhanced expression of heat shock protein 

72 (HSP72) (Selkirk et al., 2008). Endotoxin tolerance may lead to a shift away from pro-

inflammatory responses towards an anti-inflammatory and pro-resolution response (Collins  et 

al., 2015). Exercise in the heat may therefore increase anti-inflammatory cytokine release and 

enhance the innate immune response against LPS (Collins  et al., 2015).  

 

Aerobically-trained individuals typically experience less of a reduction in splanchnic blood 

flow compared to untrained individuals at the same absolute intensity (McAllister, 1998) and 

appear to attain higher core temperatures (39.5°C in trained vs 38.8°C in untrained following 

exercise to exhaustion), enhancing endurance capacity in the heat (Selkirk et al., 2001). 

However, this advantage may not be directly related to aerobic fitness per se (i.e. �̇�O2max) 

(Ravanelli et al., 2020). When exercising at similar relative intensities, but higher metabolic 

rates (i.e. absolute work rate), trained individuals may experience an increased rate of heat 

storage (Mora-Rodriguez et al., 2010) and fatigue at similar or elevated core temperatures 

(Périard et al., 2012; Selkirk et al., 2001). Therefore, adaptations related to training may 

enhance the capacity to tolerate a given level of thermal strain before a reduction in work rate 

occurs. Moreover, aerobically fit individuals and those who have a history of habitual exercise 

training have greater exercise-heat tolerance in an uncompensable heat-stress environment 

compared to their less fit counterparts (Cheung et al., 1998). It has been suggested that trained 

individuals can produce rapid and elevated acute-phase protein responses to mediate the influx, 

and presence, of LPS when exercising in the heat (Lim et al., 2009). Research has also 
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concluded that the magnitude of improvement in physiological strain with heat acclimation is 

greater in those subjects with high aerobic fitness (Cheung et al., 1998). Despite this, more 

recent investigations have reported no difference between endurance trained and recreationally 

active participant cohorts following hot water immersion heat acclimation during exercise-

heat stress, highlighting the need for further investigation (Zurawlew et al., 2018). 

 

2.4  Interventions to Mitigate the Effects of Heat Stress 

Currently, uncertainty remains regarding the best way to mitigate gastrointestinal damage that 

occurs in response to exercise in the heat. While a rise in core temperature may not be the sole 

contributing factor increasing gastrointestinal damage, research suggests that whole-body heat 

storage and the resultant hyperthermia may contribute (Peters et al., 2001). Thus, interventions 

to mitigate heat stress and gastrointestinal damage induced by exercise in the heat, would prove 

beneficial for athletes who train and compete in harsh environmental conditions (Buchheit et 

al., 2013; Buchheit et al., 2011; Racinais et al., 2014; Racinais et al., 2012). Such interventions 

may include heat training or dietary intervention. The outcome of such interventions is twofold: 

to assist in mitigating or delaying the onset of gastrointestinal damage and exercise-induced 

endotoxemia, and to help maintain optimal athletic performance when exercising in the heat. 

 

Heat Training 

Heat training is suggested to induce numerous physiological adaptations (i.e. heat acclimation) 

and enhance exercise performance in hot environmental conditions (Périard et al., 2015a). The 

adaptations include reduced oxygen uptake at a given power output (Sawka et al., 1983; Young 

et al., 1985), muscle glycogen sparing (Febbraio et al., 1994; Young et al., 1985), reduced 

blood lactate at a given power output (Young et al., 1985) and plasma volume expansion (Bass 

et al., 1958; Senay et al., 1976). Given the high volume of summer sporting competitions (i.e. 
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Olympic and Paralympic Games, World Championships), it is imperative for athletes to 

appropriately prepare. Following heat acclimation, the temperature thresholds for both 

cutaneous vasodilation and onset of sweating are lowered, which in combination with plasma 

volume expansion, can improve cardiovascular stability (Wendt et al., 2007).  

 

Heat training has been used by athletes competing in the heat (Buchheit et al., 2013; Buchheit 

et al., 2011; Racinais et al., 2014; Racinais et al., 2012) as it facilitates improvements in 

exercise performance by reducing thermal and physiological strain (Nybo et al., 2014). Heat 

training interventions can enhance power output during sprint cycling (Castle et al., 2011), 

high-intensity intermittent running (Sunderland et al., 2008) and distance covered during 

standard training drills (Racinais et al., 2014) in hot environmental conditions. Adaptations to 

the heat generally take between 7-14 days to develop when exercising at a moderate-intensity 

exercise (Maughan et al., 2004; Périard et al., 2015a).  

 

Although regular exposure to heat stress improves thermoregulatory capacity and performance, 

exercising under heat stress induces increases in whole-body temperature and the risk of severe 

hyperthermia (Périard et al., 2015a), which heightens the risk of integrity loss within the 

gastrointestinal epithelial lining (Snipe et al., 2018a). This loss may potentially induce the onset 

of gastrointestinal symptoms such as vomiting, diarrhea, cramping and bloating (Costa et al., 

2020). These symptoms are acute and largely transient, therefore do not often hamper an 

athletes’ long-term health. However, these symptoms may contribute to increased 

gastrointestinal discomfort and impair exercise performance (de Oliveira et al., 2014). The 

severity of gastrointestinal symptoms can vary depending on the individual and sport 

(predominantly reported in endurance-based activity), causing disruption to athlete training and 

competition performance (de Oliveira et al., 2014). Interventions that reduce the risk of 
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gastrointestinal symptom onset, such as repeat exposure to an increased core body temperature 

(i.e. heat acclimation), may induce physiological adaptations associated with greater thermal 

tolerance (Armstrong et al., 1991; Garrett et al., 2012). Repeat exposure to exercise and heat 

stress has also been suggested to decrease the severity of gastrointestinal symptoms, initiate 

protective effects on the gastrointestinal tract and reduce the risk of endotoxemia occurring 

(Peters et al., 2001).   

 

There are no studies examining the effects of training load and repeated bouts of heat training 

on gastrointestinal damage. However, research investigating pre- and post-training intervention 

plasma endotoxin concentration, pro inflammatory cytokine concentration and anti-LPS 

antibody concentrations during exercise in the heat have been conducted (Lim et al., 2009).  

Male runners performed 14 days of normal training load (control) or 14 days of 20% increased 

training load. Plasma LPS concentration immediately after exercise increased by 71% (trial 1) 

and 21% (trial 2) in the control group, and by 92% (trial 1) and 199% (trial 2) in the increased 

training load group. However, following the training intervention, LPS concentration was 51% 

lower before exercise and 33% lower 1.5 h post-exercise in the increased training load group, 

compared to trial 1 (Lim et al., 2009). Thus, it appears that a short-term increase of 20% in 

training load reduced plasma LPS concentration at rest and 1.5 h after exercise. The reduced 

LPS concentration pre- and post-exercise following the increase in training load may reflect 

adaptive changes in the mechanisms regulating inflammatory responses to exercise and heat 

stress (Lim et al., 2009). Furthermore, biomarkers of gastrointestinal damage may be improved 

if training load increases are well tolerated by athletes, and increased training load may be used 

as an intervention to help protect against the development of endotoxemia during exercise in 

the heat (Lim et al., 2009).  

 



 

 

33 
 

Nutritional interventions  

Dietary intake is one of the largest determinants of exercise performance and is central to 

supporting elite athletes (Evans et al., 2017). Elite athletes place significant importance on 

dietary and fluid intake to ensure their energy expenditure needs are met with appropriate 

nutritional planning (Burke, 2021). As such, dietary interventions are commonly applied to 

maximise athletic performance and minimise the risk of energy deficiency, as well as optimise 

gastrointestinal health.  

 

High CHO intake has historically driven nutritional research within sport sciences with the 

promotion of maximising muscle glycogen stores prior to exercise and consuming exogenous 

CHO during exercise (Coyle, 1991). While nutritional guidelines acknowledge that a universal 

recommendation of absolute CHO is not suitable, endurance athletes need to utilise pre‐event 

CHO loading and CHO intake during exercise to optimise muscle glycogen content and sustain 

high CHO availability (Burke, 2021). This strategy is believed to enhance endurance 

performance by sustaining CHO oxidation (Stellingwerff et al., 2014) and supporting motor 

recruitment, pacing and perception of effort throughout exercise (Burke et al., 2015).  

 

During prolonged exercise skeletal muscle contractions are fuelled by intra‐ and extra-muscular 

CHO and lipid substrates, with amino acids only providing a minor contribution (Burke et al., 

2017; Hawley et al., 2015). These observations were made over a century ago (Zuntz et al., 

1901) whereby manipulations of fat and CHO in the diet were made over several days. This 

resulted in changes in the respiratory exchange ratio (RER) during subsequent submaximal 

exercise. These changes demonstrated the benefits of CHO as a substrate for muscle 

metabolism, yielding ~8% more energy per litre of oxygen consumed (Burke et al., 2017). An 

alternative view, however, has recently gained popularity (Burke et al., 2017; Burke et al., 
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2020; McSwiney et al., 2018; Noakes et al., 2014; Prins et al., 2019; Shaw et al., 2019; Volek 

et al., 2015). LCHF diets have been suggested to maximise the contribution of fat as substrate 

for exercising muscles whereby even the leanest of athletes have an abundance of endogenous 

lipid stores in comparison to limited CHO reserves (Burke, 2021; Volek et al., 2015). Fat plays 

a dominant role in supplying the human body with fuel. During lean times, the energy reserves 

relied upon consist almost exclusively of fat, supporting the argument that over 2 million years 

of evolution has equipped the human body to effectively use fat as its primary functional fuel 

(Volek et al., 2015). The LCHF dietary intervention is suggested to upregulate the release, 

transport, uptake and utilisation of fat in the muscle, even in endurance-trained individuals 

whose training would be expected to maximise such adaptations (Spriet, 2014). By limiting 

carbohydrate intake, the body can regulate, control and increase the production of ketone 

bodies, increasing the utilisation of fat as a substrate (Volek et al., 2015). This exposes the body 

to increased levels of circulating ketones, entering a state of ketosis, whereby the body can 

adapt to using fat as its primary fuel during submaximal exercise (Volek et al., 2015). However, 

while gastrointestinal damage is commonly indicated by an increase in the concentration of 

LPS, LBP, IFABP and sCD14 in the blood, increases in IFABP may result from an increase in 

lipid intake and oxidation (Furuhashi et al., 2008). This possible effect of LCHF dietary intake 

warrants further investigation, to determine the role of IFABP during high lipid consumption. 

 

While dietary intake is responsible for fuelling the body, the gastrointestinal system is critical 

in ensuring the body appropriately digests and absorbs its nutritional contents. Exercise, heat, 

macronutrient intake and inadequate or excessive fluid intake above tolerance levels during 

exercise, have been suggested to contribute to gastrointestinal symptoms and small increases 

in intestinal permeability (Costa et al., 2017b; Lambert et al., 2008a). Currently, there is ample 

research investigating high-CHO diets and CHO loading on exercise performance (Flood et al., 
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2020; Snipe et al., 2017). However, there appears to be a paucity of research examining the 

influence of a LCHF dietary interventions on gastrointestinal responses. Of note,  

 

2.5  Summary of Literature 

Exercise intensity, duration, and mode, in combination with hot environmental conditions, may 

increase markers of gastrointestinal damage, and heighten the risk of gastrointestinal 

perturbations. Such perturbations may predispose the gastrointestinal system to decreased 

epithelial integrity, increasing the translocation of luminal contents into the circulation. It is 

also apparent that an influx of pathogens into the circulation result in pro-inflammatory 

responses and monocyte activation, further highlighting a need to investigate the relationship 

between exercise in the heat, host health and changes in blood markers of gastrointestinal 

damage. 

 

However, there still appears to be a paucity of literature investigating and characterising 

different exercise intensities and its impact on blood markers of gastrointestinal damage 

(Edwards et al., 2021; Ribeiro et al., 2021). Similarly, further investigation is required to 

determine if there are any disparities in exercise-induced gastrointestinal damage between well-

trained and physically active populations, training interventions and the role of diet in response 

to exercise in the heat. Therefore, this thesis aims to summarise and evaluate the current 

literature that investigates the changes in gastrointestinal blood marker concentrations under 

different environmental conditions (Chapter 3) and investigate the effect of exercise intensity 

(Chapter 4), short-term heat training interventions (Chapter 5) and dietary intake (Chapter 6) 

on blood markers of gastrointestinal damage during exercise in the heat in well-trained 

populations.   
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3.0  Summary 

Chapter 3 is a systematic review published in the International Journal of Sport Nutrition and 

Exercise Metabolism. This chapter provides an overview of literature examining the effects of 

exercising and environmental heat stress on gastrointestinal integrity in trained athletic 

populations. The findings of this review suggest that prolonged submaximal and strenuous 

exercise in hot environmental conditions (>30ºC) can increase epithelial damage and promote 

modest perturbations to the systemic inflammatory profile, compared to exercise in temperate 

conditions. Furthermore, it appears that most of the current research is focused on healthy or 

trained individuals, leaving a paucity of research investigating well-trained and elite 

populations. Future research focusing on the effect of exercising in the heat on indirect blood 

markers of gastrointestinal damage in well-trained and elite populations is therefore warranted.  

  



 

 

39 
 

3.1  Abstract 

Along with digestion and absorption of nutrients, the gastrointestinal epithelium acts as a 

primary intestinal defence layer, preventing luminal pathogens from entering the circulation. 

During exercise in the heat, epithelial integrity can become compromised, allowing bacteria 

and bacterial endotoxins to translocate into circulation, triggering a systemic inflammatory 

response and exacerbating gastrointestinal damage. Whilst the relationship between exercise 

and environmental heat stress seems clear in the general population following endurance/ultra-

endurance exercise, the aim of this systematic review was to evaluate the effect of exercise in 

the heat on blood markers of gastrointestinal epithelial disturbance in well-trained individuals. 

Following the 2009 PRISMA guidelines, five electronic databases were searched for 

appropriate research and 1885 studies were identified. Five studies met the inclusion criteria 

and were subject to full methodological appraisal by two reviewers. Critical appraisal of the 

studies was conducted using McMasters Critical Review Form. The studies investigated 

changes in markers of gastrointestinal damage (intestinal fatty acid binding protein, endotoxin, 

and/or lipopolysaccharide binding protein) following acute exercise in warm to hot conditions 

(≥30°C) and included trained or well-trained participants with direct comparisons to a control 

temperate condition (22ºC). The studies found that prolonged submaximal and strenuous 

exercise in hot environmental conditions can acutely increase epithelial disturbance compared 

to exercise in cooler conditions, with disturbances not being clinically relevant. However, 

trained and well-trained populations appear to tolerate exercise-induced gastrointestinal 

disturbance in the heat. Whether this is an acquired tolerance related to regular training remains 

to be investigated. 

3.2  Keywords  

physical activity, hot environments, intestinal, damage, elite 
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3.3  Introduction 

The gastrointestinal epithelium plays an important role in host health, contributing to the 

body’s ability to absorb nutrients and regulate immune homeostasis. Comprised of epithelial 

cell membranes and bound by tight junction proteins, it creates a dynamic and semi-permeable 

wall between intestinal contents and the host (Slifer et al., 2020). The epithelium acts as a 

primary intestinal defence layer, preventing pathogens, such as gram-negative bacteria that 

reside in the intestinal lumen, from entering circulation and causing harm (Groschwitz et al., 

2009; Slifer et al., 2020). However, during exercise, particularly in hot ambient conditions, 

gastrointestinal epithelial integrity may be compromised (Osborne et al., 2019; Sheahen et al., 

2018; Snipe et al., 2018b), causing gram-negative bacteria to translocate into the circulation 

(Gill et al., 2015a; Gill et al., 2015b), which may be detrimental to the health and/or 

performance of athletes. 

 

The term “exercise-induced gastrointestinal syndrome” has been used to describe both the 

aetiology and pathophysiology of exercise-associated gastrointestinal perturbations, including 

compromised epithelial integrity during exercise in temperate conditions (Costa et al., 2020). 

The mechanism underlying the syndrome involves the exercise-induced redistribution of blood 

flow to the working skeletal muscles (oxygen delivery) and skin (heat dissipation), resulting in 

reduced splanchnic blood flow to the intestinal mucosa. The subsequent gastrointestinal 

ischemia and consequential oxidative stress and inflammation, causes gastrointestinal 

epithelial damage, compromised epithelial tight junctions and gastrointestinal permeability 

(Costa et al., 2020). This gastrointestinal ischemia is graded in proportion to exercise intensity 

and heat stress, resulting in increased gastrointestinal permeability, and possible translocation 

of luminal pathogens, such as gram-negative bacteria (i.e. lipopolysaccharides (LPS), a major 

component of the outer membrane of gram-negative bacteria) into circulation (Camilleri et al., 
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2012). This may increase the risk of endotoxemia that is associated with gastrointestinal 

symptoms, a systemic inflammatory response with elevated pro-inflammatory cytokines and 

increased susceptibility to pathogens (Costa et al., 2020; Gill et al., 2015b). Endotoxemia 

pathway has also been associated with the pathology of heatstroke (Lim et al., 2017), with 

research proposing that heat stroke may be triggered by heat, but driven by damage to the 

gastrointestinal epithelium, endotoxemia and the downstream effect of systemic inflammation 

(Bouchama et al., 2002; Hales et al., 1998; Lim et al., 2017; Moseley et al., 1993). In extreme 

cases, heat stroke and the associated endotoxemia may result in downstream effects of 

disseminated intravascular coagulation, necrosis and multi-organ failure (Lim et al., 2017). 

Based on this mechanism, prolonged or high-intensity exercise in the heat may be detrimental 

to athletic performance and gastrointestinal symptom onset (Yeh et al., 2013) depending on the 

extent of the damage to the gastrointestinal epithelium and/or the downstream immune 

responses to luminal pathogens. Similarly, the neuroendocrine-gastrointestinal pathway of 

exercise-induced gastrointestinal syndrome may impact gastrointestinal function, resulting in 

severe gastrointestinal symptoms, and thus reducing exercise workload, cessation or 

withdrawal (Costa et al., 2017a). 

 

Understanding the physiological and environmental factors that can contribute to exercise-

associated gastrointestinal damage in the heat is required to inform strategies to help prevent 

or reduce intestinal damage, particularly in well-trained individuals regularly exposed to such 

circumstances. By maintaining gastrointestinal epithelial integrity during exercise in the heat, 

exercise performance, recovery and athlete health may be enhanced (Snipe et al., 2018b). 

However, very few studies have focused on elite and well-trained individuals to determine the 

impact of exercise-heat stress on gastrointestinal epithelial integrity in this population. It has 

been suggested that the risk of endotoxemia and the associated downstream health effects are 
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lower in trained populations, likely associated with an enhanced immune response and 

decreased epithelial damage compared to untrained populations when exercising in the heat 

(Yeh et al., 2013).  Thus, this systematic review provides an overview of literature examining 

the effects of exercising in the heat on gastrointestinal integrity in trained individuals.  

 

3.4  Methods 

An electronic database literature search was performed from inception of the database to 31 

July, 2020 for articles examining the effect of exercising in the heat on gastrointestinal integrity 

in trained and well-trained populations, in accordance with the guidelines from The Preferred 

Reporting Items for Systematic Reviewed and Meta-Analyses (PRISMA) Statement (Moher et 

al., 2009). This review has been registered with PROSPERO under the registration number: 

CRD42019120412 (See Appendix 4). Specific inclusion/exclusion criteria were used to 

identify articles reporting on whether exercising in the heat had a significant impact on 

gastrointestinal integrity in trained and well-trained populations. Given the complexity of the 

interaction between exercise and ambient temperature, the review has been divided into broad 

categories related to the exercise dose (i.e. intensity, duration, and mode) in hot and temperate 

conditions. Although the focus of the systematic review is on the studies identified in our 

search, the narrative synthesis format provides the opportunity to discuss the potential 

mechanisms that underlie changes in gastrointestinal integrity when exercising in the heat. 

 

Search strategy 

Reviews, summaries, case studies and letters, along with original studies performed on non-

human subjects were not included in the review (Figure 3.1). Articles reporting human studies 

and published in the English language were retrieved from the following databases: PubMed, 

Web of Science, SportDiscus, Medline and Scopus. Titles, abstracts, and methods were 
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screened by the lead author (AW) for relevance based on the selection criteria and all duplicates 

were removed. The articles deemed relevant were selected for further consideration. A hand 

search of the reference lists from the retrieved articles was also undertaken to ensure all relevant 

articles had been captured by the search strategy. A further investigator (AM) then 

independently reviewed the abstracts for relevance. If consensus was not met, the article was 

moved onto the next stage for a review of full text. The full texts of the remaining eligible 

studies were independently reviewed by two investigators (AW and AM) against the inclusion 

and exclusion criteria to determine the final selection. Disagreements were discussed until 

consensus was reached in all cases. The literature search retrieved 1885 articles, of which 33 

full texts were analysed with 5 articles accepted for inclusion in this review (Table 3.1). All 

authors (AW, AM, JP, and PS) reviewed the final manuscript. 
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Figure 3.1 PRISMA flow diagram schematic. Diagram representation of the flow of 

information during the different phases of the systematic review. Articles were included if: (1) 

participants were categorised as elite, sub-elite, well-trained, trained or physically active based 

on �̇�O2max or training history; (2) participants acutely exercised (any mode and at any intensity) 

at ambient temperatures ≥25°C; (3) included a direct comparison to a control or temperate 

group; (4) measured at least one index of core temperature (e.g. rectal or gastrointestinal); and 

(5) measured at least one recognised physiological blood marker of gastrointestinal damage 

(e.g. IFABP, LBP, endotoxins). 
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Table 3.1 Summary of Accepted Articles 

 

Author 

(Date) 

 

Participants 

 

Aim 

 

Exercise 

 

Environmental Condition 

 

Core 

Temperature 

Measurement 

 

Peak Core 

Temperature 

(°C) 

 

Gastrointestinal Blood Marker 

Number 

(n=) 

Training status 

(�̇�O2max) 

Type Trials 

(n =) 

Duration 

(min) 

Intensity 

(%�̇�O2max) 

Temperature 

(°C) 

Relative 

Humidity 

(%RH) 

 

Pre 

 

Post 

Lee 

(2017) 

21 Moderately 

trained 

(51 ± 7 

mL·kg·min-1) 

To assess 

gastrointestinal 

epithelial 

damage and 

systemic 

inflammation 

following 

exercise. 

Cycling 10 60 50 HOT: 40 

 

CON: 18 

 

 

HOT: 25 

 

CON: 35 

 

 

Rectal 

thermometer 

inserted 10cm 

past the anal 

sphincter. 

HOT Day 1: 

38.68 ± 0.26 

HOT Day 10: 

38.06 ± 0.22 

 

CON Day 1: 

37.86 ± 0.24 

CON Day 10: 

37.86 ± 0.21 

IFABP (pg·mL-

1) 

HOT Day 1: 

370.1 ± 392.4 

HOT Day 10: 

345.2 ± 350.8 

CON Day 1: 

352.3 ± 249.0 

CON Day 10: 

331.6 ± 242.8 

IFABP (pg·mL-1) 

HOT Day 1: 

652.7 ± 100.4** 

HOT Day 10: 

554.7 ± 143.9** 

 

CON Day 1: 

380.5 ± 240.0 

CON Day 10: 

405.3 ± 202.1 

Osborne 

(2019) 

8 Trained or well-

trained 

(58 ± 7 

mL·kg·min-1) 

 

To investigate 

the effect of 

exercise in the 

heat on 

gastrointestinal 

damage, 

endotoxemia 

and 

inflammatory 

cytokines. 

Cycling 2 60 30min: 10x3 

min at 50 

and 70 

 

30 min: 40-

50 

HOT: 34.5 ± 

0.1 

 

CON: 20.2 ± 

0.3 

HOT: 53 ± 

1 

 

CON: 55 ± 

3 

Rectal 

thermometer 

inserted 12cm 

past the anal 

sphincter. 

HOT: 39.5 

(95%CI, 39.3 

to 39.7) 

 

CON: 38.5 

(95%CI, 38.4 

to 38.7) 

Endotoxin (EU 

mL-1) 

HOT: 0.009 

CON: 0.009 

 

IFABP (ng·mL-

1) ˟ 

HOT: 0.435 

CON: 0.481 

 

CLN-3 (pg·mL-

1) 

HOT: 29 

CON: 24 

Endotoxin (EU 

mL-1) 

HOT: 0.011 

CON: 0.010 

 

IFABP (ng·mL-1) 

˟ 

HOT: 1.043** 

CON: 0.619 

 

CLN-3 (pg·mL-1) 

HOT: 24 

CON: 26 
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Author 

(Date) 

 

Participants 

 

Aim 

 

Exercise 

 

Environmental Condition 

 

Core 

Temperature 

Measurement 

 

Peak Core 

Temperature 

(°C) 

 

Gastrointestinal Blood Marker 

Number 

(n=) 

Training status 

(�̇�O2max) 

Type Trials 

(n =) 

Duration 

(min) 

Intensity 

(%�̇�O2max) 

Temperature 

(°C) 

Relative 

Humidity 

(%RH) 

 

Pre 

 

Post 

Sheahan 

(2018) 

12 Physically 

active 

(not stated) 

To investigate 

the effect of 

different 

environmental 

temperatures on 

gastrointestinal 

damage when 

exercising at the 

same relative 

intensity. 

Cycling 2 45 70 HOT: 30 

 

TEMP: 20 

HOT: 40 

 

TEMP: 40 

Rectal 

thermometer 

inserted 10cm 

past the anal 

sphincter. 

HOT: 38.3 

(95%CI, 37.96 

to 38.6) 

 

TEMP: 38.2 

(95%CI, 37.99 

to 38.31) 

IFABP (pg·mL-

1) 

HOT:  855 ± 

188 

TEMP: 571 ± 

175 

 

IFABP (pg·mL-1) 

HOT: 954 ± 

411** 

TEMP: 852 ± 

317** 

Snipe 

(2018) 

10 Trained 

(59 ± 6 

mL·kg·min-1) 

To determine 

the effects of 

mild exertional 

heat stress on 

gastrointestinal 

injury, 

permeability, 

gastrointestinal 

symptoms, and 

systemic 

endotoxin and 

cytokine 

responses. 

Running 2 120 60 WARM: 30.2 ± 

0.4 

 

TEMP: 22.2 ± 

1.0 

WARM: 

35 ± 6 

 

TEMP: 44 

± 6 

Rectal 

thermometer 

inserted 12cm 

past the anal 

sphincter. 

WARM: 38.5 

 

TEMP: 38.9 

 

 

 

Endotoxin 

(pg·mL-1) 

WARM: 90 

TEMP: 86 

 

Anti-endotoxin 

(MMU·mL-1) 

WARM: 124 

TEMP: 90 

 

IFABP (pg·mL-

1) ˟ 

WARM: 311 

TEMP: 215 

Endotoxin 

(pg·mL-1) 

WARM: 92 

TEMP: 86 

 

Anti-endotoxin 

(MMU·mL-1) 

WARM: 125 

TEMP: 126 

 

IFABP (pg·mL-1) 

˟ 

WARM: 884** 

TEMP: 489 
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Author 

(Date) 

 

Participants 

 

Aim 

 

Exercise 

 

Environmental Condition 

 

Core 

Temperature 

Measurement 

 

Peak Core 

Temperature 

(°C) 

 

Gastrointestinal Blood Marker 

Number 

(n=) 

Training status 

(�̇�O2max) 

Type Trials 

(n =) 

Duration 

(min) 

Intensity 

(%�̇�O2max) 

Temperature 

(°C) 

Relative 

Humidity 

(%RH) 

 

Pre 

 

Post 

Yeh 

(2013) 

15 Healthy 

(49 ± 3 

mL·kg·min-1) 

To investigate 

plasma LPS 

concentration 

and intestinal 

permeability 

following 

running in the 

heat. 

Running 2 60 70 HOT: 33 

 

CON: 22 

HOT: 50 

 

CON: 62 

Ingestible 

telemetric 

temperature 

sensors, 

ingested the 

night before 

each trial. 

HOT: 39.1 ± 

0.5 

 

CON: .38.4 ± 

0.3 

LPS (pg·mL-1) ˟ 

HOT: 11.5 ± 4.3 

CON: 12.0 ± 6.4 

 

CLN-3 (ng·mL-

1) 

HOT: 6.6 

CON: 6.7 

LPS (pg·mL-1) ˟ 

HOT: 16.5 ± 3.9* 

CON: 10.9 ± 5.4 

 

CLN-3 (ng·mL-1) 

HOT: 8.2* 

CON: 7.6 

 

Note: M, Males; F, Females; �̇�O2max, maximum volume of oxygen; CON, control; TEMP, temperate; HYP, hypoxic; LPS, lipopolysaccharides; 

IFABP, intestinal fatty acid binding protein; EU, endotoxin units; MMU, milli-merck units. * and **Significantly different to pre-exercise values 

within a condition (P<0.05 and P<0.001 respectively); ˟Significant difference between environmental conditions (P<0.05). 

  



 

 

48 
 

Search terminology 

Search terms included for article retrieval were “endotox*” OR “permeability” OR 

“integrity”, AND “gastrointestinal” OR “intestine*” OR “bowel” OR “mucosal”, AND 

“exercise” OR “heat” OR “hot” OR “athletes”. A PICOS (population, intervention, 

comparator, outcomes and setting) approach was used to guide the structure of the systematic 

review (Table 3.2). 

 

Selection criteria and data extraction 

Studies that met the following criteria were included in the review: (1) participants were 

categorised as elite, sub-elite, well-trained, trained or physically active based on �̇�O2max or 

training history (De Pauw et al., 2013); (2) participants acutely exercised (any mode and at any 

intensity) at ambient temperatures ≥30°C; (3) included a direct comparison to a control or 

temperate group (22°C); (4) measured at least one index of core temperature (e.g. rectal or 

gastrointestinal); and (5) measured at least one recognised physiological blood marker of 

gastrointestinal damage (e.g. intestinal fatty acid binding protein concentration [IFABP], LPS 

binding protein concentration [LBP], endotoxins). Within these studies, experimental trials 

including the following were excluded; (1) untrained or sedentary populations; (2) participants 

who heat acclimated prior to the start of the study; (3) participants with known gastrointestinal 

disease, illness, or symptoms; (4) dehydrated individuals; and (5) studies that did not report the 

method for analysing blood samples of gastrointestinal damage. These papers were excluded 

from the review as exercise-induced gastrointestinal damage may be exacerbated by 

dehydration and known gastrointestinal disease and illness (Costa et al., 2017b). Prior heat 

acclimation can increase the expression of heat-shock proteins that may protect intestinal 

permeability under heat stress (Barberio et al., 2015). 
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Following study selection, criteria were followed to maintain the evaluation of the studies 

within narrow standards. To ensure this, details regarding gastrointestinal marker collection 

were verified, with description of instruments, data collection protocol and methods. Data of 

included studies were organised into a table and the following details were extracted: first 

author and year of publication; participant characteristics; study aim; type of exercise 

conducted; environmental conditions; peak core temperature; gastrointestinal blood marker 

concentration (Table 3.1). 

 

Quality assessment 

Critical appraisal of the methodological quality of studies was undertaken using McMaster 

Critical Review Form – Quantitative Studies (Law et al., 1998). This tool was chosen as it is 

commonly used and caters for a range of research designs. Based on the McMaster Critical 

Review Form, all the included studies were of high quality, and the critical appraisal for each 

is shown in Table 3.3.  
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Table 3.2 PICOS Table 

PICOS Table 

Population Elite, sub-elite, well-trained, trained or physically active based on �̇�O2max or training history. 

Intervention Controlled trials measuring the effect of exercise in the heat on plasma markers of gastrointestinal damage. 

Comparator Using a control condition or comparing pre-intervention and post-intervention outcomes. 

Outcome Any quantitative methods evaluating participant outcomes (directly or indirectly), which measure plasma markers of 

gastrointestinal damage and core temperature. 

Setting Participants exercising in hot environmental temperatures. 
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Table 3.3 McMaster Critical Review Form – Quantitative Studies 

McMaster Review Questions Lee (2017) Osborne (2019) Sheahan (2018) Snipe (2018) Yeh (2013) 

Study purpose 

Was the purpose and/or research question stated clearly? ✓ ✓ ✓ ✓ ✓ 

Literature 

Was relevant background literature reviewed? ✓ ✓ ✓ ✓ ✓ 

Study design 

What was the study design? Before and After RCT RCT RCT RCT 

Was the study design appropriate for the study question? ✓ ✓ ✓ ✓ ✓ 

Sampling 

N =  21 8 12 10 15 

Was the sample size justified? ✗ ✗ ✓ ✓ ✗ 

Outcomes 

Were the outcome measures reliable?  ✓ ✓ ✓ ✓ ✓ 

Were the outcome measures valid? ✓ ✓ ✓ ✓ ✓ 

Intervention 
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McMaster Review Questions Lee (2017) Osborne (2019) Sheahan (2018) Snipe (2018) Yeh (2013) 

Intervention was described in detail? ✓ ✓ ✓ ✓ ✓ 

Contamination was avoided? ✓ ✓ ✓ ✓ ✓ 

Cointervention was avoided? ✗ ✓ ✓ ✓ ✓ 

Results 

 Results were reported in terms of statistical significance? ✓ ✓ ✓ ✓ ✓ 

Were the analysis method(s) appropriate? ✓ ✓ ✓ ✓ ✓ 

Clinical importance was reported? ✗ ✗ ✗ ✗ ✗ 

Drop-outs were reported? NR NR NR NR ✓ 

Conclusions and Implications 

Conclusions were appropriate given study methods and results ✓ ✓ ✓ ✓ ✓ 

The findings contributed to theory development and future 

practice/research 

✓ ✓ ✓ ✓ ✓ 

 

Notes: RCT refers to “randomised control trial”, ✓ refers to criteria met within study, ✗ refers to criteria not met, and NR refers to “not reported”. 
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3.5  Results 

Description of studies  

A preliminary search identified a total of 1885 articles, excluding duplicates. After completion of 

data filtering, removal of duplicates, title/abstract review, and full text screening, five articles were 

determined as meeting the inclusion criteria (Figure 3.1). Included study characteristics and data 

are presented in Table 3.1. Full text studies were most frequently excluded due to the training 

status (untrained or general population) of the study participants.  

 

Population characteristics 

Blood markers of gastrointestinal damage were measured pre- and post-exercise in elite, sub-elite, 

well-trained, trained or physically active individuals within each of the five included studies (Lee 

et al., 2017; Osborne et al., 2019; Sheahen et al., 2018; Snipe et al., 2018b; Yeh et al., 2013). All 

studies compared exercise response in the heat to a cooler control condition, and each study 

reported hot environmental temperatures: 40°C (Lee et al., 2017), 34.5 ± 0.1°C (Osborne et al., 

2019), 30°C (Sheahen et al., 2018), 30.2 ± 0.4°C (Snipe et al., 2018b), and 33°C (Yeh et al., 2013). 

Of the five included studies, three used cycling as the exercise mode (Lee et al., 2017; Osborne et 

al., 2019; Sheahen et al., 2018), and two used running (Snipe et al., 2018b; Yeh et al., 2013). 

Exercise duration was 45 min (Sheahen et al., 2018), 60 min (Lee et al., 2017; Osborne et al., 2019; 

Yeh et al., 2013), and 120 min (Snipe et al., 2018b), whereas exercise intensity was 60-70% �̇�O2max 

for four studies (Osborne et al., 2019; Sheahen et al., 2018; Snipe et al., 2018b; Yeh et al., 2013) 

and 50% �̇�O2max for one (Lee et al., 2017).  
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Control for confounding factors 

Several factors may affect individual gastrointestinal responses to exercise in the heat. Therefore, 

the selected studies controlled for/or monitored the following confounding factors: training status, 

environmental temperature, presence of a control condition, oesophageal or rectal temperature, 

and plasma marker of gastrointestinal damage (Lee et al., 2017; Osborne et al., 2019; Sheahen et 

al., 2018; Snipe et al., 2018b; Yeh et al., 2013). 

 

Summary of included study results 

Within the included studies, participant �̇�O2max was reported as mean ± SD mL·kg·min-1 (range: 

49 ± 3 to 59 ± 6) (Lee et al., 2017; Osborne et al., 2019; Sheahen et al., 2018; Snipe et al., 2018b; 

Yeh et al., 2013). One study did not report �̇�O2max, however indicated the completion of baseline 

testing prior to exercise trials, and described participants as “physically active” (Sheahen et al., 

2018). Peak oesophageal (Yeh et al., 2013) or rectal temperature (Lee et al., 2017; Osborne et al., 

2019; Sheahen et al., 2018; Snipe et al., 2018b) was reported throughout each of the five included 

studies, and did not significantly differ between hot and control environments (P>0.05) (Lee et al., 

2017; Osborne et al., 2019; Sheahen et al., 2018; Snipe et al., 2018b; Yeh et al., 2013). 

 

Plasma gastrointestinal markers were reported throughout each of the studies (Lee et al., 2017; 

Osborne et al., 2019; Sheahen et al., 2018; Snipe et al., 2018b; Yeh et al., 2013). Of the five studies, 

four included IFABP markers (Lee et al., 2017; Osborne et al., 2019; Sheahen et al., 2018; Snipe 

et al., 2018b), three included endotoxin markers (Osborne et al., 2019; Snipe et al., 2018b; Yeh et 

al., 2013), two included a claudin-3 (CLN-3) marker (Osborne et al., 2019; Yeh et al., 2013), and 

one included an anti-endotoxin marker (Snipe et al., 2018b). [IFABP] was significantly higher 
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(P<0.001) following exercise in the heat compared to baseline concentration (Lee et al., 2017; 

Osborne et al., 2019; Sheahen et al., 2018; Snipe et al., 2018b; Yeh et al., 2013). Two studies also 

reported that [IFABP] was higher in the heat compared to control conditions (P<0.05) (Osborne et 

al., 2019; Snipe et al., 2018b). Of the three studies that reported a maker of endotoxins, only one 

reported significantly higher concentrations following exercise in the heat compared to control 

(Yeh et al., 2013). [CDN-3] was higher (P<0.05) following exercise in the heat compared to 

baseline in one study (Yeh et al., 2013), with no change reported following exercise in the heat or 

control conditions for anti-endotoxin markers in another (Table 3.1) (Snipe et al., 2018b). 

 

3.6  Discussion 

This systematic review aimed to evaluate the effect of exercise in the heat on blood markers of 

gastrointestinal epithelial disturbance in well-trained individuals. The studies concluded that 

prolonged submaximal and strenuous exercise in the heat can acutely increase epithelial 

disturbance compared to exercise in cooler conditions, however, disturbances appear not to be 

clinically relevant. This may suggest that trained, and well-trained populations have an enhanced 

capacity to tolerate exercise-induced gastrointestinal disturbance in the heat. Therefore, this 

discussion provides a synthesis of the current literature investigating the mechanisms of 

gastrointestinal damage during exercise in the heat, and specifically focus on biomarkers of 

gastrointestinal damage, exercise intensity, duration and mode.  

 

Mechanisms and Markers of Exercise-Induced Gastrointestinal Damage 

Beyond its function of digesting food, the gastrointestinal system contributes to immune responses, 

brain function and prevents pathogens (endotoxins) from entering the circulation (Groschwitz et 
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al., 2009; Lim et al., 2006; Pyne et al., 2014). At rest, the tight junctions of the epithelial lining are 

largely impermeable and only small quantities of endotoxins enter the systemic circulation (Slifer 

et al., 2020; Yeh et al., 2013). Exercise can place significant strain on the gastrointestinal system, 

resulting in decreased blood supply (ischemia), and often inducing damage to the epithelial lining 

and associated cells, particularly when performed over long durations, at high intensities, or with 

whole-body hyperthermia (Lee et al., 2017; Osborne et al., 2019). Stress such as exercise and the 

consequent oxidative damage and hypoperfusion can compromise tight junction proteins and 

intestinal mucosa wall integrity, increasing epithelial permeability and the translocation of luminal 

endotoxins into the circulation (Costa et al., 2020; Osborne et al., 2019; Yeh et al., 2013). Once 

endotoxins move into the circulating blood stream, a systemic immune response is triggered, and 

clearing of LPS via anti-LPS antibodies can occur. When the rate of LPS clearance from the 

circulation is overwhelmed by the rate of leakage from the gastrointestinal lumen and insufficient 

levels of anti-LPS antibodies are released, endotoxemia ensues (Costa et al., 2020; Pyne et al., 

2014). 

 

Other indirect markers of gastrointestinal permeability and damage include LBP, an acute phase 

response protein that mediates the rise in LPS, and IFABP, a small intra-cellular protein present in 

mature enterocytes of the small intestine and an early gastrointestinal-ischemia marker (van Wijck 

et al., 2011). An increase in [LBP] during exercise often relates to a sustained redistribution of 

blood flow away from the gastrointestinal system, resulting in intestinal tight junction disturbance 

and reflecting the acute response to mediate the systemic rise in LPS (Wright et al., 1990). 

Increases in circulating [IFABP] have been reported to correlate with splanchnic hypoperfusion, 

which is often associated with the exercise, indicating that IFABP may be a useful surrogate 
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marker of the reduction in gastrointestinal tract blood flow (Barberio et al.; van Wijck et al., 2011). 

Exercise-associated increases in plasma IFABP have also been reported in response to vigorous 

(70-80% �̇�O2max) endurance exercise (i.e. running and cycling) (Morrison et al., 2014; van Wijck 

et al., 2011), or when exercise is performed under hot environmental conditions (Morrison et al., 

2014). The effect of exercise on gastrointestinal blood flow and intestinal damage may be 

influenced by a number of factors including, but not limited to, exercise duration, intensity and 

mode, however, additional research is warranted to determine the impact of exercise on 

gastrointestinal damage (ter Steege et al., 2012).  

 

Moderate and Vigorous Intensity Endurance Exercise  

The gastrointestinal system plays a critical role as the “gate keeper” of the sterile environment,  

however, gastrointestinal epithelial integrity can be impaired by prolonged moderate- to vigorous-

intensity exercise (Yeh et al., 2013). At rest, the splanchnic organs receive ~20% of the cardiac 

output, but only consume 10-20% of the available oxygen (Rowell et al., 1964). Sympathetic tone 

increases in response to exercise, causing an increase in vascular resistance that can result in a 

decrease in splanchnic blood flow, despite a rise in cardiac output (Christensen et al., 1983).  

Splanchnic blood flow during vigorous exercise, or with whole-body hyperthermia, can be 

significantly decreased to maintain blood supply to working skeletal muscles and adequately 

perfuse the cutaneous vasculature (Rehrer et al., 2001; Rowell et al., 1964; ter Steege et al., 2012; 

Yeh et al., 2013).  

 

The relationship between relative exercise intensity and splanchnic blood flow is similar among 

research studies (Rehrer et al., 2001; Rowell et al., 1964). After 30 min of moderate-intensity 
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exercise (60–70% �̇�O2max), reductions in splanchnic blood flow between 30-60% can be expected 

(ter Steege et al., 2012). During prolonged moderate- to high-intensity exercise (70% �̇�O2max), a 

gradual reduction in portal vein flow of ~20% occurs after ~10 min, with a further reduction of up 

to 80% after 1 h (Rehrer et al., 2001). Although these reductions in splanchnic blood flow during 

exercise allow for a greater redistribution of blood to the exercising muscles, they occur at the 

expense of the gastrointestinal tract, particularly the small intestine (Pals et al., 1997).  

 

Exercise-induced gastrointestinal damage has been reported in several human studies of varying 

exercise durations (Otte et al., 2001; ter Steege et al., 2012; van Wijck et al., 2011). For example, 

early research reported significant increases in plasma LPS immediately following ultradistance 

triathlons (Bosenberg et al., 1988), long distance triathlons (Jeukendrup et al., 2000), 

ultramarathons (Gill et al., 2015a), and marathons (Camus et al., 1997) in temperate conditions. 

Research examining gastrointestinal integrity during high-intensity endurance exercise reported 

that small intestine permeability increased following 60 min of treadmill running at 80% peak 

oxygen consumption (�̇�O2peak), but was not elevated after 60 min of low-intensity running (40% 

and 60% �̇�O2peak) (Pals et al., 1997). Transient endotoxemia associated with significant increases 

in inflammatory cytokines has also been observed within 15 min of completing a marathon race 

(Camus et al., 1997), further suggesting that prolonged endurance exercise impairs gastrointestinal 

epithelial integrity to luminal endotoxins and potential sepsis (Smith et al., 2021). 

 

Following 60 min of cycling at 70% �̇�O2max, splanchnic hypoperfusion and small intestine damage 

in healthy individuals has been reflected by mild increases in plasma [IFABP] (van Wijck et al., 

2011). Conversely, research in trained male cyclists indicates that 60 min of cycling at 70% �̇�O2max 
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in temperate conditions does not alter circulating [IFABP] relative to pre-exercising concentration 

(Osborne et al., 2019). Notwithstanding, the extent of intestinal damage has been demonstrated to 

correlate with exercise-induced hypoperfusion, suggesting that any exercise causing splanchnic 

hypoperfusion (regardless of duration) may lead to alterations in gastrointestinal integrity (van 

Wijck et al., 2011). 

 

High-Intensity Interval Training, Repeated Sprint Training and Maximal Exercise  

Athletes engaged in team sports are required to repeatedly produce maximal and submaximal 

efforts in combination with skillful actions (Bishop et al., 2013). Team sport athletes often perform 

explosive accelerating, sprinting, jumping and kicking, separated by brief recovery periods over 

the duration of a game or match, and require a highly developed and very specific physical capacity 

(i.e. the ability to perform repeated-sprint efforts) (Bishop et al., 2013). As such, team-sport 

athletes often undertake high-intensity interval training to optimise their capacity to reproduce 

intensive efforts. Despite the known physiological benefits of high-intensity training (i.e. improved 

�̇�O2max and running economy) (Gillen et al., 2014), the impact on the gastrointestinal system still 

remains somewhat unclear. It has been suggested that shorter duration, high-intensity exercise may 

elicit a similar, or more severe gastrointestinal response compared to prolonged, steady state 

exercise, regardless of duration (Osborne et al., 2019; Pugh et al., 2017). 

 

An inverse relationship between splanchnic blood flow and exercise intensity has been reported, 

whereby severe gastrointestinal ischemia occurs following 30 min of maximal rowing (Nielsen et 

al., 1995) and cycling (Otte et al., 2001). Following high-intensity intervals at 120% �̇�O2max, 

[IFABP] increased by ~72% relative to rest (Pugh et al., 2017). A separate study of athletes 
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completing a running test at 80% of their best 10-km speed, reported elevated intestinal damage 

(i.e. [IFABP]) (Karhu et al., 2017). Acute high-intensity interval running also increased 

gastrointestinal permeability and intestinal cellular damage in trained athletes to a level similar to 

prolonged exercise (Karhu et al., 2017; Pals et al., 1997; Pugh et al., 2017). 

 

Exercise Mode 

Exercise mode can contribute to the magnitude of gastrointestinal damage. Activities that induce 

a greater degree of vibration or mechanical stress in the abdominal region, such as running, are 

suggested to exacerbate gastrointestinal disturbance compared to exercise such as cycling (Yeh et 

al., 2013). For example, the continuous vibrations and movement of the abdominal region during 

running have been reported to be more than double those of cycling (Rehrer et al., 1991). 

Additionally, the frequency of gastrointestinal symptoms is almost twice as high during running 

than other endurance sports (e.g. cycling or swimming) (de Oliveira et al., 2009). While exercise 

duration and intensity contribute to increase gastrointestinal disturbance, the impact of exercise 

mode alone is yet to be thoroughly investigated.  

 

Gastrointestinal Damage, Heat and Exercise 

Immune and inflammatory responses to exercise are often exacerbated when undertaken in hot 

environments (Lee et al., 2017; Pyne et al., 2014). Several studies have reported that immune cell 

function (i.e. cytokines, T-cells, natural killer (NK) cells, leukocytes and lymphocytes) is 

temporarily impaired following acute bouts of exercise in the heat for up to 72 h (Mackinnon, 

1999). During this time, the body is vulnerable to dormant pathogens that can cause infection or 

prolong gastrointestinal symptoms (Pyne et al., 2014; Yeh et al., 2013).  
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Physiological thermoregulatory mechanisms (i.e. cutaneous vasodilation and sweating) are 

responsible for maintaining core temperature within a narrow range (36.5-37.5°C) (Wendt et al., 

2007). During exercise, working skeletal muscles generate metabolic heat that must be dissipated 

to the environment. However, during exercise in the heat, the gradient for heat loss between the 

skin and environment is reduced, limiting the capacity for sensible heat dissipation. This can lead 

to an increased rate of body heat storage and core temperature (Tikuisis et al., 2002). It has been 

suggested that the oxidative damage occurring during exercise in the heat is attributable to an 

elevated core temperature and splanchnic hypoperfusion (Lee et al., 2017). Of note, prolonged 

splanchnic hypoperfusion appears to be more influential at eliciting gastrointestinal damage than 

an increased core temperature (Sheahen et al., 2018). Notwithstanding, athletes often undergo 

periods of intense training in the heat (i.e. acclimation) and may face a variety of immune and 

gastrointestinal disturbances. These disturbances include the suppression of cell-mediated 

immunity, translocation of LPS, suppression of anti-LPS antibodies and an increased concentration 

of circulating cytokines, all of which can be a threat to athlete health (Lim et al., 2006). 

 

It has been reported that treadmill running at 70% �̇�O2max in 33°C increased circulating endotoxins 

by ~54% compared to running in cooler conditions (22°C and 62% RH) (Yeh et al., 2013). Other 

studies have also reported greater increases in circulating plasma IFABP and endotoxins following 

exercise in the heat at different intensities and for different durations and exercise modes. For 

example, [IFABP] increased by ~563% following 90 min of cycling and running in 30°C 

(Morrison et al., 2014), 140% following 60 min of cycling at intensities between 40-70% �̇�O2max 

in hot compared to temperate conditions (Osborne et al., 2019), and 46% following 26 min of 

running at 40°C at a speed associated with 4 mmol blood lactate (Barberio et al.). Interestingly, it 
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was reported that a 10-day exercise-heat acclimation regimen did not reduce post-exercise 

[IFABP] compared to Day 1 following 60 min of cycling at 50% �̇�O2max in 40°C (Lee et al., 2017). 

 

A dose-response relationship in post-exercise intestinal damage (i.e. plasma IFABP) has been 

reported with increasing environmental temperatures ranging from 22 to 35°C (Snipe et al., 2018a, 

2018b; Yeh et al., 2013). Increased gastrointestinal injury, gastrointestinal symptoms, 

cytokinaemia and a reduction in anti-endotoxin antibodies during exercise in the heat compared to 

the cool conditions has been reported, despite no differences in small intestinal permeability (Snipe 

et al., 2018a). While the reported intestinal damage may have been attributed to an increased core 

temperature, participants throughout the study were exercising at the same absolute running speed. 

This indicates that physiological strain and exercise intensity differed between ambient 

temperatures, with core temperature and heart rate being higher during exercise in the heat, relative 

to when running at the same absolute speed in the cool (Snipe et al., 2018a, 2018b). Conversely, 

when exercise is performed at the same relative intensity and thus lower absolute work rate in the 

heat, the magnitude of exercise-induced gastrointestinal damage has been reported to be similar 

between hot and temperate environmental conditions (Sheahen et al., 2018). Peak core temperature 

was also similar between conditions (peak rectal temperature of 38.2°C during temperate condition 

and 38.3°C during hot), indicating that gastrointestinal damage with mild hyperthermia may be 

predominately mediated by exercise intensity, rather than heat strain (Sheahen et al., 2018). When 

exercising in the heat there is a complex and dynamic interplay between hyperthermia, the 

coagulation cascade and systemic inflammatory responses (Costa et al., 2020; Pyne et al., 2014). 

Previous research has postulated that well-trained athletes may have an increased tolerance to 

exercise in the heat, due to enhanced core temperature maintenance, improved splanchnic blood 
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flow and a heightened immune response to luminal pathogens, attenuating the potential side effects 

of exertional-heat stress (Yeh et al., 2013). 

 

Athletic Population (Trained vs Untrained) 

Repeat exposure to high core temperatures during training and competition, along with an 

increased tolerance to high-intensity exercise may partly explain the enhanced adaptation ability 

of trained individuals to tolerate increased gastrointestinal damage during exercise in the heat 

(McLellan et al., 2009; Yeh et al., 2013). Well trained athletes, and those who participate in regular 

physical activity, may develop an improved endotoxin tolerance due to repeated exposure to LPS, 

and a higher than normal anti LPS concentration at rest (Bosenberg et al., 1988). Post-exercise 

circulating plasma [IFABP] has been reported to be considerably lower in highly trained athletes 

following 60 min of running at 70% �̇�O2max (Sessions et al., 2016), compared to untrained 

individuals exercising in the same setting (Sheahen et al., 2018). Similarly, single bouts of exercise 

and frequent physical activity can act as an adjuvant to stimulate the immune system (Campbell et 

al., 2018). There is growing evidence in both humans and rodents that exercise enhances, rather 

than suppresses, immune responses (Campbell et al., 2018). It has further been suggested that 

exposure to exercise in the heat may result in self-immunisation through the enhanced induction 

of heat shock protein 72 (HSP72) and anti-inflammatory cytokines associated with acute exercise, 

and an innate immune protective response against LPS (Selkirk et al., 2008). 

 

Aerobically-trained individuals typically experience less of a reduction in splanchnic blood flow 

compared to untrained individuals (McAllister, 1998) and appear to tolerate higher core 

temperatures, enhancing endurance performance in the heat (Selkirk et al., 2001). However, this 
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advantage may not be directly related to aerobic fitness per se (i.e. �̇�O2max), but to endurance 

training providing a regular thermal challenge (Ravanelli et al., 2020). Adaptations related to 

training may also enhance the capacity to tolerate a given level of thermal strain before a reduction 

in work rate occurs, be it voluntary or involuntary (Mora-Rodriguez, 2012). Well-trained 

individuals may thus have an enhanced tolerance to increased gastrointestinal damage compared 

to untrained or healthy individuals given their volume of training and ability to produce rapid and 

elevated acute phase protein responses to mediate the influx and presence of LPS when exercising 

in the heat. 

 

3.7  Conclusion 

Engaging in prolonged moderate- to high-intensity exercise in the heat places significant stress on 

homeostatic processes. The increase in skin blood flow associated with exercise under heat stress 

enhance circulatory strain, contributing to the disruption of the gastrointestinal system. This review 

has outlined the association between exercise intensity, duration and the impact of environmental 

heat stress on blood markers of gastrointestinal damage. It appears that prolonged submaximal and 

strenuous exercise in hot environmental conditions (>30ºC) increase epithelial damage and 

promote modest perturbations to the systemic inflammatory profile, compared to exercise in 

temperate conditions. Furthermore, the data indicate that the effect of exercise in the heat on 

gastrointestinal blood flow and damage is multifactorial, however such disturbances do not appear 

to be clinically relevant. It appears that most of the current research is focused on healthy or trained 

individuals, however further research on specific well-trained and elite populations is required to 

determine whether they may have an enhanced capacity to overcome, or better tolerate heat and 

gastrointestinal disturbances during exercise.   
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4.0  Summary 

Chapter 4 is an original laboratory investigation published in the International Journal of Sport 

Physiology and Performance. Following on from the findings of Chapter 3, this chapter quantifies 

the effect of sustained moderate- and high-intensity exercise, as well as high-intensity intervals in 

both hot and cool conditions on blood markers of gastrointestinal integrity in well-trained runners. 

Given the paucity of research conducted on well-trained and elite populations, this novel 

investigation aimed to characterise the acute changes in gastrointestinal permeability and LPS 

translocation during submaximal continuous and high-intensity interval exercise under heat stress. 

The main findings of this chapter report that exercising at increasing intensities in the heat yielded 

greater thermal and physiological strain, transient gastrointestinal perturbations and enhanced 

innate immune responses than exercising in cool conditions. Furthermore, the trained cohort 

appeared to be largely tolerant to changes in gastrointestinal permeability when performing short 

bouts of running of increasing intensity in the heat.  
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4.1  Abstract 

Purpose: The risk of exercise-induced endotoxemia is increased in the heat and is primarily 

attributable to changes in gastrointestinal permeability resulting in the translocation of 

lipopolysaccharides (LPS) into the circulation. The purpose of this study was to quantify the acute 

changes in gastrointestinal permeability and LPS translocation during submaximal continuous and 

high-intensity interval exercise under heat stress. Methods: Twelve well-trained male runners (age 

37 ± 7 y, �̇�O2max 61.0 ± 6.8 mL·min-1·kg-1) undertook two treadmill runs of 2 x 15 min at 60% and 

75% �̇�O2max, and up to 8 x 1 min at 95% �̇�O2max in HOT (34°C, 68% RH) and COOL (18°C, 57% 

RH) conditions. Venous blood samples were collected at baseline, following each running 

intensity, and 1 h post-exercise. Blood samples were analysed for markers of intestinal 

permeability (LPS, LPS binding protein [LBP] and intestinal fatty acid binding protein [IFABP]). 

Results: The increase in LBP following each exercise intensity in HOT condition was 4% (5.3 

g·mL-1, 2.4 to 8.4; mean, 95% confidence interval, P<0.001), 32% (4.6 g·mL-1, 1.8 to 7.4; 

P=0.002) and 30% (3.0 g·mL-1, 0.03 to 5.9; P=0.047) greater than in the COOL condition. LPS 

was 69% higher than baseline following running at 75% �̇�O2max in the HOT condition (0.2 EU·mL-

1, 0.1 to 0.4; P=0.011). IFABP increased 43% (2.1 ng·mL-1, 0.1 to 4.2; P=0.04) 1 h post-exercise 

in HOT compared to COOL condition. Conclusions: Small increases in LPS concentration during 

exercise in the heat, and subsequent increases in IFABP and LBP, indicate a capacity to tolerate 

acute, transient intestinal disturbance in well-trained endurance runners. 

 

4.2  Keywords 

 gastrointestinal, disturbance, endotoxemia, endurance  
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4.3  Introduction 

Engaging in moderate- to high-intensity exercise can increase the presence of systemic 

inflammatory biomarkers associated with alterations in gastrointestinal permeability (Gisolfi, 

2000). Prolonged (>60 min) steady state exercise can also increase gastrointestinal permeability, 

even in well-trained individuals (Vargas et al., 2016), and exercise ≤60 min has recently been 

shown to increase permeability (Osborne et al., 2019; Pugh et al., 2017). During continuous, 

moderate- to high-intensity endurance-based exercise, gastrointestinal ischemia may occur in 

response to redistribution of splanchnic blood flow to maintain adequate delivery of oxygen to the 

working muscles (Gisolfi, 2000). A reduction of splanchnic blood flow increases the risk of 

intestinal epithelial cell damage, with the condition more prevalent during running as a 

consequence of increased mechanical stress (Zuhl et al., 2014). These alterations in gastrointestinal 

permeability may be responsible for the gastrointestinal complaints associated with strenuous 

endurance exercise, which lead to impaired  performance (Peters et al., 1999). 

 

Exposure to environmental heat stress can impair endurance exercise performance and exacerbate 

the risk of experiencing gastrointestinal damage and/or symptoms (van Nieuwenhoven et al., 

1999). For example, treadmill running at 70% maximal oxygen uptake (�̇�O2max) in the heat (33°C, 

55% relative humidity [RH]) increased circulating endotoxin concentration 54% more than in 

cooler conditions (Yeh et al., 2013). The stress of hyperthermia and oxidative damage during 

exercise resulting from an increase in core body temperature and blood flow redistribution, can 

disrupt intestinal epithelial cell tight junction proteins and increase the risk of exercise-induced 

endotoxemia (Zuhl et al., 2014). Lipopolysaccharides (LPS) are systemic endotoxins that increase 

in concentration following a rise in gastrointestinal permeability during exercise in the heat (Gill 
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et al., 2015b). Other indirect biomarkers of gastrointestinal permeability and damage include 

lipopolysaccharide binding protein (LBP), an acute phase response protein that mediates the rise 

in LPS, and intestinal fatty acid binding protein (IFABP), an early gastrointestinal ischemia marker 

(van Wijck et al., 2011). While there is evidence supporting the premise that heat stress mediates 

exercise-induced endotoxemia, specific gastrointestinal responses to exercise in the heat at varying 

intensities remain unclear, particularly in well-trained endurance athletes (Yeh et al., 2013). 

 

High-intensity intermittent exercise in the form of interval training or repeated-sprint training is 

an integral component of preparing athletes in high performance sport (e.g. team-sports or middle-

distance athletics events). However, the magnitude of the gastrointestinal integrity (permeability 

and endotoxin translocation) response following this form of training remains unclear. It is 

important that the impact of gastrointestinal damage during exercising in the heat is investigated 

for all exercise modes and intensities to mitigate the risk of any potentially detrimental effects on 

training and competition performance. Acute exercise activity may also impact athlete digestion, 

absorption and the recovery process (Moses, 1990). While the etiology is multifactorial, decreased 

splanchnic perfusion is postulated as a key mechanism, and a known consequence of high-intensity 

intermittent exercise (Pugh et al., 2017). Assessing gastrointestinal integrity during exercise-heat 

stress at increasing intensities will help characterise the risk of endotoxin translocation, 

gastrointestinal damage, and identified possible reductions in athletic performance (Pyne et al., 

2014). With major national and international competitions occurring in thermally challenging 

environments (e.g. Tokyo 2020 Summer Olympic Games), a greater understanding of 

gastrointestinal integrity during exercise in the heat could assist the preparation, management, and 

performance of athletes. The aim of this study was to quantify the effects of sustained moderate- 
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and high-intensity exercise, as well as high-intensity intervals in both hot and cool conditions on 

blood markers of gastrointestinal integrity in well-trained runners. We hypothesised that exercise 

in the heat would yield greater thermal strain and increased gastrointestinal related blood marker 

responses, specifically LPS, IFABP and LBP than exercising in cooler conditions.  

 

4.4  Methods 

Subjects 

Twelve healthy well-trained male runners (age 37 ± 7 years, body mass 71.5 ± 7.9 kg, �̇�O2max 61.0 

± 6.8 mL·min-1·kg-1) volunteered for the study. All participants had no prior history of 

gastrointestinal illness/conditions, had completed a minimum of 40-km of running per week for 

the previous 8 weeks, and were free of injury and illness. All participants provided written 

informed consent after explanation of the purpose, benefits and risks of involvement in the study. 

The Human Research Ethics Committee at the University of Canberra granted approval for the 

study (Project Number 17-117) in accordance with the Declaration of Helsinki (See Appendix 5). 

The threshold value (core temperature) for the cessation of exercise was set at 40.0°C. 

 

Design 

A randomised cross-over design was employed with participants performing two running trials on 

a motorised treadmill (Pulsar 3p, h/p/cosmos, sports & medical gmbh, Nußdorf, Germany) in either 

HOT (33.5 ± 0.9°C, 68 ± 9% RH) or COOL (17.8 ± 0.4°C, 57.1 ± 7.2% RH) conditions in an 

environmental chamber. Each participant completed their trials at the same time of day, 7 days 

apart, and were asked to record their food intake the day before the first exercise trial (including 

limiting caffeine intake within 8 h prior to the trial) and repeat this intake prior to the second trial. 
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Participants were also instructed to refrain from strenuous exercise 24 h before each trial. A week 

prior to the first trial, participants completed a two-part baseline incremental treadmill running test 

in 20.5 ± 2.4°C and 37 ± 9% RH to determine �̇�O2max and running speeds for the experimental 

trials.  

 

Pre-experimental Trial 

Following a 10-min self-selected warm-up, �̇�O2max was determined by four submaximal, 4-min 

stages of treadmill running. Starting speed was individualised to each participant’s current fitness 

level (determined by the most recent 5 or 10-km race time) with speed in subsequent stages 

increasing by 1 km·h-1. The aim of the submaximal phase of the test was to finish at, or just above 

lactate threshold pace, defined by a blood lactate concentration of ~4 mmol. Following a 5-min 

recovery period, participants completed a maximal incremental test to volitional exhaustion, where 

treadmill speed was increased by 0.5 km.h-1 every 30 s until the speed achieved at the end of the 

submaximal stage was reached. From this point forward, treadmill speed remained unchanged, and 

the gradient increased by 0.5% every 30 s until volitional exhaustion. Heart rate (T31, Polar 

Electro, Kempele, Finland) was monitored continuously while blood lactate concentration, 6-20 

Borg Ratings of Perceived Exertion (RPE) (Borg, 1982) and thermal sensation (TS) (Gagge et al., 

1969) were determined on completion of the submaximal and maximal stages.   

 

Experimental Trials 

Participant semi-nude (running shorts only) body mass (FG-150KAL scale, A&D Australasia Pty. 

Ltd., Adelaide, Australia) was measured upon arrival and immediately post-exercise, following a 

towel dry, to estimate sweat losses. Pre-trial hydration status was assessed via urine specific 
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gravity (USG; ATAGO Digital Hand-held USG Pen Refractometer, Tokyo, Japan), with 

participants with a reading >1.020 required to drink 600 mL of water over a 30-min period before 

starting exercise. Participants were then fitted with four iButtons (Maxim Integrated Products, San 

Jose, CA, USA) to calculate an area-weighted mean skin temperature (Tskin) using the Ramanathan 

equation (Ramanathan, 1964), and asked to insert a temperature probe (Mon-a-Therm General 

Purpose Temperature Probe, Medtronics, Macquarie Park, Australia) 10 cm beyond the anal 

sphincter for core temperature (Tcore) monitoring (Grant Instruments Squirrel Data Logger rectal 

probe, Cambridge, England).  

 

Participants completed two experimental trials, each involving 15 min running at a speed equating 

to 60% �̇�O2max (11.4 ± 1.5 km·h-1, mean ± 95% confidence limits), as determined during the pre-

experimental trial, and 15 min running at 75% �̇�O2max (14.3 ± 1.9 km·h-1). Participants were then 

asked to complete up to 8 x 1 min at 95% �̇�O2max (18.1 ± 2.4 km·h-1) with 1 min recovery between 

intervals, or until volitional exhaustion. All exercise intensities were separated by 5 min of passive 

rest. For each trial, a fan was placed perpendicular to the front of the treadmill to permit light 

airflow around the treadmill, but not directly on the participants. Participants were permitted to 

drink water ad libitum throughout the exercise trial. Following exercise, a 1 h recovery period was 

undertaken. During the recovery period between run segments, a 12 mL venous blood 

(PROTECTIV® Safety I.V. Catheter, Smiths Medical Australasia, Macquarie Park, Australia) and 

5 μL capillary blood lactate (Lactate Pro analyser, Arkray Inc., Kyoto, Japan) sample were taken, 

along with RPE and TS measurements. Heart rate (HR), Tskin and Tcore were recorded at 5-min 

intervals.  
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Gastrointestinal Comfort Questionnaires 

A gastrointestinal comfort questionnaire developed by the Commonwealth Scientific and 

Industrial Research Organisation (CSIRO) Nutrition Division was completed on 5 occasions 

throughout the research study: pre-study, post-exercise (within 1 h) and 72 h post testing in HOT 

and COOL conditions (West et al., 2013). The questionnaire was used to determine the frequency 

of gastrointestinal symptoms experienced by participants with answers summed to create a total 

questionnaire score out of 40. A high total score was indicative of a greater feeling of 

gastrointestinal discomfort. 

 

Blood Samples 

Samples were drawn from a cannula secured in a prominent superficial forearm vein located at the 

antecubital fossa into sterile serum separator tubes (4 mL and 10 mL, Clot Activator; Becton 

Dickinson, Oxford, UK), and left to clot for 20-30 min at room temperature. All blood samples 

were collected via a standardised procedure, whereby participants lay supine during cannulation, 

and seated for blood collection during the exercise trial. Serum was separated from blood cells by 

centrifugation (1000 x g for 10 min) and separated into 200 µL aliquots, frozen immediately and 

stored at -80°C until analysis. All blood handling for the lipopolysaccharide assay was completed 

with pyrogen-free pipette tips and stored in pyrogen-free tubes. Samples were later thawed, and 

concentration determined using commercially available ELISA kits, LPS (Hycult Biotech, Uden, 

Netherlands), LBP (Raybiotech, Norcross, USA) and IFABP (Raybiotech, Norcross, USA). The 

inter-assay coefficients of variation were: LPS 13%, LBP 15% and IFABP 15%.  
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Statistical Analysis 

A linear mixed modelling procedure was employed to estimate means (fixed effects) and within- 

and between-subject variations (random effects, modelled as variances).  The main fixed effects 

were the underlying thermal conditions (HOT or COOL). The random effects were between-

subject changes in performance and thermal responses, and the within-subject responses 

represented typical variation in gastrointestinal permeability across the two environmental 

conditions. Measures of centrality and spread are reported as mean ± standard deviation. 

Confidence limits were set with 95% precision of estimation and statistical significance was set at 

P<0.05. All statistical analyses were conducted in SPSS 19 (IBM SPSS Statistics 19, Chicago, 

USA). Effect sizes were calculated based on the classic Cohen's d while accounting for the study 

design by using the square root of the sum of all the variance components (specified random effects 

and residual error) in the denominator. Magnitudes of the standardised effects were interpreted 

using Cohen’s descriptors of small, medium, large and very large (0.2, 0.5, 0.8 and 1.2, 

respectively) (Cohen, 1988).  

 

4.5  Results 

All 12 participants completed the submaximal stages of both the HOT and COOL trials, but only 

3 were able to complete all 8 of the high-intensity intervals at 95% �̇�O2max in the HOT.  

 

LPS Concentration 

LPS concentration did not differ between HOT and COOL conditions (P=0.752) following 15 min 

of running at 60% �̇�O2max, and there was no change in concentration compared to baseline 

(P=0.554, d=0.08) (Figure 4.1). In contrast, following the 75% �̇�O2max run, LPS concentration was 
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69% higher (0.2 endotoxin unit (EU·mL-1), 0.1 to 0.4; ; mean, 95% CI; P=0.011, d=0.46) in HOT 

compared to baseline; however, no difference was evident between HOT and COOL conditions 

(P=0.224). Following the 95% �̇�O2max intervals, there was a small but insignificant change in LPS 

concentration compared to baseline (P=0.685, d=0.24). LPS concentration 1 h post-exercise did 

not differ to baseline (P=0.741), and there was no difference between the HOT and COOL 

conditions (P=0.745). 

 

LBP Concentration 

LBP concentration increased by 4% (5.3 g·mL-1, 2.4 to 8.4; P<0.001, d=0.19) following 15 min 

of running at 60% �̇�O2max in HOT relative to baseline. Running in COOL did not influence LBP 

concentration compared with baseline (P=0.752) (Figure 4.1). LBP concentration continued to rise 

during the 75% �̇�O2max run in the HOT condition, increasing by 32% (4.6 g·mL-1, 1.8 to 7.4; 

P=0.002, d=1.02) more than COOL condition. LBP concentration was also 30% higher (3.0 

g·mL-1, 0.03 to 5.9; P=0.047, d=0.96) following the 95% �̇�O2max intervals in the HOT compared 

to COOL condition.  There was no change in LBP 1 h post-exercise compared to baseline in both 

conditions (P=0.741), however LBP concentration was 9% higher (2.9 g·mL-1, 0.3 to 5.9; 

P=0.047, d=0.29) 1 h post-exercise in the HOT condition.   

 

IFABP Concentration 

Following the 60% �̇�O2max run, the change in IFABP concentration did not differ between the 

HOT and COOL conditions (P=0.920) and did not differ from baseline (P=0.886) (Figure 4.1). 

Similarly, there were no changes in IFABP concentration following 75% and 95% �̇�O2max running 

relative to baseline (P=0.372 and P=0.141, respectively), or between HOT and COOL conditions 
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(P=0.105 and P=0.119, respectively). IFABP concentration did not change 1 h post-exercise 

compared with baseline in COOL condition (P=0.259); however, IFABP concentration was 43% 

higher (2.1 ng·mL-1, 0.1 to 4.2; P=0.044, d=0.68) after exercising in the HOT compared to the 

COOL trial. 
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Figure 4.1 LPS, LBP and IFABP blood concentration at rest and during submaximal (60% and 

75% �̇�O2max) and high-intensity (95% �̇�O2max) treadmill running, as well as 1 h post-exercise in 

hot and cool conditions. Data shown as mean ± 95% upper or lower confidence limit. *Significant 

increase compared to baseline (P<0.05). □Significant difference between HOT and COOL 

(P<0.01).   
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Physiological Measures 

Body mass did not differ between HOT (71.6 ± 7.9 kg) and COOL (71.5 ± 7.9 kg) exercise trials 

(P=1.00). All participants were adequately hydrated prior to each trial indicated by urine specific 

gravity measurement (HOT: 0.015 ± 0.010, and COOL: 0.013 ± 0.012, P=0.77). Ad libitum water 

consumption was greater during the HOT trial (572 ± 495 mL) than COOL (303 ± 291 mL), 

however not significant (P=0.15). Resting HR (69 ± 11 beats·min-1) did not differ in the HOT and 

COOL conditions. Heart rate progressively increased with exercise intensity (P<0.001) and was 

12 ± 8 beats·min-1 higher throughout the HOT compared with COOL trials (P≤0.001; Figure 4.2). 

Group maximum HR for the HOT trial was 185 ± 15 beats·min-1 compared to 172 ± 10 beats·min-

1 during COOL.  

 

Compared to resting Tcore, there was no change following 15 min of running at 60% �̇�O2max 

(P=0.141). However, there was a 1.6 ± 0.4oC increase (P<0.001) following 75% �̇�O2max running, 

and a 2.0 ± 0.4oC (P<0.001) increase following the 95% �̇�O2max intervals, compared to resting Tcore 

(Figure 4.3). Maximum group Tcore was 39.4 ± 0.3°C and 38.9 ± 0.4°C for HOT and COOL trials, 

respectively. Overall, Tcore (P=0.036) and Tskin (P=0.015) were significantly higher during exercise 

in the HOT than COOL trial (Figure 4.3). 

 

Blood lactate concentration did not differ at rest and following 60% and 75% �̇�O2max running in 

the HOT and COOL trials (P=0.142) (Table 4.1). Given that only 3 participants completed all 8 

intervals in HOT, blood lactate concentration responses following the final 95% �̇�O2max running 

intervals are reported with descriptive statistics.  
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Figure 4.2 Heart rate response to submaximal (60% and 75% �̇�O2max) and high-intensity (95% 

�̇�O2max) running in HOT and COOL environments. Data shown as mean ± 95% upper or lower 

confidence limit. *Significant increase compared to baseline (P<0.001). □Significant difference 

between HOT and COOL (P<0.001). 
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Figure 4.3 Skin and core temperature response to submaximal and maximal treadmill running in 

hot and cool environments. Mean and 95% (upper or lower) confidence limit. *Significant increase 

compared to baseline (P<0.001).  □Significant difference between HOT and COOL (P<0.05).  
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Perceptual Data 

RPE was higher (P<0.001) after 75 and 95% �̇�O2max running compared to 60% running in both 

conditions. RPE and TS were also higher following running in HOT compared to COOL 

conditions (P<0.001) (Table 4.1).  

 

Table 4.1 Blood lactate, rating of perceived exertion (RPE) and thermal sensation (TS) 

responses to pre-exercise resting, submaximal and maximal treadmill running in hot and 

cool conditions. Data presented as mean ± standard deviation. 

*Significant difference in HOT compared to COOL (P<0.001). 

 

Gut Discomfort Questionnaire 

There was no difference in self-reported gastrointestinal discomfort between the HOT and COOL 

conditions (P=0.597). A quarter of participants (n=4) reported feelings of mild gastrointestinal 

discomfort following the HOT trial and of those only 1 reported feelings of mild intermittent bouts 

 Condition Resting 60% �̇�O2max 75% �̇�O2max 95% �̇�O2max 

Blood Lactate 

(mmol) 

HOT   1.7 ± 0.6   1.5 ± 0.5   3.9 ± 1.6    6.8 ± 1.7 

COOL   1.5 ± 0.5   0.9 ± 0.3   2.7 ± 1.6    5.6 ± 3.4 

RPE 

(6-20) 

HOT     12 ± 2    16 ± 2*     19 ± 1* 

COOL     12 ± 1    14 ± 2*     16 ± 2* 

TS 

(0-8) 

HOT       6 ± 1*      7 ± 1*       7 ± 1* 

COOL       4 ± 1*      5 ± 1*       6 ± 1* 
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of nausea in the 72 h period after the trial. Following the COOL condition, 2 participants reported 

acute, mild intestinal discomfort, and 2 participants reported mild abdominal pain, bloating and 

constipation in the 72 h following the trial.  

 

4.6  Discussion  

Running at increasing intensities lead to transient perturbations in gastrointestinal permeability, 

irrespective of environmental condition. Sustained moderate- to high-intensity exercise resulted in 

a small, transient elevation in blood LPS concentrations in both the HOT and COOL trials. 

However, exercising in the heat induced greater gastrointestinal disturbances as indicated by 

elevated blood concentrations of IFABP and LBP compared to COOL trials. Although a greater 

level of disturbance was noted during exercise in HOT conditions, the small physiological effect 

on LBP and LPS concentrations suggests that moderate- and high-intensity exercise undertake 

over short durations is well tolerated by trained participants, as indicated by only small increases 

in circulating endotoxins. However, the participants habitual endurance training and high fitness 

levels, may also provide adaptations that limit exercise-induced increases in gastrointestinal 

permeability, minimising gastrointestinal discomfort during running.  

 

Exercise Intensity and Circulatory Concentrations of LBP and LPS 

Exercise of increasing intensity, irrespective of environmental conditions, yielded small transient 

gastrointestinal perturbations, as indicated by an increase in LPS concentration following 75% 

�̇�O2max running (Figure 4.1). An increased blood concentration of LPS is a surrogate marker for 

the loss of integrity within the tight junctions of the epithelial lining, allowing for translocation of 

toxins from the gastrointestinal lumen into the circulation (Han, 2002). The earliest evidence of 
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impaired intestinal permeability in athletes was reported after an 89.4-km endurance run completed 

under temperate conditions (20.3°C) (Brock-Utne et al., 1988). The majority (81%) of participants 

were deemed clinically endotoxemic, indicating that ultra-endurance exercise can increase LPS 

translocation (Brock-Utne et al., 1988). Another study reported that LPS concentration increased 

by 54% following 60 min of treadmill running at 70% �̇�O2max in 33°C compared to 22°C conditions 

(Yeh et al., 2013). In the current study, LPS concentration was 69% higher than baseline (in both 

conditions) after 30 min of total exercise at 60% and 75% �̇�O2max, however, did not differ 

following the 95% �̇�O2max intervals. It appears that the small increase in LPS was mediated 

primarily by submaximal, continuous exercise, rather than the effects of whole-body hyperthermia. 

The gastrointestinal response to exercise is therefore likely influenced by both the intensity and 

duration of the exercise modality and environmental conditions (Kouvelioti et al., 2019).  

 

Exercise in the Heat and Circulatory Concentrations of LBP and LPS 

The increase in LBP concentration during exercise in the heat may relate to a sustained 

redistribution of blood flow away from the gastrointestinal system towards the working muscles 

(Zuhl et al., 2014). The relationship between relative exercise intensity and splanchnic blood flow 

is similar among research studies, whereby a gradual reduction in portal vein flow of ~20% occurs 

after ~10 min of exercise, further reducing to 80% following 1 h (Rehrer et al., 2001). While these 

reductions in splanchnic blood flow allow for a greater redistribution of blood to the working 

skeletal muscles, they occur at the expense of the small intestine (Pals et al., 1997). Therefore, the 

increased blood concentration of LBP may be evidence of intestinal tight junction disturbance and 

reflect an acute response to mediate the systemic rise in LPS (Wright et al., 1990). We observed a 

progressively higher LBP concentration (4 to 32%) during the HOT compared with COOL trial 
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across the increasing exercise intensities (Figure 4.1). While LPS concentration did not differ 

significantly between conditions, the relative rise in LBP suggests a greater capacity to tolerate the 

leakage of endotoxins into the circulation, or an enhanced ability to better tolerate further influx 

of LPS (Lambert, 2008; McLellan et al., 2009). 

 

Endurance-training and Increased Tolerance to Circulatory Concentrations of LBP and LPS 

IFABP concentration, a marker of early gastrointestinal ischemia, has been reported to increase by 

99% following 60 min of cycling at 70% �̇�O2max (van Wijck et al., 2011). In the current study, 

IFABP was 43% higher following the 1 h recovery period in the HOT compared to COOL 

condition but did not differ between exercise intensities. This response indicates that the well-

trained runners in the current study experienced small increases in circulatory concentrations of 

LBP and LPS and possible enterocyte damage relating to gastrointestinal ischemia following high-

intensity exercise in the heat. The manifestation of this response, however, was only detectable 1 

h following the completion of exercise. The sequential design of this exercise protocol appears to 

have partially influenced the gastrointestinal response and enterocyte damage due to accumulation 

of metabolites, fatigue and a continuous rise in core temperature during submaximal running. This 

rise in IFABP reflects damage to the small intestine, however, further investigation is required to 

understand the delayed and elevated nature of this response. The increase in LBP across all 

exercise intensities possibly reflects an innate immune protective response against LPS (Ding et 

al., 2014). It is possible that the trained participants in our study had an enhanced ability to tolerate 

increased intestinal permeability during and following exercise in the heat given their endurance 

training history. Repeat exposure to high core temperatures during training and competition, along 

with an increased tolerance to high-intensity exercise could explain part of the adaptation to this 
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challenge (McLellan et al., 2009). Well trained athletes, and those who participate in regular 

physical activity, may develop an improved endotoxin tolerance due to repeated exposure to LPS. 

This exposure may result in self-immunisation through enhanced induction of heat shock protein 

72 (HSP72) and anti-inflammatory cytokines associated with acute exercise (Selkirk et al., 2008). 

 

Aerobically-trained individuals typically have a greater ability to tolerate high core temperatures, 

which can enhance endurance performance in the heat (Selkirk et al., 2001). However, this 

advantage may not be directly related to aerobic fitness per se (i.e. �̇�O2max) (Ravanelli et al., 2020; 

Sawka et al., 1992). When exercising at the same relative intensity, trained individuals have a 

higher metabolic rate than untrained individuals (Périard et al., 2015a), increasing the rate of heat 

storage (Mora-Rodriguez et al., 2010) and fatigue at similar (Périard et al., 2012; Sawka et al., 

1992) or higher core temperatures (Cheung et al., 1998; Selkirk et al., 2001). Therefore, 

adaptations related to training may elevate heat accumulation before a reduction in work rate 

occurs, be it voluntary or involuntary (Mora-Rodriguez, 2012). Greater tolerance to heat likely 

stems from physiological adaptations similar to those of heat acclimation that occur in response to 

regular exposure to elevated core temperatures and sweat rates during exercise, even when 

undertaken in cool conditions (Périard et al., 2015a; Selkirk et al., 2001).  The well-trained runners 

in the current study may have had an enhanced capacity to better tolerate increased intestinal 

permeability compared to untrained individuals given their frequent (i.e. daily) training, and ability 

to produce rapid and elevated acute phase protein responses to mediate the influx and presence of 

LPS when exercising in the heat (Lambert, 2008). 

 

-
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Our data indicate no significant changes in blood lactate concentration between exercise 

conditions. In contrast, other studies have indicated that blood lactate accumulation is markedly 

elevated during constant load, maximal exercise in the heat compared with cooler conditions 

(Gonzalez-Alonso et al., 2003). However, while there was no statistically significant change, blood 

lactate concentrations were slightly elevated during exercise trials in the HOT compared to COOL. 

The similar blood lactate concentration observed in the HOT and COOL conditions, following the 

high-intensity intermittent sprints, indicates that there was a large demand for oxygen independent 

glycolysis, contributing to elevated blood lactate concentration, regardless of the trial condition 

(Gaitanos et al., 1991). Furthermore, it is likely that due to the high-intensity nature of the 95% 

running intervals, participants adequately exerted themselves (as indicated by increased blood 

lactate, heart rate and perceptual measures) irrespective of the condition, or the number of intervals 

completed. 

 

As expected, RPE increased with the rise in exercise intensity and was higher in the HOT 

compared to COOL trial. The higher RPE values in the heat may stem from an increase in relative 

exercise intensity, secondary to the rise in whole-body temperature and cardiovascular strain (e.g. 

HR) (Périard et al., 2011). Similarly, TS was rated higher during the HOT compared to COOL 

condition, which reflects the increase in whole-body temperature (Nybo et al., 2001). There were 

4 cases of self-reported gastrointestinal discomfort symptoms immediately post-exercise and of 

those, only 2 reported discomfort 72 h following the HOT and COOL trials. Of the participants 

reporting mild intestinal discomfort immediately following exercise, there were no significant 

increases in LPS, LBP or IFABP linking blood concentration to intestinal discomfort.  
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4.7  Practical Applications 

High-level training and competitions are routinely scheduled and held in challenging 

environmental conditions. The outcomes of the current study contribute to a broader understanding 

of the gastrointestinal and thermophysiological responses that occur when well-trained individuals 

exercise at increasing intensities in the heat. This information may help to better shape an athlete’s 

approach to exercising in challenging conditions. It appears that trained individuals are largely 

tolerant to changes in gastrointestinal permeability when performing short bouts of running of 

increasing intensity in the heat.   

 

4.8  Conclusion 

Exercise at increasing intensities in the heat yielded greater thermal and physiological strain, 

transient gastrointestinal perturbations and enhanced innate immune responses than exercising in 

cool conditions. However, the small and acute changes in intestinal permeability were well 

tolerated in a cohort of endurance-trained runners. Well-trained individuals with no history of 

intestinal issues may develop, via regular vigorous exercise, the ability to tolerate minor acute 

changes to intestinal tight junctions during moderate- and high-intensity interval running in the 

heat.  
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5.0  Summary 

Chapter 5 is an original laboratory investigation published in the International Journal of Sport 

Nutrition and Exercise Metabolism. The original investigation in Chapter 4 reported that 

running at increasing intensities in the heat induced acute changes in gastrointestinal 

permeability and LPS translocation. However, the trained participant cohort of Chapter 4 was 

largely tolerant to such changes, likely attributable to their training history and the short bouts 

of exercise duration and increasing exercise intensity. Additionally, the systematic review in 

Chapter 3 highlighted the paucity of research conducted in trained and elite athletic 

populations, particularly during high-intensity exercise bouts. Therefore, given this gap in the 

literature, Chapter 5 aimed to investigate the effect of a short-term repeated-sprint training 

regimen in hot and cool conditions on indirect blood markers of gastrointestinal damage in 

well-trained athletes. The findings of this chapter indicate that heat stress exacerbates 

gastrointestinal damage when performing repeated-sprints, although it appears to be mild. 

Moreover, despite the emergence of thermoregulatory adaptations, perceptual improvements 

and thermal tolerance, a greater thermal stimulus, or extended protocol, appear required to 

induce changes in the gastrointestinal epithelium that lead to attenuated damage and 

permeability in well-trained populations.     
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5.1  Abstract 

Introduction: Athletes engaged in repeated-sprint training in the heat can be at an increased 

risk of gastrointestinal ischemia and damage in response to a redistribution of blood to working 

skeletal muscles and the skin. This study investigated the effects of repeated sprinting in hot 

and cool conditions on markers of gastrointestinal damage. Methods: Twenty-five, well-

trained, non-heat acclimated male team-sport athletes completed a 5-session, repeated-sprint 

training regimen over seven days in either HOT (40°C and 40% RH) or COOL (20°C and 40% 

RH) conditions. Participants underwent a 20-min warm-up and 4 sets of 5 × 6 s maximal 

cycling sprints, with 24 s rest and 5-min recovery between sets. Venous blood was collected 

pre-, post- and 1 h post-exercise and analysed for intestinal fatty acid binding protein (IFABP), 

lipopolysaccharide binding-protein (LBP), soluble CD14 (sCD14) and heat-shock protein 

(HSP72). Results: IFABP concentrations was significantly increased (P<0.004) post-exercise 

(593 and 454 pg·mL-1) and 1 h post-exercise (466 and 410 pg·mL-1) on both Day 1 and 5 in 

HOT. sCD14 increased by 398 and 308 ng·mL-1 post-exercise (P=0.041) and LBP increased 

by 1694 ng·mL-1 post-exercise on Day 1 in HOT (P<0.05) and by 1520 ng·mL-1 on Day 5 in 

COOL (P=0.026). Core and skin temperature, rating of perceived exertion and thermal 

sensation were higher (P<0.05) in HOT on Day 1 and 5 during sprinting. Conclusions: 

Repeated-sprinting in the heat induced greater thermal strain and mild changes in 

gastrointestinal damage, likely attributable to the combination of environmental conditions and 

maximal-intensity exercise. 

5.2  Keywords 

maximal exercise, endotoxemia, gut, hyperthermia   
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5.3  Introduction 

High-intensity exercise can lead to gastrointestinal ischemia in response to the redistribution 

of splanchnic blood flow to the cutaneous vasculature, and maintenance of adequate oxygen 

delivery to working skeletal muscles (Rehrer et al., 2001). When exercise is undertaken in the 

heat, gastrointestinal ischemia may be exacerbated in response to a thermoregulatory-mediated 

increase in cutaneous blood flow, potentially increasing the risk of epithelial cell damage and 

translocation of luminal gram-negative bacteria (lipopolysaccharides [LPS]) into the 

circulation (Lim et al., 2009; Yeh et al., 2013). As a result of increased LPS translocation, 

athletes exercising in the heat may experience a heightened risk of exercise-induced 

endotoxemia (Yeh et al., 2013; Zuhl et al., 2014). 

 

Team-sport athletes (e.g. rugby, football) repeatedly produce maximal efforts (e.g. sprinting, 

jumping) separated by brief, incomplete recovery periods over the duration of a match (Bishop 

et al., 2013; Stone et al., 2009). High-intensity exercise and repeated-sprint training can 

improve aerobic and anaerobic fitness, and enhance team-sport performance (Bishop et al., 

2011). Previous investigations have reported significant increases in both blood and urine 

markers of gastrointestinal damage during and following bouts of high-intensity running in 

temperate conditions (Karhu et al., 2017; Pugh et al., 2017). Immediately following interval 

running at 120% of the speed associated with maximum rate of oxygen consumption (�̇�O2max), 

plasma intestinal fatty acid binding protein concentration ([IFABP]) and gastrointestinal 

permeability (as measured by the ratio of L-Lactulose/Rhamnose) increased by 72% and 59%, 

respectively, relative to rest (Pugh et al., 2017). Similarly, running at 80% of best 10-km speed 

increased intestinal permeability (as assessed by iohexol concentration in urine) and serum 
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[IFABP] in active runners (Karhu et al., 2017). However, the acute and chronic responses to 

repeated maximal sprints on gastrointestinal integrity remain to be investigated.  

 

Team-sport athletes commonly face difficult training and competition environments, such as 

high heat and humidity, requiring acclimation (Girard et al., 2015; Sunderland et al., 2008). 

These environments increase thermal strain (i.e. elevate whole-body temperature) and can 

compromise repeated-sprint ability (Girard et al., 2015). Repeated exposure to these conditions 

may improve thermoregulatory control (Périard et al., 2015a), gastrointestinal blood flow and 

enhanced performance (Pyne et al., 2014). However, repeated sprinting in the heat may 

exacerbate gastrointestinal hypoperfusion and increase the risk of epithelial damage and LPS 

translocation into the systemic circulation (Yeh et al., 2013). The extent of exercise-induced 

splanchnic hypoperfusion purportedly correlates with plasma [IFABP], a circulating blood 

marker of intestinal damage (Sheahen et al., 2018; van Wijck et al., 2011). Similarly, LPS 

binding protein (LBP), a marker that contributes to attenuate the rise in LPS and assists in its 

clearance from circulation, and soluble cluster differentiation 14 (sCD14), a marker of 

monocyte activation, may provide insight into endotoxin translocation during exercise in the 

heat. Although repeated-sprint training in the heat may be used as a method to acclimate and 

enhance performance, the impact of such training on the gastrointestinal system is yet to be 

thoroughly investigated. 

 

The purpose of this study was to investigate the effects of a short-term repeated-sprint training 

regimen in hot and cool conditions on blood markers of gastrointestinal damage. We 

hypothesized that repeated sprinting in the heat would acutely increase gastrointestinal damage 

biomarkers relative to cooler conditions. Furthermore, heat-training adaptations would likely 

attenuate the magnitude of change in these biomarkers following the training regimen. 
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5.4  Methods 

Participants 

Twenty-five, well-trained, non-heat acclimatised (June to November in Canberra, Australia, 

mean maximum daily temperature of 15.5°C) male team-sport (soccer, rugby, Australian Rules 

Football) athletes training ~7 h per week participated in this study. Twelve participants (age: 

23 ± 4 years, body mass: 81.7 ± 10.5 kg, �̇�O2peak: 51.8 ± 5.9 mL·kg-1·min-1) completed the 

training regimen in COOL (20°C and 40% RH) conditions, and thirteen participants (age: 26 

± 5 years, body mass: 81.9 ± 9.7 kg, �̇�O2peak: 50.7 ± 3.9 mL·kg-1·min-1) completed the training 

regimen in HOT (40°C and 40% RH) conditions. Participants were fully informed of the 

experimental procedures and potential risks prior to giving written informed consent. The 

University of Canberra Human Research Ethics Committee approved this study and all 

procedures conformed to the standards of the Declaration of Helsinki.  

 

Experimental Design 

A parallel-group, controlled-trial design was employed to compare the responses of well-

trained team-sport athletes to a bout of repeated-sprint exercise in either COOL or HOT 

conditions (Figure 5.1). Participants visited the laboratory ~1 week prior to commencing the 

study for a pre-experimental baseline �̇�O2peak test and familiarisation session of the repeated-

sprint protocol in COOL conditions. Participants were then block randomised according to 

body mass and �̇�O2peak to either HOT or COOL training groups. All testing and training 

sessions were conducted at the same time of day for each individual.  
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�̇�O2peak Test 

The incremental exercise test to determine �̇�O2peak consisted of cycling on an 

electromagnetically braked cycle ergometer (Velotron, RacerMate Inc, Seattle, WA, USA) at 

an initial power output of 100 W with a 25 W·min-1 increase until volitional fatigue. Expired 

air was analysed by paramagnetic O2 and infrared CO2 analysers (ParvoMedics, Salt Lake City 

UT, USA). Heart rate (HR; beats·min-1) was monitored continuously with a Polar transmitter-

receiver (T-31 Polar Electro, Lake Success, USA) and captured within the Velotron software. 

 

Repeated-sprint Testing and Training 

Upon arrival to the laboratory, participants were asked to void their bladder and provide a urine 

sample for measurement of urine specific gravity (USG; PEN-Urine SG, Atago, Tokyo, Japan). 

If USG was >1.020, a 300 mL bolus of water was consumed within 10 min. Participants then 

recorded nude body mass before self-inserting a general-purpose thermistor probe (TM400, 

Covidien, Mansfield, MA, USA) 12 cm beyond the anal sphincter to monitor rectal temperature 

(Trec). Participants were fitted with four skin temperature sensors (iButton, Maxim Integrated 

Products, San Jose, CA, USA) to calculate mean skin temperature (Tskin) (Ramanathan, 1964), 

and a HR monitor before lying supine for 5 min to record pre-exercise measurements. 

Participants then entered the climate chamber set to either HOT (40°C and 40% RH) or COOL 

(20°C and 40% RH) conditions and mounted a cycle ergometer (Wattbike Pro, Nottingham, 

UK). Following 2 min of seated rest, participants underwent a 22-min warm-up (10 min at 40% 

of the peak power output achieved during the �̇�O2peak test, and then 50% of peak power for the 

remaining 12 min). Target power output for the first stage of the warm-up was 141 ± 16 and 

131 ± 17 W for the COOL and HOT groups, respectively, and during the second stage 175 ± 

16 and 163 ± 21 W, respectively. At 20, 21 and 22 min, a brief (~5 s) maximal sprint was 

performed. Participants then rested on the ergometer for 3 min.  
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The repeated-sprint protocol consisted of 4 sets of 5 × 6 s maximal (i.e. all-out and standing) 

cycling sprints, separated by 24 s of passive rest and 5 min of seated recovery between sets. 

Participants conducted all sprints on the same cycle ergometer (Wattbike Pro, Nottingham, 

UK) at air and magnetic resistances of 10 and 3, respectively. A countdown to the start and 

finish of each sprint was provided, as well as strong verbal encouragement. A 10-min cool 

down at 40% �̇�O2peak power was added to the end of each training session to extend the total 

trial duration to 60 min. Ratings of perceived exertion (RPE) (Borg, 1982) and thermal 

sensation (TS) (Gagge et al., 1969) were recorded at the end of each set. An electric fan 

provided constant airflow (~12.5 km·h-1) during the repeated-sprint test in both conditions. 

Participants were permitted to drink ad libitium during the test. Change in body mass from pre- 

to post-test determined whole-body sweat production with corrections for fluid ingested and 

sweat trapped in clothing. During the repeated-sprint training regimen, each participant was 

instructed to maintain a normal diet, and avoid the consumption of alcohol 24 h and caffeine 8 

h prior to starting testing. Participants were also instructed to maintain their usual 

aerobic/endurance training sessions and complete a daily training diary. 

 

Blood Sampling 

Venepuncture was performed (4 mL EDTA tube, 2 mL serum separator tube and 2 mL lithium 

heparin tube) pre-, post- and 1 h post repeated-sprint training on training Day 1 and Day 5. 

Immediately following venepuncture, plasma was separated in the EDTA and lithium heparin 

treated tubes by centrifugation (1000 × g for 10 min) and frozen in 200 µL aliquots. Serum was 

left to clot for 30 min before being centrifuged for 15 min and frozen in 200 µL aliquots. 

Biomarker concentrations were determined using commercially available ELISA kits (IFABP, 

lipopolysaccharide binding-protein [LBP] and soluble CD14 [sCD14]: Hycult Biotech, Uden, 

The Netherlands [HK406, HK315 and HK320, respectively], and heat-shock protein [HSP72]: 
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Novaterinbio, Boston, United States of America [NR-E11144]). The inter-assay coefficients of 

variation for IFABP, LBP, HSP72 and sCD14 were 2.1%, 6.1%, 4.1% and 4.4%, respectively.   

 

Data and Statistical Analysis 

A mixed linear modelling procedure was used to estimate means (fixed effects) and within- 

and between-subject variations (random effects, modelled as variances) in biomarker 

responses. The fixed effects were the underlying thermal condition in which training occurred 

(COOL or HOT), the time at which testing was conducted relative to the intervention (pre- or 

immediately and 1 h post-intervention), and the time within a testing session. The random 

effects were between-subject variances in biomarker concentration, physiological, perceptual, 

and thermal responses, whereas within-subject variances represented typical variation in 

adaptation over the 5-day training regimen. Repeated-sprint ability was analysed by calculating 

mean and peak power output across each set. Where significant effects were established, 

pairwise comparisons were identified using the Bonferroni post hoc analysis adjusted for 

multiple comparisons. Model parameters and effects are reported as mean with 95% confidence 

interval (CI: lower and upper bound) unless otherwise indicated. All statistical analyses were 

performed using SPSS Software (IBM SPSS Statistic Version 25). 

 

 



 

 

101 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Experimental overview of the repeated-sprint exercise training protocol undertaken by separate groups in either HOT (40ºC and 40% 

RH) or COOL (20ºC and 40% RH) conditions, including baseline assessments performed in conditions as indicated and blood sampling protocol. 

�̇�O2peak: peak oxygen consumption test, PPO: peak power output. 
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5.5  Results 

IFABP Concentration 

There were no differences in pre-exercise [IFABP] between and within the HOT and COOL 

conditions on Day 1 or 5 (P>0.220; Figure 5.2). Post-exercise [IFABP] in HOT increased by 

593 pg·mL-1 (254 to 932 pg·mL-1; 95% CI; P<0.001) on Day 1, and by 454 pg·mL-1 (115 to 

793 pg·mL-1; P<0.004) on Day 5 compared to pre-exercise. [IFABP] remained elevated 1 h 

post-exercise on Day 1 in HOT (466 pg·mL-1; 127 to 805 pg·mL-1; P=0.003) and on Day 5 

(410 pg·mL-1; 71 to 750 pg·mL-1; P=0.012) compared to pre-exercise. There was no change in 

[IFABP] in response to exercise in COOL (P≥0.05). 

 

LBP Concentration 

There was no difference in [LBP] between the HOT and COOL conditions (P=0.801; Figure 

5.2). On Day 1 in HOT, post-exercise [LBP] increased by 1694 ng·mL-1 (424 to 2964 ng·mL-

1) compared to pre-exercise levels (P=0.005). In contrast, [LBP] was unchanged when 

exercising in the HOT condition on Day 5 (P≥0.05). During exercise in the COOL condition, 

there was no change in [LBP] in response to exercise on Day 1 (P=1.000). On Day 5 [LBP] 

was 1520 ng·mL-1 (138 to 2900 ng·mL-1) higher immediately post-exercise relative to pre-

exercise (P=0.026), decreasing to pre-exercise levels 1 h post-exercise (P=1.000).  

 

sCD14 Concentration 

There was no difference in [sCD14] between the HOT and COOL conditions (P=0.595; Figure 

5.2). Pre-exercise [sCD14] in the COOL condition was 220 ng·mL-1 (3 to 437 ng·mL-1) higher 

on Day 5 compared to Day 1 (P=0.047), with no difference noted in the HOT condition 

(P=0.703) (Figure 5.2). On Day 1, post-exercise [sCD14] in the HOT condition was 398 

ng·mL-1 (149 to 647 ng·mL-1) higher than pre-exercise values (P=0.001) but returned to pre-
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exercise levels 1 h post-exercise (P=0.55). On Day 5, [sCD14] in the HOT condition increased 

by 308 ng·mL-1 (59 to 557 ng·mL-1) immediately post-exercise compared to pre-exercise 

(P=0.010) but did not differ 1 h post-exercise compared to pre-exercising levels (P=0.107).  

 

HSP72 Concentration  

There was no difference in [HSP72] between HOT and COOL conditions (P=0.518; Figure 

5.2). In the HOT condition, [HSP72] was higher on Day 1 compared to Day 5 (P<0.001). 

Compared to pre-exercise on Day 1, [HSP72] in HOT increased by 822 pg·mL-1 (459 to 1185 

pg·mL-1; P<0.001) immediately post-exercise and remained elevated by 712 pg·mL-1 (349 to 

1075 pg·mL-1; P<0.001) 1 h post-exercise. On Day 5, [HSP72] in the HOT condition increased 

by 432 pg·mL-1 (60 to 804 pg·mL-1) post-exercise compared to pre-exercise (P<0.017). 

[HSP72] was 419 pg·mL-1 (123 to 715 pg·mL-1; P<0.001) lower pre-exercise and 556 pg·mL-

1 (260 to 852 pg·mL-1; P=0.006) lower post-exercise on Day 5 compared to Day 1 in the HOT. 

In the COOL condition, [HSP72] did not differ between Day 1 and Day 5 (P=0.323).  On Day 

1, [HSP72] in the COOL condition increased by 452 pg·mL-1 (32 to 874 pg·mL-1) post-exercise 

compared to pre-exercise (P=0.031). On Day 5, no differences in [HSP72] were noted in COOL 

(P>0.05).  
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Figure 5.2 Blood marker concentrations pre-, post- and 1 h post-exercise trials in HOT and 

COOL conditions across trial Day 1 and 5. *Significantly different to pre-exercise within trial 

day (P<0.05), ∇Significantly different to 1 h post-exercise (P<0.05), αSignificantly different to 

Day 1 pre-exercise (P<0.05), and □Significantly lower compared to same timepoint on Day 1 

(P<0.006).  
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Physiological and Perceptual Responses 

There was no difference in HR within HOT and COOL conditions (P=0.809). However, on 

Day 1, mean HR was 16 beats·min-1 (6 to 26 beats·min-1; P=0.003) higher following the warm-

up, 13 beats·min-1 (3 to 22 beats·min-1; P=0.012) higher following sprint set 1, 13 beats·min-1 

(3 to 23 beats·min-1; P=0.013) higher following sprint set 4 and 25 beats·min-1  (15 to 34 

beats·min-1; P<0.001) higher following cool down in HOT compared to COOL. On Day 5, 

mean HR was 12 beats·min-1 (2 to 22 beats·min-1; P=0.017) higher following warm-up and 25 

beats·min-1 (6 to 36 beats·min-1; P<0.001) higher following cool down in HOT compared to 

COOL. HR also did not differ within each condition on Day 1 and 5 (P≥0.05; Figure 5.3). 

 

 On Day 1, Trec was 0.3°C higher following sprint set 3 (0.1 to 0.5°C; P=0.019), 0.4°C higher 

following sprint set 4 (0.2 to 0.6°C; P=0.001) and 0.6°C higher following the cool down (0.4 

to 0.9°C; P<0.001) in HOT compared to COOL (Figure 5.4). Similarly, Trec on Day 5 was 

0.3°C higher following sprint set 4 (0.1 to 0.5°C; P=0.025) and 0.4°C higher following the cool 

down (0.2 to 0.6°C; P=0.001) in the HOT compared to the COOL condition. In the HOT 

condition, Trec was 0.7°C higher on Day 1 compared to Day 5 within the first 10 min of warm-

up (0.01 to 0.3°C; P=0.043) and 0.2°C higher following sprint set 1 (0.03 to 0.3°C; P=0.016), 

sprint set 2 (0.04 to 0.3°C; P=0.010), sprint set 3 (0.05 to 0.3°C; P=0.008) and sprint set 4 (0.04 

to 0.3°C; P=0.009). There was no difference in Trec between Day 1 and 5 in the COOL condition 

(P>0.05). Tskin was on ~7.9°C higher during exercise in the HOT compared with COOL 

condition throughout the regimen (P<0.001) (Figure 5.4). Tskin did not differ between Day 1 

and 5 within the HOT and COOL conditions (P>0.05).  
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There was no significant difference for pre-exercise body mass between conditions (0.7 kg, 0 

to 8.4 kg; P=0.848) and trial days (0.2 kg, 0 to 0.5 kg; P=0.336) (Table 5.1). There was no 

difference in USG between the HOT and COOL conditions (P=0.906), although it was higher 

on Day 5 compared to Day 1 in the HOT condition (0.006, 0.001 to 0.011; P<0.05) (Table 5.1). 

Fluid intake was 0.405 L (0.172 to 0.637 L; P=0.001) higher in the HOT compared to COOL 

condition and did not differ between Day 1 and 5 within either condition (P=0.869) (Table 5.1). 

Sweat rate was 0.5 L·h-1 (0.4 to 0.7 L·h-1; P<0.001) higher in the HOT compared to COOL 

condition, remaining similar between Day 1 and 5 (P=0.425) (Table 5.1).  

 

Mean power output was 116 W higher (15 to 216 W; P=0.026) and peak power output 144 W 

higher (22 to 267 W; P=0.022) during the repeated-sprints in the COOL compared to HOT 

condition (Table 5.1). There was no difference in mean or peak power output between Day 1 

and 5 in either the HOT (P=0.164 and P=0.327) or COOL (P=0.143 and P=0.363) condition. 

 

RPE was significantly higher during exercise in HOT compared to COOL (P0.05; Figure 5). 

On Day 1, RPE was significantly higher following sprint set 1 (1 RPE Unit, 0 to 2; P=0.018) 

and the cool down (3 RPE Units, 2 to 4; P<0.001) in HOT compared to COOL. On Day 5, RPE 

was higher in HOT following the end of the warm-up (2 RPE Units, 0 to 3; P=0.06), sprint set 

1 (2 RPE Units, 1 to 3; P=0.003) and following the cool down (3 RPE Units, 2 to 4; P<0.001) 

compared to COOL. Thermal sensation was higher during exercise in HOT compared to COOL 

(P<0.001).  
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Figure 5.3 Group HR mean during warm up, sprint sets and cool down throughout exercise 

trials in both HOT and COOL conditions on trial Day 1 and Day 5. *Significantly higher during 

exercise in the HOT compared to COOL condition on Day 1 (P<0.05) and ˟ Significantly higher 

during exercise in the HOT condition compared to COOL on Day 5 (P<0.05). 
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Figure 5.4 Group core and skin temperature mean during warm-up, sprint sets and cool down 

throughout exercise trials in both HOT and COOL conditions on Day 1 and Day 5. 

*Significantly higher temperature during exercise in the HOT condition compared to COOL 

on Day 1 (P<0.05), ˟Significantly higher temperature during exercise in the HOT condition 

compared to COOL on Day 5 (P<0.05), and ∇Significantly higher temperature on Day 1 

compared to Day 5 within HOT condition (P<0.05).   
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Table 5.1  Participant characteristics and mean and peak power output during the repeated-sprint efforts on Day 1 and 5. 

 

 

 

 

 

 

 

 

 

 

Group mean body mass, USG, fluid intake and sweat rate throughout the repeated-sprint training regimen. *Significantly higher in HOT than 

COOL (P<0.05), and ♦Significantly higher in COOL than HOT (P<0.05). MPO: mean power output, PPO: peak power output. 

 Day 1 Day 5 

 COOL HOT COOL HOT 

Body Mass (kg) 81.9 ± 9.9 81.5 ± 10.1  82.3 ± 9.3 81.2 ± 9.7  

Hydration Status (USG) 1.016 ± 0.007 1.013 ± 0.007 1.018 ± 0.007 1.019 ± 0.009  

Fluid Intake (L)  0.6 ± 0.2 0.9 ± 0.4 * 0.6 ± 0.3 1.0 ± 0.3 * 

Sweat Rate (L·h-1)  0.6 ± 0.1 1.2 ± 0.2 * 0.7 ± 0.3 1.2 ± 0.2 * 

Power Output (W) COOL HOT COOL HOT 

Mean warm-up (1-10 min) 140 ± 16 134 ± 18 139 ± 14 132 ± 17 

Mean warm-up (11-22 min) 171 ± 19 163 ± 26 168 ± 17 158 ± 20 

Average MPO across sets 980 ± 87 ♦ 864 ± 76 1007 ± 86 ♦ 890 ± 64 

Average PPO across sets 1136 ± 66 ♦ 990 ±64 1156 ± 70 ♦ 1012 ± 57 
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Figure 5.5 Group thermal sensation (TS) and ratings of perceived exertion (RPE) during warm-

up, sprint sets and cool down throughout exercise trials in both HOT and COOL conditions on 

Day 1 and Day 5. *Significantly higher rating during exercise in HOT compared to COOL on 

both Day 1 and Day 5 (P<0.05), and ˟Significantly higher rating during exercise in HOT 

compared to COOL on Day 5 (P<0.05).  
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5.6  Discussion  

Our data indicate that repeated sprinting in 40°C induces acute perturbations in gastrointestinal 

damage and integrity, compared to 20ºC conditions. In the HOT condition, [IFABP] was 

elevated immediately post-exercise and remained elevated 1 h post-exercise compared to the 

COOL condition on Day 1 and 5. Similarly, [sCD14] increased following exercise in HOT on 

Day 1 and 5, whereas an increase in [LBP] was only noted immediately post-exercise in the 

HOT condition on Day 1. The elevated perturbation of gastrointestinal integrity markers during 

repeated sprinting in the HOT condition may be associated with the combination of intense 

exercise and an increase in thermal strain (i.e. Trec and Tskin) compared to the COOL condition.  

 

Markers of Acute Gastrointestinal Response to Repeated-sprinting in Cool Conditions 

Repeated-sprint exercise induced transient changes in gastrointestinal permeability on Day 5 

in the COOL condition, as indicated by increased [LBP] immediately following exercise 

(Figure 5.2), despite the maintenance of a similar power output to that of Day 1 (Table 5.1). 

LBP, an acute phase response protein, attenuates the rise in LPS and assists in its clearance 

from the circulation (Schumann, 2011). As such, the presence of LBP following repeated 

sprinting in the COOL condition may be indicative of an acute intestinal tight junction 

disturbance, suggestive of the translocation of microbial products, such as LPS, into circulation 

(Uhde et al., 2016). These observations reinforce the inverse relationship between splanchnic 

blood flow and exercise intensity, with significant gastrointestinal ischemia reported in healthy 

athletes following a 30-min maximal distance time trial on a rowing ergometer (Nielsen et al., 

1995) and after cycling for two sets of 10 min at a HR between 80 and 100% of maximum 

(Otte et al., 2001). Gastrointestinal ischemia and the consequential oxidative stress and 

inflammation can cause gastrointestinal epithelial damage, compromise epithelial tight 

junctions and increase gastrointestinal permeability (Costa et al., 2020). The changes observed 
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in the current study were only noted on Day 5 and do not directly explain why a similar 

response was not observed on Day 1, therefore further investigation is required.  

 

Surprisingly, however, plasma [IFABP] and [sCD14] did not change on either Day 1 or 5, 

suggesting that repeated sprinting in COOL conditions did not induce significant 

gastrointestinal damage. Following high-intensity treadmill running intervals at 120% �̇�O2max, 

a 72% increase in [IFABP] and 59% rise in gastrointestinal permeability has been reported 

(Pugh et al., 2017). Elevated gastrointestinal permeability was also reported in runners 

completing a running test at 80% of their best 10-km speed (Karhu et al., 2017). The extent of 

splanchnic hypoperfusion, as measured by gastric tonometry, correlates with increases in 

plasma [IFABP] following 60 min of cycling at 70% of maximal workload capacity (van Wijck 

et al., 2011). This relationship suggests that significant increases in plasma [IFABP] during 

high-intensity exercise may be indicative of exercise-induced gastrointestinal epithelial 

damage, increasing the risk of luminal endotoxin translocation (Pugh et al., 2017; Sheahen et 

al., 2018). In the current study, the lack of gastrointestinal damage from the repeated-sprint 

exercise protocol may be attributed to the intense, but brief nature of the exercise protocol, 

whereby the 6 s of exercise performed with 24 s of rest were not sufficient to induce damage. 

Similarly, the training status and history of the participants (e.g. exposure to high core 

temperatures during regular exercise) may have provided an increased tolerance to high-

intensity exercise, and the associated impact on the gastrointestinal system (McLellan et al., 

2009). The protocol was therefore seemingly well tolerated by the participants, failing to induce 

any indications of gastrointestinal damage (Dokladny et al., 2006; Otte et al., 2001). 
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Acute Gastrointestinal Response to Repeated-sprint Exercise in the Heat 

Heat stress can exacerbate physiological, immune and inflammatory responses during exercise 

(Lee et al., 2017; Osborne et al., 2019). In hot conditions, body heat storage increases during 

exercise due to a reduction in the ability to dissipate heat (Tikuisis et al., 2002). An elevated 

body temperature and splanchnic hypoperfusion can increase the risk of gastrointestinal 

epithelial disruption and increase the risk of luminal endotoxins (e.g. LPS) translocating into 

the circulation (Lee et al., 2017; Zuhl et al., 2014). Given the large difference in ambient 

conditions in the current study (i.e. 40°C vs 20°C), Trec and particularly Tskin were elevated 

following exercise in the HOT compared to COOL condition (Figure 5.4). In conjunction with 

the greater level of thermal strain, [IFABP] and [sCD14] were elevated following the repeated-

sprint protocol in the HOT compared with COOL (Figure 5.2), despite the lower mean and 

peak power outputs attained in the HOT condition (Table 5.1). These exacerbated responses 

appear to be linked to the environmental conditions and the associated elevation in thermal 

strain (Lee et al., 2017; Zuhl et al., 2014). Furthermore, the magnitude of exercise-induced 

hyperthermia has been directly associated with the increase in gastrointestinal permeability 

(Pires et al., 2017). This suggests that a core temperature of 38.5ºC is associated with 

augmented intestinal permeability during exercise, and that an elevation to >39ºC increases 

gastrointestinal permeability universally (Pires et al., 2017).  Therefore, the hyperpermeability 

caused by an increase in core temperature during exercise may facilitate bacterial translocation 

from the intestinal lumen into blood circulation. Additionally, gastrointestinal damage, as 

measured by [IFABP], may also be partially attributable to the intense nature of repeated 

sprinting (Pires et al., 2017; Pugh et al., 2017; Sheahen et al., 2018).  Similarly, increased [LBP] 

post-exercise may be associated with mediation of an LPS influx into the circulation, and linked 

to increases in gastrointestinal permeability following the repeated-sprint protocol in the heat 

(van Wijck et al., 2011). Furthermore, exercise in the heat increased [sCD14], a marker of 
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monocyte activation secondary to microbial translocation that plays an important role in host 

innate immunity to LPS (Flynn et al., 2007; Kitchens et al., 2005). The increase in [sCD14], in 

combination with elevated [LBP], suggests that repeated sprinting in the heat acutely increased 

gastrointestinal permeability compared to the COOL condition and elicited a monocyte 

activation immune response. 

 

Chronic Response to Repeated-sprint Regimen  

Heat training and the consequent physiological adaptations enhance exercise performance in 

hot environmental conditions by improving thermoregulatory capacity and cardiovascular 

stability (Castle et al., 2011; Nybo et al., 2014; Périard et al., 2015a; Wendt et al., 2007). Heat 

acclimated athletes also have improved gastrointestinal blood flow during heat exposure due 

to an enhanced ability to regulate core temperature and an improved skin blood flow response, 

all beneficial when training and competing in the heat (Lim et al., 2009). 

 

In the current study, plasma [IFABP] and [sCD14] increased immediately post-exercise in the 

HOT condition on Day 1 and 5, with [IFABP] remaining elevated 1 h post-exercise (Figure 

5.2). In contrast, plasma [LBP] was elevated post-exercise in the HOT condition on Day 1 and 

in the COOL condition on Day 5.  These data indicate that the 5-session repeated-sprint 

regimen in the heat did not decrease gastrointestinal damage, whereas immune activation was 

attenuated in HOT condition and upregulated in COOL conditions. Moreover, plasma [HSP72] 

increased immediately post-exercise on Day 1 in both the HOT and COOL conditions, and on 

Day 5 in the heat (Figure 5.2). Of note, [HSP72] was significantly lower across all timepoints 

on Day 5 compared to Day 1 in the HOT condition. [HSP72] is particularly responsive to heat 

stress and exercise (Locke, 1997) and increases in relation to the level of hyperthermia attained 

and/or sustained (Périard et al., 2015b). In the current study, it appears the reduction in [HSP72] 
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observed following the repeated-sprint training regimen in the heat is indicative of increased 

heat tolerance attributable to the heat shock response and heat adaptations, similar to that of 

previous research (Maloyan et al., 1999). While 5-sessions may not be a sufficient period of 

time to induce full heat adaptation, the current results indicate the emergence of 

thermoregulatory adaptations and perceptual improvements in the HOT group (Figure 5.4). 

However, the trained cohorts may require a greater (e.g. limiting convective airflow when 

training to induce greater thermal strain) or longer (e.g. five additional days of repeated 

sprinting) thermal stimulus for heat acclimation to occur (Périard et al., 2020). 

 

5.7  Conclusion 

Repeated-sprint exercise in the heat induced increases in plasma [IFABP], [LBP], [sCD14] and 

[HSP72], and yielded greater thermal, physiological and perceptual strain compared to exercise 

in the COOL. Following five days of repeated sprinting this response was partly maintained 

with [IFABP] and [sCD14] increasing after exercise, and [LBP] increasing only in the cool 

condition. In contrast, plasma [HSP72] was decreased following the training regimen in the 

heat, suggestive of emerging thermal tolerance. These findings indicate that heat stress 

exacerbates gastrointestinal damage when performing repeated-sprints, although it appears to 

be mild. Moreover, despite the emergence of thermoregulatory adaptations, perceptual 

improvements and thermal tolerance, a greater thermal stimulus, or extended protocol, appear 

required to induce changes in the gastrointestinal epithelium that lead to attenuated damage 

and permeability.     
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6.0  Summary 

Chapter 6 was conducted as a hybrid laboratory-field registered clinical trial at the Australian 

Institute of Sport. As previously described within the narrative literature review in Chapter 2, 

uncertainty remains regarding the best way to mitigate gastrointestinal damage that occurs in 

response to exercise in the heat. While a rise in core temperature may not be the sole 

contributing factor increasing gastrointestinal damage, research suggests that whole-body heat 

storage and the resultant hyperthermia may be a primary contributing factor(Peters et al., 2001). 

Thus, interventions to mitigate heat stress and gastrointestinal damage induced by exercise in 

the heat, would prove beneficial for athletes who train and compete under heat stress. Such 

interventions may include heat training (as explored in Chapter 5) or dietary interventions. 

Chapter 6 aimed to investigate the effect of short-term (5-day) high carbohydrate (HCHO) and 

low carbohydrate, high fat (LCHF) diets on indirect blood markers of gastrointestinal damage 

and immune system activation following a 25-km race-walk in elite endurance athletes in warm 

environmental conditions. This investigation reported that LCHF diets exacerbated exercise-

induced gastrointestinal syndrome compared to HCHO diets. However, increased 

concentrations of intestinal fatty acid binding protein (IFABP) may be associated with high 

dietary fat intake, warranting further investigation to determine the underlying mechanisms 

and role of IFABP in combination with LCHF diets, and its effect on indirect blood markers of 

gastrointestinal damage during endurance-based exercise.  
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6.1  Abstract  

Introduction: Endurance exercise can induce intestinal disturbance and increase blood 

markers of gastrointestinal damage. However, the interaction of exercise and diet (i.e. high 

carbohydrate (HCHO) and low carbohydrate, high fat (LCHF) diets) on blood markers of 

gastrointestinal damage, is unknown. The aim of this research was to identify whether a 5-day 

dietary intervention influenced indirect blood markers of gastrointestinal damage and immune 

activation during a 25-km race-walk. Methods: Thirteen international male race-walkers 

completed 5 days on a HCHO diet prior to a Baseline 25-km race-walk trial. The group was 

then split into two sub-groups: HCHO (n=6) and LCHF (n=7) to undergo a further 5-day dietary 

intervention prior to a second 25-km race-walk (Adaptation trial). Venous blood was collected 

pre-, post- and 1 h post-exercise and analysed for markers of gastrointestinal damage, 

macrophage/monocyte activation and pro/anti-inflammatory cytokines. Results: Intestinal 

fatty acid-binding protein (IFABP) was 1822 pg·mL-1 (P<0.001) and 662 pg·mL-1 (P=0.010) 

higher post- and 1 h post-exercise compared to pre-exercise; and soluble CD14 (sCD14) was 

0.9 µg·mL-1 (P=0.013) higher pre-exercise, 1.9 µg·mL-1 (P<0.001) higher post-exercise, and 

2.5 µg·mL-1 (P<0.001) higher 1 h post-exercise in LCHF compared to HCHO following the 

Adaptation trial. Interleukin (IL)-1Ra and IL-10 increased (P<0.05) following the Adaptation 

trial in LCHF post- and 1 h post-exercise compared to pre-exercise. Conclusion: LCHF diet 

increased indirect markers of gastrointestinal damage, regulatory macrophage immune 

activation and anti-inflammatory cytokines during 25-km race-walk. However, the role of 

LCHF diets on IFABP production within enterocytes should be considered in future 

investigations.  

6.2  Keywords  

diet, exercise, endurance, gut, intestinal, disturbance   
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6.3  Introduction 

Dietary intake is a major determinant of endurance exercise performance. Elite athletes place 

high importance on dietary and fluid intake to ensure their nutritional plans adequately match 

their energy expenditure and muscle fuel needs (Burke, 2021). Initial guidelines promoted high 

carbohydrate (CHO) diets to maximise muscle glycogen stores and exogenous CHO fuels for 

exercise (Coyle, 1991). However, more recent nutritional guidelines (Burke et al., 2011; Burke 

et al., 2004; Thomas et al., 2016) acknowledged that a universal recommendation of absolute 

CHO intake is not suitable. Sports, particularly of an endurance-based nature, focus on 

strategies to match the body's finite CHO stores to the event's fuel costs, utilising pre‐event 

CHO loading and CHO intake during exercise to optimise muscle glycogen content and sustain 

high CHO availability (Burke, 2021). This helps to enhance endurance performance by 

sustaining increased rates of CHO oxidation (Stellingwerff et al., 2014) and supporting motor 

recruitment, pacing and perception of effort (Burke et al., 2015).  

 

Alternatively, the theory of maximising the contribution of fat as a substrate for endurance 

exercise, via a low CHO, high fat (LCHF) diet, originated in the early 1980s (Phinney et al., 

1983) and has since been extensively investigated (Burke et al., 2017; Burke et al., 2020; 

McSwiney et al., 2018; Noakes et al., 2014; Volek et al., 2015). Fat is known to play a major 

role as a fuel source in the human body, and even the leanest athlete has an abundance of 

endogenous lipid stores in comparison to limited CHO reserves (Burke, 2021; Volek et al., 

2015). LCHF diets are suggested to upregulate the release, transport, uptake and utilisation of 

fat in the muscle, even in endurance-trained individuals whose training would be expected to 

maximise such adaptations (Spriet, 2014). By increasing the utilisation of fat as a muscle fuel 

and exposing the body to increased levels of circulating ketones, it is suggested that the body 
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can adapt to use fat as its primary fuel during submaximal exercise (Volek et al., 2015). For 

elite athletes undertaking endurance-based exercise, a LCHF diet may facilitate extended 

durations of athletic performance without the need for frequent ingestion of CHO-based fuels 

during exercise (Volek et al., 2015).   

 

While dietary intake is responsible for fuelling the body, the gastrointestinal system is critical 

in ensuring the body appropriately absorbs and utilises the contents. The gastrointestinal system 

also plays a major role in contributing to the body’s ability to enhance immune responses, brain 

function and provides a structural barrier between the luminal contents of the intestine and the 

systemic circulation (Lim et al., 2006; Pyne et al., 2014). This barrier serves two main 

purposes: it acts as a filter to allow the absorption of essential nutrients from the intestinal 

lumen, and prevents the translocation of foreign antigens and endotoxins (such as 

lipopolysaccharides [LPS] from gram-negative bacteria) into the systemic circulation 

(Camilleri et al., 2012; Farhadi et al., 2003). While the gastrointestinal barrier remains largely 

impermeable at rest, added stress such as prolonged and high-intensity exercise and/or elevated 

core temperatures can lead to increased hypoperfusion and oxidative damage, subsequently 

compromising the integrity of gastrointestinal tight junction proteins and the intestinal mucosa 

wall, increasing permeability to luminal LPS (Pyne et al., 2014; Yeh et al., 2013). This can be 

termed ‘exercise-induced gastrointestinal syndrome’, and is used to describe the aetiology and 

pathophysiology of any exercise-associated gastrointestinal perturbations (Costa et al., 2020). 

Furthermore, severe exercise-induced gastrointestinal perturbations may increase susceptibility 

to clinical gastrointestinal symptoms during exercise (ter Steege et al., 2012) and be associated 

with decrements in athletic performance or withdrawal from exercise (Costa et al., 2017b). 
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In addition to exercise intensity and core temperature, macronutrient and fluid intake above 

tolerance levels during exercise can contribute to the development of gastrointestinal 

symptoms, with restricted fluid intake increasing small intestinal permeability (Costa et al., 

2017a; Lambert et al., 2008a; Lambert et al., 2008b). While macronutrient intake and its effect 

on epithelial tight junction integrity and intestinal permeability have been explored, there has 

been a primary focus on high-CHO (HCHO) intake and CHO loading during exercise (Flood 

et al., 2020; Snipe et al., 2017), leaving a paucity of research focusing on the gastrointestinal 

response to LCHF dietary interventions. Furthermore, serum endotoxin (i.e. LPS) 

concentrations have been observed to increase in humans and experimental animals following 

high dietary lipid consumption, linking high fat diets with increased LPS entry from small 

intestine into the circulation (Cani et al., 2009). However, the translocation of LPS into 

circulation as a result of high fat diet is rapidly taken up by hepatocytes and excreted into the 

bile (Akiba et al., 2020; Mimura et al., 1995), warranting further investigation into the effect 

of LCHF diets on gastrointestinal perturbations. 

 

While there is growing interest in the effect of LCHF and HCHO diets on athlete performance, 

there is currently little understanding of the impact of these dietary interventions on 

gastrointestinal injury and damage, particularly following the strenuous training and 

competition sessions that are commonly undertaken by this cohort. Furthermore, given fat 

digestion and absorption has been linked to increases in the translocation of endotoxins, leading 

to evidence in systemic inflammation (Akiba et al., 2020), it is proposed that athletes who 

follow LCHF diets may have increased disturbance to gastrointestinal epithelial integrity and 

the subsequently systemic responses, compared to those following a HCHO diet. Therefore, 

the purpose of this study was to investigate the effect of short-term (5-day) HCHO and LCHF 
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diets on blood markers of gastrointestinal damage and immune system activation following a 

25-km race-walk in elite endurance athletes in warm environmental conditions.  

 

6.4  Methods 

Ethics Approval 

This study was registered with the Australian New Zealand Clinical Trials Registry 

(ACTRN12618001974291p). It conformed to the standards set by the Declaration of Helsinki 

and was approved by the Ethics Committee of the Australian Institute of Sport (#: 20181203). 

The study protocol was explained verbally and in writing prior to participants providing their 

written informed consent. 

 

Participants 

Fourteen international male race walkers were recruited for this study (Burke et al., 2021). One 

athlete experienced a visa delay and was unable to attend, reducing the cohort to 13 athletes 

(Age: HCHO 33 ± 5 years, LCHF 28 ± 3 years; Body mass: HCHO 66.2 ± 7.8 kg, LCHF 66.2 

± 8.1 kg; VO2peak: HCHO 63.85 ± 3.63 mL·kg-1·min-1, LCHF 67.70 ± 6.11 mL·kg-1·min-1). All 

athletes had competed internationally for their country and 11 were selected for at least one 

major event in the previous two seasons (i.e. 2017 World Athletics World Championships, or 

2018 World Athletics Race Walking Team Championships). Athletes were informed about the 

benefits and limitations of the dietary interventions and asked to nominate their preference for, 

or non-acceptance of, each intervention, as described previously (Burke et al., 2017). The 

research team successfully allocated race walkers to a preferred dietary condition while 

achieving suitable matching between groups based on age, body mass and aerobic capacity.  
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Study Design 

A parallel-groups study design was employed within a training camp prior to the 2019 World 

Athletics race-walking season. This study took place at the Australian Institute of Sport in 

Canberra. All participants lived in the campus residence and all meals were supervised. The 

training sessions have previously been described (Burke et al., 2021). Data was collected over 

a 3-week structured training block, divided into two phases, Baseline and Adaptation, and 

included a 25-km race walk trial following each phase (Figure 6.1).  

 

The Baseline phase included a 5-day period on a standardised high energy/CHO (HCHO) diet 

to support structured training and prepare for the first 25-km trial. After the completion of the 

Baseline trial, participants were divided into two diet groups: HCHO or LCHF; prior to 

commencing a 5-day dietary intervention (Adaptation phase). After the Adaptation phase 

participants repeated the 25-km race-walk trial.  

 

Figure 6.1 Overview of study testing phases and dietary intervention.   

Baseline 
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Dietary Intervention 

All food and fluids consumed during the study were provided and recorded by the research 

team, with menu construction and food preparation being undertaken by a professional chef, 

food service dietitians and sports dietitians. Meal plans were individually developed for each 

athlete as reported previously (Mirtschin et al., 2018), to integrate personal food preferences 

and nutrition requirements within the daily energy availability targets, planned energy 

expenditure of training and macronutrient goals. Daily checks of compliance to the training 

plan, dietary prescription and reporting requirements were undertaken, with food choices and 

portion sizes being adjusted at meals eaten in the later part of the day if actual training deviated 

from the plan as previously reported (Burke et al., 2021).   

 

During the Baseline phase, all participants consumed a standardised diet intended to provide 

high energy/CHO availability via an intake of 56 kcal (225kJ)·kg-1 body mass (BM) and 

8.5g·kg-1·BM·d-1 as previously described (Burke et al., 2021). During the Adaptation phase, 

six participants continued the HCHO diet, and seven transferred to the LCHF diet. This diet 

was matched to the (high) energy availability of the HCHO diet (~40 kcal·kg-1 of fat free mass 

(FFM)·d-1), with very restricted CHO intake (<50 g·d-1), matched protein intake (~2 g·kg-1·d-

1) and the remaining (75-80%) energy as fat (Burke et al., 2021). 

 

25-km Walking Trials 

The 25-km trials were conducted as a hybrid laboratory-field test, with kilometres 0-1, 6-7, 12-

13, 18-19 and 24-25 undertaken on a treadmill in the laboratory and the remainder on an 

outdoors loop of ~5-km, which included two aid stations. Dry-bulb temperature, wet-bulb 

temperature and relative humidity were recorded using a Kestrel 5500 Weather Meter (Kestrel 

AU, Melbourne, Australia) and black globe temperature was estimated (Hajizadeh et al., 2017) 
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from solar irradiance (https://solcast.com). Wet-bulb globe temperature (WBGT) was 

calculated as: Baseline LCHF (23.2°C) and HCHO (24.3°C), and Adaptation LCHF (20.7°C) 

and HCHO (23.1°C).   

 

An energy-matched diet-specific meal was consumed 2 h prior to the commencement of each 

trial. During the walk, fluids and food were provided to the participants to simulate race feeding 

practices. Participants were offered sports gels and water to achieve an hourly intake of ~600 

mL of fluid and ~60 g CHO in the Baseline (both groups) and Adaptation (HCHO group only) 

trials. Within the LCHF Adaptation trial, participants received non-caloric fluid (electrolyte-

supplemented water) and fat-rich minimal-CHO cookies to match the energy intake from their 

previous trial (Burke et al., 2021). 

 

Participants completed the treadmill portions of the walk at 12 or 13 km·h-1 as determined by 

a baseline VO2peak testing, which approximated their 50-km race pace (Burke et al., 2021). Prior 

to the start of each trial, participants self-inserted a general-purpose thermistor probe (TM400, 

Covidien, Mansfield, MA, USA) 12 cm beyond the anal sphincter to monitor rectal temperature 

(Trec). Venous blood samples were collected via cannulation pre-, post- and 1 h post each 25-

km trial into 4mL EDTA and 6mL lithium heparin tubes. Rectal temperature and rating of 

perceived exertion (RPE) (Borg, 1982) were collected pre-exercise, following kilometres 1, 7, 

13, 19 and 25. 

 

Biomarkers 

Immediately following blood collection, plasma was separated by centrifugation (1000 x g for 

10 min) into 200 µL aliquots and stored at -80°C. Samples were later thawed and 

concentrations determined using commercially available enzyme-linked immunosorbent assay 

https://solcast.com/
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(ELISA) kits (IFABP, LBP and sCD14: Hycult Biotech, Uden, The Netherlands [HK406, 

HK315 and HK320, respectively] and interleukin (IL)-1β, IL-1Ra, IL-6, IL-8, IL-10 and 

tumour necrosis factor (TNF)α [HCYTOMAG-60K, EMD Millipore, Darmstadt, Germany]). 

The inter-assay coefficient of variation for cytokine profile, IFABP, LBP, and sCD14 were 8.4, 

4.1, 4.3 and 6.1% respectively.  

 

Data and Statistical Analysis 

A linear mixed modelling procedure was used to estimate means (fixed effects) and within- 

and between-subject variations (random effects, modelled as variances) in biomarker 

responses. The fixed effects were the dietary intervention (HCHO or LCHF), the 25-km 

walking trial (Baseline and Adaptation trials) and the time at which testing was conducted (pre, 

post- and 1 h post-exercise). The random effects were between-subject variances in blood 

concentration and thermal responses. Where significant effects were established, pairwise 

comparisons were identified using the Bonferroni post hoc analysis adjusted for multiple 

comparisons. Model parameters, effects and figures are reported as mean with 95% confidence 

interval [CI: lower and upper bound] unless otherwise indicated. All statistical analyses were 

performed using SPSS Software (IMB SPSS Statistic Version 25). 

 

6.5  Results 

Blood Markers of Gastrointestinal Damage  

Plasma concentrations of markers of gastrointestinal damage (IFABP, LBP and sCD14), 

measured pre- and post-exercise for Baseline and Adaptation trials are summarised in Figure 

6.2. 
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IFABP Concentration  

There were no differences in plasma concentrations of IFABP between (P≥0.335) or within 

(P≥0.657) diets during the Baseline trial (Figure 6.2A). Meanwhile, within the LCHF group, 

the Adaptation trial was associated with an increase in IFABP, wherein concentrations were 

increased by 1822 pg·mL-1 (1205 to 2438; 95% CI; P<0.001) immediately post-exercise and 

662 pg·mL-1 (160 to 1163; P=0.010) 1 h post-exercise compared to pre-exercise. These values 

were significantly higher than those observed in the HCHO Adaptation trial: 1682 pg·mL-1 

(1181 to 2184; P<0.001) and 754 pg·mL-1 (66 to 1342; P=0.013) post-exercise and 1 h post-

exercise, respectively. IFABP was also higher in the LCHF group following all timepoints in 

the Adaptation trial compared to Baseline trial (P<0.001).  

 

LBP Concentration 

There was no difference in LBP between the HCHO and LCHF groups during the Baseline and 

Adaptation trials (P=0.970; Figure 6.2B). LBP was 2.7 µg·mL-1 (0.4 to 5.0; P=0.020) higher 

pre-exercise following the HCHO diet in the Adaptation trial compared to the Baseline trial. 

Similarly, LBP was 5.2 µg·mL-1 (3.1 to 7.3; P<0.001) higher pre-exercise in the LCHF group, 

2.6 µg·mL-1 (0.5 to 4.7; P=0.015) higher immediately post-exercise and 3.2 µg·mL-1 (1.1 to 

5.3; P=0.003) higher 1 h post-exercise following the Adaptation trial compared to the Baseline 

trial. 

 

sCD14 Concentration 

sCD14 did not differ between (P≥0.080) or within (P≥0.092) the LCHF or HCHO groups 

during the Baseline trial (Figure 6.2C). Furthermore, there was no change (P≥0.729) in sCD14 

following the Adaptation trial following the HCHO diet. sCD14 was 0.9 µg·mL-1 (0.2 to 1.7; 

P=0.013) higher pre-exercise, 1.9 µg·mL-1 (1.2 to 2.6; P<0.001) higher post-exercise, and 2.5 
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µg·mL-1 (1.8 to 3.2; P<0.001) higher 1 h post-exercise in the LCHF compared to HCHO group 

following the Adaptation trial (Figure 6.2C). Within the LCHF group, sCD14 was 1.4 µg·mL-

1 (0.6 to 2.3; P<0.001) higher immediately post-exercise compared to pre-exercise and 1.8 

µg·mL-1 (1.0 to 2.6; P<0.001) higher 1 h post-exercise compared to pre-exercise following the 

Adaptation trial. In the LCHF group sCD14 was 2.0 µg·mL-1 (1.4 to 2.7; P<0.001) higher 

immediately post-exercise and 2.5 µg·mL-1 (1.9 to 3.2; P<0.001) higher 1 h post-exercise 

following the Adaptation trial compared to the Baseline trial. 
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Figure 6.2 Blood markers of gastrointestinal damage pre-, post- and 1 h post-exercise trials in 

HCHO and LCHF groups across the Baseline and Adaptation trials. Values are for: A) IFABP; 

B) LBP; and C) sCD14. ∇Significantly different to the same timepoint and trial day, but 

opposite diet condition (P<0.05), xSignificantly different compared to pre-exercise 

concentration within the same diet and trial (P<0.05), and *Significantly different compared to 

the same timepoint and diet in opposite trial (P<0.05).  
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Cytokine Blood Markers 

Plasma concentrations of cytokines (1L-1β, IL-1Ra, IL-6, IL-8, IL-10 and TNF-α) measured 

pre- and post-exercise for Baseline and Adaptation trials are summarised in Figure 6.3. 

 

IL-1β Concentration 

There was no interaction effect for plasma concentrations of IL-1β between the HCHO and 

LCHF groups during the Baseline and Adaptation trials (P=0.236; Figure 6.3A). Between trial 

days however, IL-1β was 1.9 pg·mL-1 (0.5 to 3.3; P=0.011) higher immediately post-exercise 

and 2.4 pg·mL-1 (1.0 to 3.9; P=0.001) higher 1 h post-exercise following the LCHF Adaptation 

trial compared to the Baseline trial. 

 

IL-1Ra Concentration 

Plasma concentrations of IL-1Ra did not differ between (P≥0.191) or within (P≥0.058) HCHO 

and LCHF during the Baseline trial (Figure 6.3D).  Furthermore, there was no change 

(P≥0.575) in IL-1Ra following the HCHO Adaptation trial. IL-1Ra was 69.0 pg·mL-1 (32.0 to 

106.0; P=0.001) higher 1 h post-exercise in the LCHF compared to the HCHO group following 

the Adaptation trial. Within the LCHF group, IL-1Ra was 57.5 pg·mL-1 (23.8 to 91.1; P<0.001) 

higher immediately post-exercise and 84.7 pg·mL-1 (51.0 to 118.4; P<0.001) higher 1 h post-

exercise compared to pre-exercise following the Adaptation trial. Between trial days, IL-1Ra 

was 28.5 pg·mL-1 (1.1 to 55.8; P=0.042) higher immediately post-exercise, and 77.1 pg·mL-1 

(49.7 to 104.5; P<0.001) higher 1 h post-exercise following the LCHF Adaptation trial 

compared to the Baseline trial.  
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IL-6 Concentration 

There was no interaction effect for IL-6 concentrations between the HCHO and LCHF groups 

during the Baseline and Adaptation trials (P=0.074; Figure 6.3B). However, IL-6 was 12.3 

pg·mL-1 (2.7 to 21.8; P=0.013) higher 1 h post-exercise in the HCHO group following the 

Baseline trial compared to the Adaptation trial.   

 

IL-8 Concentration 

There was no difference in plasma concentrations of IL-8 between in the HCHO and LCHF 

groups during the Baseline and Adaptation trials (P=0.420; Figure 6.3E). Within the HCHO 

group, IL-8 was 14.1 pg·mL-1 (3.7 to 24.5; P=0.004) higher 1 h post-exercise compared to pre-

exercise following the Baseline trial but did not change during the Adaptation trial. Within the 

LCHF group, IL-8 was 11.4 pg·mL-1 (1.8 to 21.0; P=0.015) higher immediately post-exercise 

and 10.8 pg·mL-1 (1.2 to 20.5; P=0.023) higher 1 h post-exercise compared to pre-exercise 

following the Adaptation trial, despite no changes in the Baseline trial. IL-8 was 18.6 pg·mL-1 

(2.5 to 34.8; P=0.026) lower 1 h post-exercise in the LCHF compared to the HCHO group 

following the Baseline trial. In the HCHO group, IL-8 was 11.8 pg·mL-1 (3.3 to 20.4; P=0.007) 

lower 1 h post-exercise following the Adaptation trial, compared to the Baseline trial. 

 

IL-10 Concentration 

IL-10 concentrations were 24.0 pg·mL-1 (5.7 to 42.4; P=0.006) higher immediately post-

exercise compared to pre-exercise in the LCHF group following the Baseline trial (Figure 

6.3C). Furthermore, values were 77.5 pg·mL-1 (59.2 to 95.9; P<0.001) higher immediately 

post-exercise and 83.4 pg·mL-1 (65.1 to 101.8; P<0.001) higher 1 h post-exercise in the LCHF 

group compared to pre-exercise following the Adaptation trial. IL-10 was 64.8 pg·mL-1 (43.2 

to 86.3; P<0.001) higher immediately post-exercise and 80.6 pg·mL-1 (59.1 to 102.4; P<0.001) 
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higher 1 h post-exercise in the LCHF compared to the HCHO group following the Adaptation 

trial. Between trial days, IL-10 was 57.3 pg·mL-1 (42.4 to 72.2; P<0.001) higher immediately 

post-exercise and 74.8 pg·mL-1 (59.9 to 89.7; P<0.001) higher 1 h post-exercise following the 

LCHF Adaptation trial compared to the Baseline trial. 

 

TNFα Concentration 

There was no difference in TNFα concentrations between the HCHO and LCHF groups during 

the Baseline and Adaptation trials (P=0.129; Figure 6.3F). Between trial days however, the 

TNFα was 5.5 pg·mL-1 (0.7 to 10.3; P=0.027) higher immediately post-exercise and 5.4 pg·mL-

1 (0.6 to 10.2; P=0.028) higher 1 h post-exercise following the LCHF Adaptation trial compared 

to the Baseline trial. 
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Figure 6.3 Cytokine blood marker concentrations pre-, post- and 1 h post-exercise trials in 

HCHO and LCHF groups across the Baseline and Adaptation trials. Values are for: A) IL-1β;  

B) IL-6; C) IL-10; D) IL-1Ra; E) IL-8; and F) TNF-α. ∇Significantly different to the same 

timepoint and trial day, but opposite diet condition (P<0.05), xSignificantly different compared 

to pre-exercise concentration within the same diet and trial (P<0.05), and *Significantly 

different compared to the same timepoint and diet in opposite trial (P<0.05).  
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The environmental conditions in which exercise sessions were undertaken were similar 

between all trials with a mean WBGT of 22.8°C (P=0.258). Mean Trec increased by ~2.1°C 

following exercise within each diet and across each trial. Thermal strain was therefore similar 

between HCHO and LCHF groups during the Baseline and Adaptation trials (P=0.662; Figure 

6.4).  
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Figure 6.4 Mean core temperature pre-, during and post-exercise in both HCHO and LCHF 

groups across the Baseline and Adaptation trials. 
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6.6  Discussion 

The results of the current study indicate that, relative to a HCHO diet, 5-day adherence to a 

LCHF diet is associated with a higher incidence of exercise-induced gastrointestinal damage 

(as reflected by increased concentrations of IFABP and sCD14 in the current study) following 

a strenuous 2 h exercise session. The 25-km race-walk trials were undertaken in similar thermal 

conditions (WBGT: ~22.8°C) eliciting a similar increase in Trec (~2.1°C) in both diets and 

across all trials. While an increase in IFABP and sCD14 concentration is commonly viewed as 

indicative of gastrointestinal damage (Otte et al., 2001; ter Steege et al., 2012; van Wijck et al., 

2011), it is also suggested that IFABP may have a protective function in cells under metabolic 

stress and represent a potential marker of increased lipid intake and oxidation (Furuhashi et al., 

2008; Lau et al., 2016). Similarly, the LCHF dietary intervention appears to have stimulated 

an increase in immune system activation compared with the HCHO, as indicated by elevated 

IL-1Ra and IL-10 responses, immediately post-exercise and 1 h following the Adaptation trial 

(Figure 6.3).  

 

Dietary intake, exercise and gastrointestinal damage 

CHO rich diets have a positive effect on exercise performance (Burke et al., 2017; Burke et al., 

2020; Burke et al., 2021). While LCHF diets have increasingly become popular, short to 

medium (e.g. 5-25 d) adherence to such diets have been shown to impair the performance of 

sustained high-intensity endurance performance in elite athletes (Burke et al., 2017).  The 

impact of each diet on markers of gastrointestinal damage in response to exercise has not been 

thoroughly investigated. Indeed, to our knowledge, this is the first human study to measure 

changes in blood markers of gastrointestinal damage following exercise after short-term 

exposure to a LCHF diet.   
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Strenuous exercise can induce gastrointestinal damage as reflected by increases in circulating 

concentrations of endotoxins (e.g. LPS, LBP, IFABP and sCD14) (Otte et al., 2001; ter Steege 

et al., 2012; van Wijck et al., 2011). Data from the current study indicates significant increases 

in IFABP and sCD14 following the Adaptation trial in the LCHF diet group, compared to 

HCHO group. These data indicate that a 5-day LCHF diet may influence the integrity of the 

gastrointestinal epithelium, increasing gastrointestinal permeability and result in a greater 

influx of gram-negative bacteria into the circulation. However, it is important to consider 

alternative explanations for these findings.  Increases in luminal endotoxins (i.e. LPS) and 

IFABP are commonly reported in diets that increase lipid intake and oxidation (Akiba et al., 

2020; Furuhashi et al., 2008). IFABP is a small intra-cellular protein present in mature 

enterocytes of the small intestine, and while used as a marker of early gastrointestinal-ischemia 

(van Wijck et al., 2011), it is predominantly  part of a built-in adaptive sensing system that 

responds to the lipid status of target cells and regulates lipid stoichiometry (Furuhashi et al., 

2008). Additionally, fatty acid binding content in most cells is generally proportional to the 

rate of fatty-acid metabolism (Furuhashi et al., 2008), suggesting that the increased 

concentration of IFABP following exercise in the LCHF group after the Adaptation trial may 

be associated with the increase in lipid intake. Research conducted on mice investigating the 

role of IFABP as a biomarker of intestinal barrier dysfunction in obesity further supports the 

notion that high fat diets can increase the expression of IFABP in enterocytes, and that high-

fat diets may be responsible for the upregulation of several genes known to play an important 

role in the breakdown of long-chain fatty acids such as IFABP (Lau et al., 2016). Furthermore, 

the intake of a high-fat meal has also been shown to acutely increase circulating LPS levels in 

healthy human volunteers, suggesting that dietary lipids may also play a role in facilitating LPS 

translocation into the circulation (Erridge et al., 2007). As previously reported (Burke et al., 

2021), the participant serum free fatty acid (FFA) concentrations within the current study 
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increased across the duration of the 25-km walk in both LCHF and HCHO groups. However, 

only the LCHF group displayed differences between 25-km walking trials, whereby serum FFA 

concentration was significantly elevated at all time points in the Adaptation trial compared to 

the Baseline trial (Burke et al., 2021), reflecting the high fat content of the LCHF diet in 

comparison to the HCHO diet. 

 

Notwithstanding this general response to a high fat diet, it is noted that the main increases in 

IFABP observed in the LCHF group in the current study occurred in response to exercise.  

Therefore, this observation may still represent gastrointestinal damage to the enterocytes and 

is supported by the increased plasma concentrations of sCD14. sCD14 is a human protein made 

by macrophages as a part of the innate immune response, assisting in the detection of harmful 

pathogens in the circulation. When endotoxin LPS translocate into the circulation, monocytes 

shed sCD14, binding to LPS in a complex with the acute phase protein LBP (Paillaud et al., 

2018). Therefore, the increase in sCD14 serves as a marker of LPS-induced monocyte or 

macrophage activation (Paillaud et al., 2018). In the current study, the increased concentrations 

of sCD14 immediately post- and 1 h post-exercise may reflect the possible presence of LPS in 

the circulation in the LCHF group. Given there was no difference in LBP concentration 

between the LCHF and HCHO diets (despite increasing in the Adaptation trial compared to 

Baseline), it is difficult to determine whether the 5-day LCHF diet elicited greater damage 

based only on the sCD14 response. However, the cytokine responses in the LCHF group 

provides further evidence that the sCD14 increase may be related to an increase in 

gastrointestinal damage. 
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Immune response to LCHF diets 

Macrophages can be activated in a number of different ways and show plasticity in the primary 

cytokine response depending on how they are activated (Mosser et al., 2008). Once bound to 

LPS, the role of LBP is to elicit an immune response by presenting the LPS to cell surface 

pattern recognition receptors (sCD14) on monocytes or macrophages (Le Roy et al., 2001). In 

classically activated macrophages, this typically results in an inflammatory response, 

increasing pro-inflammatory cytokines concentration in the circulation (Le Roy et al., 2001). 

However, within the current study, plasma concentration of IL-1β, IL-6, IL-8 and TNFα did 

not differ between the LCHF and HCHO groups, in either Baseline or Adaptation trials, despite 

increased concentrations of IL-1Ra and IL-10 in the LCHF compared to HCHO group.  

 

The cytokine response  seen in the current study may suggest a regulatory macrophage response 

in the LCHF group (Mosser et al., 2008). Regulatory macrophages differ from classically 

activated macrophages in that their primary role is to dampen the immune response, limit 

inflammation and ultimately play a role in wound healing (Mosser et al., 2008). They can be 

activated by LPS immune complexes with an increased production of the anti-inflammatory 

cytokines, IL-1Ra and IL-10 and a decrease in the production of pro-inflammatory cytokines 

(Couper et al., 2008; Schiff, 2000). IL-10 is a master regulatory of inflammation in response to 

infection (Couper et al., 2008; Mosser et al., 2008), and IL-1Ra selectively inhibits the effects 

of pro-inflammatory cytokine IL-1 by competing for the IL-1 receptor (Schiff, 2000). IL-10 

can also induce the expansion of T-helper 2 cells that promote wound healing (Cabral-Santos 

et al., 2019), as well as humoral immunity with an increase in immunoglobulin and antibody 

responses (Bot et al., 2004; Mosser et al., 2008). Therefore, it may be suggested that elite 

athletes have a well-regulated immune response to endurance exercise despite the potential 
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gastrointestinal damage (as reflected by the IFABP and sCD14 concentration) seen in the 

LCHF group. 

 

Based on the results, there appear to be complex mechanisms involved in the expression of 

blood markers of gastrointestinal damage and immune responses to exercise following different 

short-term dietary interventions. While the results of the current study suggest that the LCHF 

diet increased gastrointestinal damage and induced a regulatory macrophage immune response, 

further investigation is required to understand the role of IFABP in this process.     

 

6.7  Conclusion 

The current study suggests that a 5-day LCHF dietary intervention increased blood 

concentrations of IFABP, sCD14, IL-1Ra and IL-10 post- and 1 h post-exercise (i.e. 25-km 

race-walk). It therefore appears that LCHF diets exacerbate exercise-induced gastrointestinal 

syndrome compared to HCHO diets. Although changes in gastrointestinal epithelium may be 

commonly associated with increased gastrointestinal damage, there is currently not enough 

research to definitively suggest that LCHF diets per se elicit this response. Similarly, increased 

IFABP concentrations may be associated with high dietary fat intake, however, further 

investigation is required to determine the underlying mechanisms and role of IFABP in 

combination with LCHF diets, and its effect on blood markers of gastrointestinal damage 

during endurance-based exercise.  
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Chapter 7 - Discussion of Thesis 
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The primary aim of this doctoral thesis was to determine the effects of exercise and 

environmental heat stress on blood markers of gastrointestinal damage and investigate the 

consequent immune and inflammatory responses in well-trained athletes. A systematic review 

(Chapter 3), two laboratory studies (Chapter 4 and 5), and one registered clinical trial 

conducted as a hybrid field/laboratory study (Chapter 6) were undertaken to achieve these aims. 

Specifically, the following were conducted:  

 

1. A systematic review of the current literature examining the relationship between 

exercise in the heat and blood markers of gastrointestinal damage in well-trained 

athletes (Chapter 3). 

2. A characterisation of the changes in blood markers of gastrointestinal damage during 

running at increasing intensities under heat stress in well-trained athletes (Chapter 4). 

3. An investigation of the changes in blood markers of gastrointestinal damage following 

maximal repeated-sprint cycling in the heat in well-trained individuals (Chapter 5).  

4.  A determination of the effects of a short-term, repeated-sprint cycling training regimen 

on blood markers of gastrointestinal damage in well-trained individuals (Chapter 5).  

5. A determination of the effects of high CHO (HCHO) and low CHO, high fat (LCHF) 

diets on blood markers of gastrointestinal damage following endurance-based exercise 

in elite athletes (Chapter 6).   

6. An investigation of the effect of exercise on monocyte activation and immunological 

responses to changes in blood markers of gastrointestinal damage following HCHO and 

LCHF dietary interventions (Chapter 6).  
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The central themes and outcomes of this thesis can be divided into three primary areas of 

discussion: 1) the effects of exercise intensity, duration and environmental heat stress on blood 

markers of gastrointestinal damage; 2) the gastrointestinal responses of well-trained and elite 

athletes to high-intensity and maximal exercise in the heat; and 3) the effect of short-term 

HCHO / LCHF nutritional interventions on blood markers of gastrointestinal damage during 

intensive endurance exercise in warm conditions. 

 

Exercise intensity, duration and environmental heat stress 

The outcomes of this thesis indicate that prolonged moderate- (60% and 75% �̇�O2max) and high-

intensity exercise (95% �̇�O2max and maximal repeated sprinting) in the heat acutely increases 

epithelial damage, as measured by blood markers of gastrointestinal damage (i.e. LBP, IFABP, 

sCD14), compared to exercise in cooler conditions (Chapter 4 and 5). These responses are 

similar to those of previous studies (Osborne et al., 2019; Sheahen et al., 2018; Snipe et al., 

2018a), which have also reported the occurrence of gastrointestinal disturbances (i.e. 

symptomatic complaints) in participants undertaking prolonged endurance exercise and 

exercise under heat strain (Karhu et al., 2017; Lim et al., 2006; Pyne et al., 2014). The changes 

in gastrointestinal blood markers noted throughout this thesis appear to be transient in nature, 

and in contrast to previous findings, participants did not report any gastrointestinal disturbances 

and/or symptoms of gastrointestinal discomfort during exercise (Chapter 4, 6 and 6). 

 

Running at increasing intensities (i.e. 15 min at 60%, 15 min at 75% �̇�O2max, and up to 8 x 1 

min at 95% �̇�O2max) led to transient perturbations in gastrointestinal permeability (as indicated 

by increased LPS concentration), irrespective of environmental conditions (Chapter 4). 

However, when exercising in the heat, significantly greater gastrointestinal damage occurred, 
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as indicated by elevated blood concentrations of LBP immediately following running at 75% 

and 95% �̇�O2max, as well as increases in plasma IFABP concentrations 1 h post-exercise, 

compared to running in the cooler condition (Chapter 4). Previous research has demonstrated 

that treadmill running at 70% �̇�O2max in 33°C and 55% RH increased circulating LPS by ~54% 

compared to cooler conditions. Furthermore, IFABP can increase by ~563% following 90 min 

of cycling and running in 30°C (Morrison et al., 2014), 140% following 60 min of cycling at 

intensities between 40-70% �̇�O2max in hot (35°C and 53% RH) compared to temperate (20°C 

and 55% RH) conditions (Osborne et al., 2019), and 46% following 26 min of running in 40°C 

at threshold pace (Barberio et al., 2015). While it is known that sustained exercise, particularly 

in the heat, can result in the redistribution of blood flow away from the gastrointestinal system 

and result in intestinal tight junction disturbance (Wright et al., 1990; Zuhl et al., 2014), the 

increases in LPS and LBP in the current study were transient in nature, returning close to 

baseline concentrations within 1 h of exercise cessation. The increased markers of 

gastrointestinal damage may also be partially explained by the mode of exercise, as running is 

associated with increased vibrations, mechanical stress and ground reaction forces compared 

to cycling, which affect the abdominal region (Rehrer et al., 1991; Yeh et al., 2013). However, 

further research is warranted to compared exercise modes on blood markers of gastrointestinal 

damage when exercising in the heat.  

 

Of note, the exercise protocol in Chapter 4 was designed by a national level track and field 

coach to reflect a typical training session conducted by elite-level runners, providing familiarity 

and ecological validity to the exercise prescription. As a result, the well-trained participant 

cohort appeared to have an enhanced tolerance to the acute perturbations in gastrointestinal 

permeability (as indicated by LPS), irrespective of the environmental conditions, with the 



  

147 

 

increased concentration of LBP and IFABP during exercise in the heat appearing to be only 

transient in nature.   

 

In line with the results of Chapter 4, the maximal repeated-sprint cycling protocol in 40°C heat 

conducted in Chapter 5 induced acute gastrointestinal perturbations (as reflected by increased 

IFABP, LBP, sCD14), compared to exercising in 20ºC conditions. An increased IFABP 

concentration was noted immediately post-exercise and 1 h post-exercise in the heat, compared 

to the cool condition. Furthermore, sCD14, a marker of LPS-induced monocyte or macrophage 

activation (Paillaud et al., 2018), increased immediately following exercise on both trial Day 1 

and 5 of the short-term heat training regimen, but not in the cool condition. LBP however, only 

increased immediately post-exercise on Day 1. In contrast to Chapter 4, the results of Chapter 

5 indicate that maximal repeated-sprint cycling in combination with environmental heat stress, 

rather than exercise at a high-intensity alone, exacerbates gastrointestinal disturbances and 

immune activation. However, like Chapter 4, the increase in blood markers of gastrointestinal 

permeability (i.e LPS) and damage (i.e. LBP) were only mild and transient in nature, returning 

close to baseline concentrations within 1 h of exercise cessation. 

 

In Chapter 5, cycling was used as the mode of exercise during the maximal repeated-sprints. 

Previous research has suggested that cycling, compared to running, provides approximately 

half the mechanical stress on the abdominal region, reducing the impact and vibrations 

experienced (Rehrer et al., 1991; Yeh et al., 2013). As such, the transient gastrointestinal 

changes noted in Chapter 5 may in part relate to the reduced abdominal vibrations and 

mechanical stress placed on the gastrointestinal system, however, this requires further 

investigation.  
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Interestingly, the findings of Chapter 5 do not reflect a decrease in gastrointestinal damage 

following the 5-session heat training regimen, as indicated by increased IFABP and sCD14 

post-exercise on Day 1 and Day 5. However, plasma heat shock protein 72 (HSP72) was 

significantly lower across all timepoints on Day 5 compared to Day 1 following exercise in the 

heat. HSP72 is particularly responsive to heat stress and exercise (Locke, 1997), and increases 

in relation to the level of hyperthermia attained and/or sustained (Périard et al., 2015a). In 

Chapter 5, it appears the reduction in HSP72 observed following the repeated-sprint training 

regimen in the heat is indicative of increased heat tolerance attributable to the heat shock 

response and heat adaptations, similar to that of previous research in the animal model 

(Maloyan et al., 1999) and humans (Amorim et al., 2015; Périard et al., 2015a; Sandstrom et 

al., 2008), despite seeing no difference in gastrointestinal damage response throughout the 

regimen.  

 

Well-trained and elite athlete gastrointestinal response to exercise in the heat 

The aim of this thesis was to characterise the effects of exercise in the heat on blood markers 

of gastrointestinal damage in well-trained and elite participants, given the paucity of research 

regarding these cohorts. A key finding was the acute, but transient, increase in markers of 

gastrointestinal damage during exercise at increasing intensities (Chapter 4), maximal repeated 

sprinting (Chapter 5), and prolonged intensive exercise after dietary intervention (Chapter 6). 

This supports the finding of previous research conducted on active populations (i.e. �̇�O2max 

<50 mL·kg-1·min-1) reporting exacerbated gastrointestinal ischemia and gastrointestinal barrier 

damage following prolonged and high-intensity exercise in the heat (Barberio et al., 2015; Lee 

et al., 2017; Morrison et al., 2014). However, there is potential that gastrointestinal responses 

to exercise in the heat in well-trained athletes may differ compared to untrained or active 

populations. Despite the lack of direct comparison to untrained populations, the findings of this 
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thesis report that well-trained and elite athletes may have an enhanced capacity to tolerate, 

and/or an ability to mitigate the risk of, increased blood markers of gastrointestinal damage 

given their highly-trained exercising capacity (Lambert, 2008). This likely stems from elite and 

well-trained athletes having an enhanced ability to produce rapid and elevated acute phase 

protein responses to mediate the influx and presence of endotoxins (e.g. LPS) into the 

circulation, compared to that of their untrained counterparts, providing a protective mechanism 

to exercise and heat stress (Bosenberg et al., 1988; Yeh et al., 2013). In addition to this, it is 

suggested that well-trained athletes can rapidly clear returning luminal pathogens from the 

circulation via immune memory given the possibility that they have plasma B cells specific for 

antigens encountered during exercise (McKune et al., 2005). This response is coordinated by 

both the innate and humoral immune systems, and has previously been proposed in experienced 

ultra-endurance runners, whereby alterations in immunoglobulin concentrations after a race 

suggest an enhanced immune response and secondary antibody response (McKune et al., 2005).  

 

Furthermore, it has been demonstrated that aerobically trained individuals typically experience 

less of a reduction in splanchnic blood flow at the same absolute exercise intensity compared 

to untrained individuals (McAllister, 1998). It may be suggested that well-trained individuals 

with improved splanchnic blood flow exhibit improved epithelial tight junction integrity and a 

more rapid immune response to endotoxin clearance from the circulation, enhancing their 

exercise capacity under heat stress compared to untrained but otherwise healthy individuals 

(Lambert, 2008; McKune et al., 2005). As such, physiological adaptations related to repeated 

exposure to high core temperatures and splanchnic hypoperfusion during training and 

competition may partially explain this improved capacity to clear translocated LPS from the 

circulation (i.e. a more rapid antibody response related to immune memory) (McKune et al., 

2005), and a higher-than-normal anti-LPS baseline concentration (Bosenberg et al., 1988). In 
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addition to this, single bouts of exercise and regular physical activity may act as an adjuvant to 

stimulate the immune system, such that exercise may enhance, rather than acutely suppress 

immunological responses (Campbell et al., 2018). It may therefore be speculated that exercise 

in the heat results in an innate immune protective response against LPS, driven by LBP and 

sCD14 monocyte activation, and playing an important role in host immunity (Flynn et al., 2007; 

Kitchens et al., 2005). While the transient gastrointestinal responses reported throughout this 

thesis (Chapter 4 and 5) may be mediated by the training status of the cohorts in the current 

study (i.e. well-trained and elite), further investigations directly comparing changes in markers 

of gastrointestinal damage in trained and untrained individuals when exercising in the heat are 

warranted. 

 

Exercise and short-term dietary interventions 

The effects of LCHF and HCHO dietary interventions on changes in blood markers of 

gastrointestinal damage and inflammatory response following endurance-based intensive 

exercise was also investigated in this thesis. It was demonstrated that in elite athletes, five days 

on a LCHF diet, relative to a HCHO diet, is associated with a higher blood concentration of 

IFABP and sCD14 following a 25-km race-walk in warm conditions (Chapter 6). IFABP is one 

of the most widely utilised biomarkers representing enterocyte tissue damage (Costa et al., 

2017; March et al., 2017; Pugh et al., 2017; Snipe et al., 2017; van Wijck et al., 2012) and 

increases in IFABP have been correlated with splanchnic hypoperfusion during exercise, 

suggesting it to be a useful surrogate for the reduction in gastrointestinal tract blood flow 

(Barberio et al., 2015; van Wijck et al., 2011). sCD14 serves as a non-specific marker for 

monocyte activation and a receptor for endotoxins, increasing in response to septic conditions 

(André et al., 2019). It has been reported that increases in sCD14 following ultra-endurance 

running represent monocyte activation, which plays an important role in host innate immunity 
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to LPS (Flynn et al., 2007; Kitchens et al., 2005). Therefore, the increase in IFABP and sCD14 

concentration during intense exercise in warm conditions after consuming a LCHF diet appears 

to reflect additional gastrointestinal damage, compared to when consuming a HCHO diet. 

However, it has also been suggested that IFABP may have a protective function in cells under 

metabolic stress and act as a marker of increased dietary lipid intake and oxidation (Furuhashi 

et al., 2008; Lau et al., 2016).  Furthermore, research has been conducted on mice investigating 

the role of IFABP as a biomarker of intestinal barrier dysfunction in obesity (Lau et al., 2016). 

The results of this research suggest that high dietary fat intake (such as LCHF diets) may be 

responsible for the upregulation of several genes known to play an important role in the 

breakdown of long-chain fatty acids (i.e. IFABP) (Lau et al., 2016).  

 

Additionally, this thesis investigated the immune and inflammatory responses to changes in 

blood markers of gastrointestinal damage during exercise in warm conditions following the 

short-term nutritional interventions (Chapter 6). The results of Chapter 6 suggest the emergence 

of a regulatory macrophage response (i.e. increased IL-IRα and IL-10). This response differs 

from the classically activated macrophage response in that its primary role is to dampen the 

immune system and limit inflammation, and it can be activated by LPS immune complexes 

leading to an increased anti-inflammatory cytokine production (i.e. IL-1Ra and IL-10) and a 

decreased production of pro-inflammatory cytokines (Couper et al., 2008; Mosser et al., 2008; 

Schiff, 2000).  The LCHF diet in Chapter 6 appeared to increase the immune system stimulation 

compared to the HCHO diet immediately post- and 1 h post-exercise, as indicated by elevated 

IL-1Ra and IL-10 responses. These results suggest that the elite participants in Chapter 6 had 

a well-regulated immune response to endurance exercise, despite the potential gastrointestinal 

damage (i.e. increased IFABP and sCD14) following the 25-km race walk. However, given the 

novelty of this finding and the uncertainty regarding the role of IFABP during LCHF dietary 
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interventions, further investigation is required to determine the underlying mechanisms of 

IFABP, particularly as a protective mediator.  

 

7.1  Summary of Key Findings 

Based on the findings of this thesis, it can be concluded that the effect of exercise on indirect 

blood markers of gastrointestinal damage are multifactorial, and include ambient temperature 

and relative humidity, exercise intensity, duration, and mode, and dietary intake. However, in 

well-trained and elite participants, gastrointestinal damage does not appear to be clinically 

relevant, despite reaching a core temperature of 38.5-39.8oC and exercising at high and 

maximal intensities for prolonged periods, as well as adopting LCHF and HCHO diets.  

 

7.2  Delimitations of the Thesis 

• Chapter 4 and 5 recruited healthy, well-trained athletes from local and state sporting 

programs, and Chapter 6 recruited national and international level elite race walking 

athletes to complete the research studies. Therefore, the findings of this thesis were 

delimited given it did not include sedentary or recreationally active individuals, females 

or older populations.   

• The current thesis limited research to be collected from male, as such, excluding 

females from the research. Therefore, a delimitation of this thesis is the extrapolation 

of the findings to populations such as females, which may not be directly applicable 

due to differences in hormonal changes and biomarker responses. 

• A wider range of biomarkers such as pro- and anti-inflammatory cytokine profiles and 

heat shock proteins would have been useful in determining gastrointestinal and 
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immunological changes to exercise in the heat. However, the additional cost for sample 

collection and analysis of such markers was a limiting factor for research conducted in 

Chapters 4 and 5.  

• Given the availability of participants and the overall cost for collection and analysis, it 

was not possible to continue tracking blood marker changes over additional timepoints 

such as 4 h, 24 h or 48 h to assist in investigating long-term changes or recovery of 

markers of gastrointestinal damage following exercise. However, the research team 

identified this, and standardised collection timepoints across each of the studies (pre-, 

post- and immediately post-exercise) for consistency throughout the thesis.  

• Given the research data collected for Chapter 6 was in addition to other research data, 

a hybrid field-laboratory study was undertaken, whereby 25-km race walking trial days 

were conducted in both the laboratory (on a treadmill for kilometres 1, 7, 13, 19, and 

25) and outside (on a 5-km loop). This meant that there were some discrepancies in 

daily environmental conditions throughout the study. However, the research team 

attempted to account for this variability by ensuring that on any given testing day, there 

were both nutritional intervention groups participating as to not skew the data for one 

particular group.  

 

7.3  Limitations of the Thesis 

• Participants in two of the studies (Chapters 4 and 5) were requested to limit their 

physical activity prior to all testing sessions and replicate as closely as possible the 24 

h period prior to each testing session. It is plausible that some participants may have 

undertaken activities that may have impacted their results, despite participants filling 

out a training diary (e.g. additional physical activity that was not adequately recorded, 
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physically demanding jobs). This, however, is a limitation of almost all exercise-based 

research.  

• Sample size in one of the studies (Chapter 6) was limited due to unforeseen 

circumstances. Initial data collection for this study took place in January 2019, with a 

secondary data collection planned for January 2020 in Canberra, Australia. However, 

given the large-scale bushfires and smoke that effected the east coast of Australia during 

Summer 2019/20, data collection was postponed. The proposed data collection was 

planned for later in 2020 (November/December), however, international participants 

were unable to travel to Australia due to the COVID-19 pandemic. As a result, this 

chapter was written using the initial data set collected in January 2019.  

• Standard technical and biological variability is a limitation of any research. Every effort 

was made to control for such fluctuations by equipment calibration, using reliable 

protocols, ensuring participants tested at the same time of day and maintained similar 

diet and fluid intakes.  

 

7.4  Practical Applications 

High-level training and competitions are routinely scheduled and held in challenging 

environmental conditions. The outcomes of this thesis contribute to a broader understanding of 

the gastrointestinal, systemic immune and thermophysiological responses that occur when 

well-trained individuals exercise in the heat. The data from this thesis may help to better inform 

and influence an athlete’s approach to exercising in challenging conditions by considering the 

following:  
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1. Short-term heat training regimens and acclimation/acclimatisation protocols are likely 

to assist in emerging thermoregulatory adaptations, and as such, increase an athlete’s 

thermal tolerance to exercise in the heat.  

2. It appears that for well-trained and elite athlete, alterations in blood markers of 

gastrointestinal damage are acute and transient, returning to baseline concentration 

quickly. However, the cumulative effect of exercise such as short-term repeated-sprint 

regimens did not eliminate increases in blood concentrations of gastrointestinal damage 

post- and 1 h post-exercise, warranting further investigation. 

3. Well-trained athletes may exhibit an improved gastrointestinal tolerance to exercising 

in the heat given their training history, ability to tolerate increases in core temperature 

and an improved endotoxin tolerance to the translocation of LPS and a higher-than-

normal anti-LPS concentration at rest. 

4. Exercise in the heat activates immune responses, potentially negatively impacting 

athletes who are immunocompromised (i.e. during strenuous blocks of training or 

coupled with added psychological stress before major competitions).  

5. Short-term dietary strategies (i.e. LCHF) can increase blood markers of gastrointestinal 

damage and alter the immune response, therefore should be carefully considered when 

understanding the role of exercise in the heat on athlete health and performance.  

 

7.5  Recommendations for Future Research 

It appears, from the results of this thesis, that most of the current research investigating 

gastrointestinal markers in response to exercise in the heat is focused on healthy or trained 

individuals. Therefore, further investigation is required regarding well-trained and elite 

populations to: 1) compare the effect of exercise on blood markers of gastrointestinal damage 
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compared to healthy and untrained populations; and 2) further investigate whether well-trained 

individuals have an enhanced capacity to overcome, or better tolerate, increases in blood 

markers of gastrointestinal damage following exercise in the heat.  

 

The results from the current thesis also suggest that athletes may exhibit an enhanced capacity 

to better tolerate increased intestinal permeability given their frequent (i.e. daily) training, and 

ability to produce rapid and elevated acute phase protein responses to mediate the influx and 

presence of LPS when exercising in the heat. Therefore, future research should focus on both 

highly trained male and female athletes, to further our understanding of the effect of exercising 

in the heat, and to characterise the responses of gastrointestinal blood markers in response to 

exercise intensity, duration and mode.  

 

Additionally, the results of this thesis suggest a five-day repeated sprinting regimen in the heat 

exacerbated gastrointestinal disturbances, despite only seeing mild fluctuations in markers 

gastrointestinal damage. Given team-sports are commonly undertaken in hot environmental 

conditions, future research investigating the effect of intermittent, repeated-sprint exercise in 

the heat on markers of gastrointestinal damage is warranted. Despite seeing the emergence of 

thermoregulatory adaptations, perceptual improvements and thermal tolerance from the 

training regimen in Chapter 5, a greater thermal stimulus, or an extended exercise protocol may 

be needed to determine: 1) if repeated-sprint exercise regimens in the heat can decrease markers 

of gastrointestinal similar to that of thermoregulatory adaptations; and 2) whether repeated-

sprint exercise in the heat can induce clinically significant changes in blood markers of 

gastrointestinal damage. Furthermore, given the limited gastrointestinal biomarker elevations, 

yet the increase in gastrointestinal disturbance, further research may be warranted to investigate 
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a mechanism other than intestinal permeability contributes to gastrointestinal disturbance 

during exercise in the heat.  

 

Finally, increases in IFABP and sCD14 concentration are commonly viewed as indicative of 

gastrointestinal damage, however, emerging research suggests that IFABP may have a 

protective function in cells under metabolic stress and act as a potential marker of increased 

lipid intake and oxidation. The results of this thesis suggest that a five-day LCHF dietary 

intervention increases blood concentrations of IFABP and sCD14, post- and 1 h post-exercise. 

While these may be associated with increased gastrointestinal damage, there is currently not 

enough research to definitively suggest LCHF diets elicit this response, therefore future 

research should be conducted to further increase the literature and understanding in this field. 

Furthermore, the cytokine results of Chapter 6 suggest that LCHF diets increased plasma 

concentrations of IL-1Rα and IL-10 post- and 1 h post-exercise, elucidating a regulatory 

macrophage response in the LCHF group. While the results of our study may suggest that well-

trained and elite athletes have a well-regulated immune response to endurance-based exercise, 

further investigation is warranted to determine the relationship of this cytokine response to 

increased blood markers of gastrointestinal damage, and the role of LCHF diets during 

endurance-based exercise. 

 

7.6  Conclusion 

The key findings of this research are: 

1. Running at increasing intensities leads to transient perturbations in gastrointestinal 

permeability, irrespective of environmental condition (Chapter 4). 
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2. A greater disturbance was noted during running in HOT conditions (Chapter 4), 

although the small physiological effect on gastrointestinal permeability indicates that 

habitual endurance training and high fitness levels may inhibit exercise-induced 

increases in gastrointestinal permeability, minimising gastrointestinal discomfort 

during running. 

3. Repeated sprinting in 40°C induced acute perturbations in gastrointestinal integrity, 

compared to exercising in 20ºC conditions (Chapter 5). 

4. The elevated perturbation of gastrointestinal integrity during repeated-sprint exercise 

in the heat appears to be associated with the combination of intense exercise and an 

increase in thermal strain (i.e. rectal and skin temperature) compared to the COOL 

condition (Chapter 5). 

5. A five-day LCHF diet, relative to a HCHO diet, is associated with a higher blood 

concentration of IFABP and sCD14 following a 25-km race-walk (Chapter 6).  

6. A LCHF diet appears to stimulate an increase in immune system activation compared 

with the HCHO, as indicated by elevated interleukin (IL)-1Ra and IL-10 responses, 

immediately post-exercise and 1 h following the Adaptation trial (Chapter 6). 

 

The association between exercise intensity, duration It appears that prolonged submaximal and 

strenuous exercise in hot environmental conditions (>30ºC) may increase epithelial damage 

and promote modest perturbations to the systemic inflammatory profile compared to exercise 

in temperate conditions. Given the frequent exposure of athletes to environmental heat stress 

during competition and training, it is important to understand the integrative nature with which 

environmental and physiological factors contribute to gastrointestinal damage during exercise, 

particularly within well-trained and elite athletic populations.  
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9.1   Appendix 1a 

 

PhD Publications – Systematic Review 

 

  

Along with d igestion and absorption or nutrients, the gastrointestinal epithelium acts as a primary intestinal defense layer, preventing luminal pathogens from 
entering the c irculation. During exercise in the heat, epithelia l integrity can become compromised, a llowing bacteria and bacteria l endotoxins to translocote into 
c irculation, triggering a systemic inflammatory response and exacerbating gastrointestinal damage. While this relationship seems clear in the general population 
in endurance/ultraendurance exercise, the a im of this systemat ic review was to evaluate the effect of exercise in the heat on blood markers of gastrointestinal 
epithelial disturbance in well- trained individuals. Fo llowing the 2009 Preferred Reporting Items for Systematic Reviewed and Meta - Analyses guidelines, five 
electronic databases were searched for appropriate research, and 1,885 studies were identified. Five studies met the inclusion criteria and were subject to full 
methodological appraisal by two reviewers. Critical appraisal of the studies was conducted using the McMasters Critical Review Form. The studies investigated 
changes in markers of gastrointest inal damage (intestinal fatty acid- b inding p rotein, endotoxin, and/or lipopolysaccharide- binding protein) following acute 
exercise in warm to hot conditions(~ 30 °C) and included trained or well- trained participants with direct comparisons to a contro l temperate condit ion (s 22 °C). 
The studies found that prolonged submaximal and strenuous exercise in hot environmental conditions can acutely increase epithelial disturbance compared with 
exercise in cooler conditions, with d isturbances not being clinically relevant. However, trained and well- trained populations appear to tolerate exercise- induced 
gastrointestinal disturbance in the heat. Whether this is an acquired tolerance related to regula r training remains to be investigated. 
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> Int J Sports Physio l Perform. 2020 Dec 25;16(5):704-710. doi: 10.1123/ijspp.2019-0973. 

Running at Increasing Intensities in the Heat Induces 
Transient Gut Perturbations 
Alice M Wallett Naroa Etxebarria, Nicole A Beard, Philo U Saunders. Marij ke Welvaert, 

Julien D Periard, Andrew J M cKune. David B Pyne 

PMID: 33361496 DOI: 10.1 123/ ijspp.2019-0973 

Abstract 

Purpose: The risk o f exercise- induced endotoxemia is increased in the heat and is primarily 

attributab le to changes in gut permeability resu lting in the t ranslocation o f Ii po polysaccharides (LPS) 

into t he circulation. The purpose of this st udy was to quantify the acut e changes in gut permeability 

and LPS translocation during submaximal continuous and high -intensity interval exercise under heat 

st ress. 

M ethods: A to tal o f 12 well-t rained male runners (age 37 [7] y. maximal oxygen uptake [V02max] 

61.0 [6.8] mL·min-1-kg-1) undertook 2 t readmill runs of 2 x 15-minu tes at 60% and 75% V02max and 

up to 8 x 1-minut es at 95% V02max in HOT (34°C, 68% relat ive humidity) and COOL (18°C. 57% 

relative hum idity) conditions. Venous blood samples were collect ed at the baseline. following each 

running intensity, and 1 hour postexercise. Blood samples were analyzed for markers o f intest inal 

permeability (LPS, LPS b inding prot ein. and intest inal fatty acid -b inding prot ein). 

Results: The increase in LPS binding pro tein follow ing each exercise intensity in the HOT condit ion 

was 4% (5.3 µg•ml -1. 2.4-8.4; mean, 95% confidence int erval. P < .001), 32% (4.6 µg•mL-1, 1.8-7.4: P = 
.002). and 30% (3.0 µg•mL-1, 0.03-5.9; P = .047) greater than in the COOL condition. LPS was 69% 

higher t han baseline follow ing running at 75% V02max in t he HOT condition (0.2 endotoxin units•mL-

1. 0.1-0.4; P = .011). Intest inal fatty acid-b inding prot ein increased 43% (2.1 ng•mL-1. 0.1 -4.2; P = .04) 

1 hour postexercise in HOT compared w ith the COOL condit ion. 

Conclusions: Small increases in LPS concent ration during exercise in t he heat and subsequent 

increases in int estinal fatty acid-binding protein and LPS binding pro tein indicat e a capacity to 

to lerate acu te, transient intestinal d isturbance in well-t rained endurance runners. 

Keywords: disturbance; endotoxemia; endurance; gastro intestina l. 
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International Journal of S ort Nutrition & Exercise Metabol ism 

Decision letter (IJSNEM.2021 -0150.R2) 

From: g.l.dose@lj mu .ac.uk 

To: a lice .wa llett@canberra .edu.au 

CC: 

Subject: I nt ernational Journal of Sport Nut rit ion & Exercise Met abolism - Decision on Manuscr ipt I D IJSMEM.20 21-0150 .R2 

Body : 04-Jan-2022 

Dear Miss Wallett: 

It is a pleasure to accept your manuscript entitled "Repeated-sprint exe rcise in th e hea t increases indirect ma rke rs 
of gast rointestina l damage in well -tra ined team-s port a thle tes• in its current form for publication in t he Inte rna tiona l 
Journal of Sport Nutr it ion & Ex ercise Met ab olism . The comments of th e reviewer(s) who reviewed your manuscr ipt 
are induded a t the foot of this lette r. 

Thank you for your fine contribution. 

On beha lf of t he Editors of th e Internationa l Journa l of Sport Nut rition & Exe rcise Metabolism, we look forwa rd to 
your continu ed contributions to th e journa l. 

Since rely, 
Dr. Graeme a ose 
Associa te Editor, Internat iona l Journa l of Sport Nut rition & Exe rcise Meta bolism 
g.l.dose@lj mu .ac.uk 

Reviewer(s)' Comments to Auth or: 
Reviewer: 1 

Recommendation : Accept 

Comments : 
No furth er comments to add . Cong ratulations on an inte rest ing s t udy. 

Additiona l Quest ions : 
How relevant is th e topic of th e a rticle to th e fie ld?: 5 

How d ear is th e research question?: 4 

How origina l is t he research quest ion?: 5 

To what degree is t he a rtid e based on sound th eory? : 4 

How appropriate is th e methodology? : 5 

How thorough is t he data ana lysis? : 4 

How informative is t he inte rpretation of results? : 5 

To what extent does the discussion yield new insights? : 4 

How d ear is th e writing?: 4 

Are t he results of t he resea rch origina l? : Yes 

Does th is manuscript wa rrant a press release?: No 

Date Sent: 04-Jan-2022 
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Gast rointestinal disturbances are one of the most common issues for endurance athletes during training and competition in the heat. The relat ionship between 
typical d ietary intake or nutritional interventions and perturbat ions in or maintenance of gut integrity is unc lear. Twelve well- t rained male endurance athletes 
(peak oxygen consumpt ion = 61.4 ± 7.0 ml·kg-1-min-1) completed two t rials in a randomized o rder in 35 °c (heat) and 21 °C (t hermoneutral) conditions and kept a 
deta iled nutritional diary for eight consecutive days between the two trials. The treadmill running t rials consisted of 15 min at 60% peak oxygen consumption, 
15 m in at 75% peak oxygen consumption, followed by 8 x I- m in high- intensity efforts. Venous b lood samples were token at the baseline, at the end of each of the 
th ree exerc ise stages, and 1 hr postexercise to measure gut integrity and the permeability b iomarker concentrat ion for intestinal fatty- acid- b ind ing p rotein, 
lipopolysaccharide, and lipopolysaccharide- binding p rotein. The runners self- reported gut sympt om s 1 hr postexerc ise and 3 days postexercise. The heat 
cond ition induced large (45- 370%) increases in intestinal fatty- acid- binding protein, lipopolysaccharide- binding protein, and lipopolysaccharide concentrations 
compared with the baseline, but induced m ild gastroint estina l symptoms. Carbohydrate and polyunsaturated fat intake 24 hr p reexercise were associated with 
less lipopolysaccharide tronslocation. Protein, carbohydrate, tota l fat, and polyunsaturated fat intake (8 days) were positively associated with the percentage 
increase of intest ina l fatty- acid - binding protein in both conditions (range of correlations, 95% confidence interval = .62- .93 [.02, .98]). Typical nutr ition int ake partly 
explained increases in biomarkers and the attenuation of symptoms induced by moderate- and high- intensity exercise under both heat and thermoneutral 
cond itions. 
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ORIGINAL RESEARCH article 

Frcnt. Physio L, 27 August 20 20 I https //doi.o rg/10.3389/ 'phys 2020.0 1023 

Short-Term Repeated-Sprint Training in Hot and Cool 
Conditions Similarly Benefits Performance in Team-Sport 
Athletes 

J ulien D, Peria rd' ", • David B, Pyne ', J. David J , Bishop' , Al ice W allett • and II O livier G irard' 

1:R.esearch Institute tor Spc rt and Exercise, University o f Ganberra, Canberra, ACT. Australia 
2Institute o f H ealth and Sport Victo ria University. Melbourne. VIC , Australia 
3Schoo l of Hum an Sciences (Exe rcise and Sport Sc ience), The University ot Western Australia, Perth. WA. Austral ia 

Chocklor ..,., ... 

This study compared the performance and physiological adaptations of short-term repeated-sprint training in HOT [40°c and 

40% relative humidity (RH)] and COOL (20°c and 40% RH) conditions in team-sport athletes. Twenty-five trained males 

completed five training sessions of 60 min over 7 days in HOT (n = 13) or COOL (n = 12) conditions, consisting of a submaximal 

warm-up and four sets of maximal sprints. Before and after the intervention, intermittent shuttle running performance was 

assessed in cool and repeated-sprint ability in hot conditions; the latter preceded and followed by neuromuscular function testing. 

During the repeated-sprint training sessions, skin ( - 8.4°C) and core (-o.17°C) temperatures were higher in HOT than COOL (p < 

0.05) conditions. Shuttle running distance increased after both interventions (p < 0.001), with a non-significant (p = 0.131) but 

larger effect in HOT (315 m, d = 1.18) than COOL (207 m, d = 0.51) conditions. Mean (-7%, p < 0 .001) and peak (-5%, p < 0.05) 

power during repeated-sprinting increased following both interventions, whereas peak hvitch force before the repeated-sprint 

assessment was -10% lower after the interventions (p = 0.001). Heart rate during the repeated-sprint warm-up was reduced (-6 

beats.min-1
) follo\,fog both interventions (p < 0.01). Rectal temperature was -o.14°C lower throughout the repeated-sprint 

assessment after the interventions (p < 0.001), with larger effects in HOT than COOL during the warm-up (p = 0.082; d = - 0.53 

vs. d = - 0.15) and repeated-sprints (p = 0 .081; d = - 0.54 vs. d = - 0.02). Skin temperature (p = 0 .004, d = - 1.11) and thermal 

sensation (p = 0 .015, d = - 0 .93) were lower during the repeated-sprints after training in HOT than COOL Sweat rate increased 

( 0.2 Lh- 1
) only after training in HOT (p = 0.027; d = o. 72). The intensive nature of brief repeated-sprint training induces similar 

improvements in repeated-sprint cycling ability in hot conditions and intermittent running performance in cool conditions, along 

with analogous physiological adaptations, irrespective of the environmental conditions in which training is undertaken. 
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> J Physiol. 2021 Feb;599(3):771-790. doi: 10.1113/JP280221. Epub 2020 Aug 19. 

Adaptation to a low carbohydrate high fat diet is 
rapid but impairs endurance exercise 1netabolisrn 
and perfonnance despite enhanced glycogen 
availability 

Louise M Burke 1 2 • Jamie Whitfield 1
, Ida A Heikura 1 2 • Megan L R Ross 1 2 • Nicolin Tee 2 , 

Sara F Forbes 2 • Rebecca Hall 1 2 , Alannah KA McKay 2 3 4 , Alice M Wallett 2 s. 
Avish P Sharma 2 6 

Affiliations + expand 

PMID: 32697366 PMCID: PMC7891450 DOI: 10.11 13/JP280221 

Free PMC article 

Abstract 

Key points: Brief (5-6 days) adaptation to a low carbohydrate high fat diet in elite athletes increased 
exercise fat oxidation to rates previously observed with medium (3-4 weeks) or chronic (> 12 months) 
adherence to this diet. with metabolic changes being washed out in a similar t ime frame. Increased fat 
utilisation during exercise was associated with a 5-8% increase in oxygen cost at speeds related to 
Olympic Programme races. Acute restoration of endogenous carbohydrate (CHO) availability (24 h 
high CHO diet, pre-race CHO) only partially restored substrate utilisation during a race warm-up. Fat 
oxidation continued to be elevated above baseline values although it was lower than achieved by 5-6 
days· keto adaptation; CHO oxidation only reached 61% and 78% of values previously seen at exercise 
intensities related to race events. Acute restoration of CHO ava ilability failed to overturn the 
impairment of high-intensity endurance performance previously associated with low carbohydrate 
high fat adaptation. potentially due to the blunted capacity for CHO oxidation. 

Abstract: We investigated substrate util isation during exercise after brief (5-6 days) adaptation to a 
ketogenic low-carbohydrate (CHO), high-fat (LCHF) diet and similar washout period. Thirteen world
class male race walkers completed economy testing, 25 km training and a 10,000 m race (Baseline). 
with high CHO availability (HCHO), repeating this (Adaptation) after 5-6 days· LCHF (n = 7; CHO: <50 
g day· ' . protein: 2.2 g kg·' day-'; 80% fat) or HCHO (n = 6; CHO: 9.7 g kg·1 day· ' : protein: 2.2 g kg·• 
day·' ) diet. An Adaptation race was undertaken after 24 h HCHO and pre-race CHO (2 g kg·' ) diet, 
identical to the Baseline race. Substantial (>200%) increases in exercise fat oxidation occurred in the 
LCHF Adaptation economy and 25 km tests, reaching mean rates of ~1.43 g min•' . However. relative 
V 0 , (ml min•• kg-1 ) was higher (P < 0.0001), by ~8% and 5% at speeds related to 50 km and 20 km 

events. During Adaptation race warm-up in the LCHF group, rates of fat and CHO oxidation at these 
speeds were decreased and increased, respectively (P < 0.001 ). compared with the previous day. but 
were not restored to Baseline values. Performance changes differed between groups (P = 0.009), with 
all HCHO athletes improving in the Adaptation race (5.7 (5.6)%), while 6/ 7 LCHF athletes were slower 
(2..2 (3.4)%). Substrate utilisation returned to Baseline values after 5-6 days of HCHO diet. In summary, 
robust changes in exercise substrate use occurred in 5-6 days of extreme changes in CHO intake. 
However. adaptation to a LCHF diet plus acute restoration of endogenous CHO availability failed to 
restore high-intensity endurance performance, with CHO oxidation rates remaining blunted. 

Keywords: athletic performance; ketogenic diet; sports nutrit ion. 
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Journal of Science and Medicine in Sport 
Volume 23, Issue 7, July 2020, Pag~ 639-663 

TI1e Australian Institute of Spo1t framework for 
rebooting sport in a COVID-19 environment * 
David Hughes ;i, b fe... 5 , Richard Saw1, Nirmala Kan:hi Panagodage Pere,ra .a, '. Mathe-,1 Mooney J, h, Alice Wallett .a, h, 

Jennife,r Cookie .1, Nici C0,3tsworth d, Carolyn Broderick c, f 

Showmore v 

+ Add to Mendefe.y 0:: Share " Cite 

http~/fdoi.org/10.1016/j.jsams.2020.05.004 G~t rights and cot1tes"lt 

Abstract 

Sport makes an important contribution to the physic3l, psychological and 
emotional well-being of Australians. The economic contribution of sport is 
equivalent to 2-3% of Gross Domestic Product (GDP}. The COVID-19 pandemic has 
had devastating effects on communities globally, leading to significant restrictions 
on all sectors of society, including sport. Resumption of sport can significantly 
contribute to the re-establishment of normality in Australian society. 

The Australian Institute of Sport (AIS}, in consultation ,vith sport partners (National 
In stitute Network (NIN} Directors, NIN Chief Medical Officers (CMOs), National 
Sporting Organisation(NSO} Presidents, NSO Performance Directors and NSO 
CMOs}, has developed a framev,ork to inform the resumption of sport. National 
Principles for Resumption of Sport were used .as a guide in the development of'the 
AIS Framework for Rebooting Sport in a COVID-19 Environment' (the AIS 
Framework}, and based on current best evidence, and guidelines from the Australian 
Federal Government, e:drapolated into the sporting conte:d by specialists in sport 
and exercise medicine, infectious diseases and public health. 

The principles outlined in this document apply to high performance/professional, 
community and individual passive (non-contact} sport. The AIS Framework is a 
timely tool of minimum baseline of standards, for 'hon/ reintroduction of sport 
activity " ill occur in a cautious and methodical manner, based on the best available 
evidence to optimise athlete and community safety. Decisions regarding the timing 
of resumption (the ' tvhen1 of sporting activity must be made in close consultation 
,.,.;th Federal, Statefrerritory and/or L-Ocal Public Health Authorities. The priority at 
all times must be to preserve public health, minimising the risk of community 
transmission. 
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Journal of Science and Med icine in Sport 
Volume 23, Issue 7, July 2020, Pages664-669 

A deep dive into testing and n1anagement of 
COVID-19 for Australian high performance and 
professional sport * 
Mathew Mooney ,, I> J}... iBi, Nirmala Kanthi Panagodage Perera:. Carolyn Broderick c , 0, Richard Saw~. Alic:e Wallett~. 
•. Michael Drew ' , Gordon Waddington ' · •. David Hughes '· b 

Show more v 

+ Add to Mendeley ~ Sh are " C ite 

https://doi.org/10.1016/j.jsams.2020.05.005 Get rights and content 

Abstract 

The purpose of testing for any communicable disease is to support clinicians in the 

diagnosis and management ofindividual patients and to describe transmission 

dynamics. The novel coronavirus is formally named SARS-CoV-2 and the clinical 

disease state resulting from an infection is known as COVID-19. Control of the 

COVID-19 pandemic requires clinicians, epidemiologists, and public health 

officials to utilise the most comprehensive, accurate and timely information 

available to manage the rapidly evolving COVID-19 environment. High 

performance sport is a unique context that may look towards comp rehensive testing 

as a means of risk mitigation. Characteristics of the common testing options are 

discussed including the circumstances where additional testing may be ofbenefit 

and considerations for the associated risks. Finally, a review of the available 

tech nology that could be considered for use by medical staff at the point of care 

(PoC) in a high-performance sporting context is included . 
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> PLoS One. 2018 Feb 14;13(2):e0191644. doi: 10.1371/journal.pone.0,91644. eCollection 2018. 

The effects of intensified training on resting 
metabolic rate (RMR), body composition and 
pert ormance in trained cyclists 

Amy L Woods 1 2 , Anthony J Rice 2 • Laura A Garvican-Lewis 1 2 3, Alice M Wallett 1 2 • 

Bronwen Lundy • . Margot A Rogers • , Marijke Welvaert 1, Shona Halson 2 , Andrew McKune 1 5 

Kevin G Thompson 1 

Affiliations + expand 

PMID: 29444097 PMCID: PMC581 2577 DOI: 10.1371/journal.pone.0,91644 

Free PMC article 

Abstract 

Background: Recent research has demonstrated decreases in resting metabolic rate (RMR), body 
composition and performance following a period of intensified training in elite athletes, however the 
underlying mechanisms of change remain unclear. Therefore. the aim of the present study was to 
investigate how an intensified training period, designed to elicit overreaching, affects RMR, body 
composition, and performance in trained endurance athletes, and to elucidate underlying 
mechanisms. 

Method: Thirteen (n = 13) trained male cyclists completed a six-week training program consisting of 
a "Baseline" week (100% of regular training load), a "Build" week (- 120% of Baseline load). two 
"Loading" weeks (- 140, 150% of Baseline load, respectively) and two "Recovery· weeks ( - 80% of 
Baseline load). Training comprised of a combination of laboratory based interval sessions and on-road 
cycling. RMR, body composition, energy intake, appetite, heart rate variability (HRV), cycling 
performance. biochemical markers and mood responses were assessed at multiple t ime points 
throughout the six-week period. Data were analysed using a linear mixed modeling approach. 

Results: The intensified training period elicited significant decreases in RMR (F(5. 123.36) = 12.0947, p 
= <0.001), body mass (F(2, 19.242) = 4.3362, p = 0.03), fat mass (F(2,20.35) = 56.2494, p = <0.001) and 

HRV (F(2.22.608) = 6.5212. p = 0.005); all of which improved following a period of recovery. A state of 
overreaching was induced, as identified by a reduction in anaerobic performance (F(S, 121.87) = 
8.2622, p = <0.001), aerobic performance (F(5, 118.26) = 2.766, p = 0.02) and increase in total mood 
disturbance (F(S, 110.61) = 8.1159, p = <0.001). 

Conclusion: Intensified training periods elicit greater energy demands in trained cyclists, which, if not 
sufficiently compensated with increased dietary intake. appears to provoke a cascade of metabolic, 
hormonal and neural responses in an attempt to restore homeostasis and conserve energy. The 
proactive monitoring of energy intake, power output, mood state, body mass and HRV during 
intensified training periods may alleviate fatigue and attenuate the observed decrease in RMR, 
providing more optimal conditions for a posit ive training adaptation. 
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Studies examining pacing strategies during 4000- m cycling time trials (ns) typically ensure that participants are not prefatigued; however, competitive cyclists 
often undertake TTs when already fatigued. This study aimed to determine how TT pacing strategies and sprint characteristics of cyclists change during an 

intensified t raining period (mesocycle). Thirteen cyclists regularly competing in A- and B- grade cycling races and consistently training ( >10 h/wk for 4 {ll y) 
completed a 6- wk training mesocycle. Participants undertook individually p rescribed training, using train ing stress scores {TrainingPeaks, Boulder, CO), partitioned 
into a baseline week, a build week, 2 looding weeks {designed to e licit an overreached state), and 2 recovery weeks. Laboratory-based tests (15- s sprint and TT) 

and Recovery- St ress Questionnaire (RESTQ- 52) responses were repeatedly undertaken over the mesocycle. TT power output increased during recovery compared 
with baseline and loading weeks (P = .001) with >6- W increases in mean power output {MPO) detected for 400- m sections {10% bins) from 1200 to 4000 m in 
recovery weeks. Decreases in peak heart rate {P < .001) during loading weeks and postexercise b lood lactate (P = .005) during loading week 2 and recovery week 1 
were detected. Compared with baseline, 15- s sprint MPO declined during loading and recovery weeks (P < .001). An interaction was observed between RESTQ- 52 
total stress score with a 15- s sprint (P = .003) and with a TT MPO (P = .04), indicating that participants who experienced greater stress during loading weeks 
exhibited reduced performance. To conclude, intensified endurance tra ining diminished sprint performance but improved 4000- m TT performance, with a subtle 
change in MPO evident over the last 70% of TTs. 
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NIHR I 

C◄:18 

Dear Ms Wallett, 

National Institute 
for Health Research 

PROSPERO 
International prospective register of systematic reviews 

Thank you for submitting amendments to your systematic review record 
CRD42019120412 on the PROSPERO register We are pleased to confirm 
that the updated record will be published on our website with in the 
next hour. 

You are free to further update the record at any time, all submitted 
changes will be displayed as the latest version with previous versions 
available to public view. Please also make brief notes of any key 
changes in the Revision notes facility You can log into PROSPERO and 
access your records at https //www.crd.yorkac.uk/PROSPERO. 

Best wishes for the successful completion of your review. 

Yours sincerely, 

PROSPERO Administrator 
Centre for Reviews and Dissemination 
University of York 
York YO10 5DD 
t +44 (0) 1904 321049 
e: CRD-register@york ac uk 
www.york.ac. uk/insUcrd 

PROSPERO is funded by the National Institute for Health Research and 
produced by CRD, which is an academic department of the University of 
York. 

Email disclaimer: https://www.yorkac.uk/docs/disclaimer/email.htm 
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Ethics Approval – Study 1 

  

9 June 2017 APPROVED · Project number 17-117 

Ms Alice Wallett 
Research Institute lor Sport and Exercise 
University of Canberra 
Canberra ACT 2601 

Dear Alice, 

Tile Human Research Ethics Committee has considered your application lo conduct research with human 
subjects for the project titled: "Characterising the effects of exercise and heat stress on gut permeability 
in wetf.trained runners." 

Approval is granted until 30 June 2018 

Tile following general conditions apply lo your approval. 

These requirements are delenmined by University policy and the National Statement on Ethical Conduct in 
Human Research (National Health and Medical Research Council, 2007). 

Monitoring: You lllJsf., in conjunction Vdth yru supeMSOr, assist the Committee to memo, the oomuct of aJ)pl'O'Jed 
researcf\ by C001)1e6ng prqect review forms, and in the case ot extended researd\, at least annually ~ 
lhe ajlllro\lal period. 

Reporting You ITMSt, fl oor;.nc:tion mth your supervisor, report any u,expected advetse events ot oomplicaticns that 
Adverse Events oco.r anytime d\mg the conduct of the research study or during lhe d>w" up period aftet the research. 

Rease refer these matte,s promptly 1o the HREC. fallre 1o ci:> so may result in the withdrawal ol lhe Etlics 
approval. 

Discontinuation You mus~ in conjl.nc:tion ¥ilh your supervisor, inbm the Comnittee, (jving reasons. if the researd\ is not 
of research: o,ncllcied or is ciso,ntnied before the expected dale of ~e6on. 

Extension of If yow project will not be oomplete by the expiry date stated above, you OlJst apply in writing for extension of 
approval: apJ)f'OVal. ApJ:icati:>n should be made before current approval expires; should specify a new oompletion date; 

shWd i'lclude reasons for your request. 

Retention and Unive,sity policy states Iha! al researoh data nu,t be slored seauely, on University pemises, b a nrinum 
storage of data: of five years. You rrust ensure that all records are tra:isferred to the l.nlersity when lhe project is oomplete. 

Contact details /4 email contact sholJd use the UC emai address. You shOUd aCMSe lhe Committee of any change of 
and notification address during or soon a!ter the approval period induding, if ~ 1e, email address(es). 
of changes: 

Yours sincerely 
Human Research Ethics Committee 

Maryanne Sim pson 
Research Ethics & Integrity 
Research Services 
T (02) 6206 3916 
E maryanne.simpson@canberra.edu.au 

T •61 {0)2620 1 sm 
\"/ www.c11nbc-rr:i.cd.J . .--. 

Unm!,,..yofC.,r,b,io,IJ 

Loc:lc.cl l?.,gl 
ACT 2601 Aunr,,k, 

,._,d'Nl,,,G.....,.,., .. ~•••l~o(W, 
11~1>, ...... ~ 
(C~CO$) • OOll2( 
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Ethics Approval – Study 2 

  

9June 2017 
APPROVED -Project number 17-115 

Dr Julien Perian:l 
Research lnstttute for Sport and Exercise 
University of Canberra 
Canberra ACT 2601 

Dear Julien, 

The Human Research Ethics Committee has considered your application to conduct research with 
human subjects for the project trtled "Repeated sprinting in the heat as an innovative acclimation 
merhod tor optimising performance in team-spon arhletes." 

I Approval is granted until 30 June 201 8. I 
The following general coodttions apply to your approval. 

These requirements are determined by University policy and the National Statement on Ethical 
Conduct in Human Research (National Health and Medical Research Council, 2007). 

I Monitoring: You n,,,st assist lhe Comrrittee ro monttor lhe ronducl of a/llllO'.-ed research by comiteting and pron'l)t:y 
returning project re'Jiew forms, v.tiid\ wl be sent to yoo at lhe end ot yol.l' project and, i1 lhe case ot extended 
research, at least annuaty duing lhe awro-,cl period. 

Disoontinuation You ll'KISt inform the Corrrnittee, giving reasons, if lhe research is not ooncllcted or is disoontinued before the 

of research: expected date of ~ le6on. 

Extension of H yoor project wll rot be complete by !he e-,;p,ry date stated above, ye,,, must apply in \\Tieng for extension of 
approval: appl'O',al. Application should be rrade bebe o.m:tl a.opro-,al expi'es; shcud specify a new oornpletion date; 

shcud indude reasons for your request 

Retention and Urivetsity policy states that all research data must be stored securely, on Urivefsity prenises., for a mininvn 
storage of data: ot five years.. Y@ rwst ensure that al records are transten-ed to lhe Universay Vttlen the project is complete. 

Contact details All email COl'lact should use lhe UC email address.. You shcdcl advise lhe Cormitfee of any change of 
and notification address dlring or soon afte, !he approval period ildu.fng, d appropriate, emai address(es). 
of changes: 

Yours sincerely 
Human Research Ethics Committee 

'-~1.A"' y:,,.,;.c; ,.._., 

\WfW.canberra.edu.au 

Posl~l AddfC'SS; 
Maryanne Simpson University of Canber ra ACl 260 1 Australia 
Research Ethics & Integrity Loca1ion 
Research Services Un1vers1ly Dnve Bruce ACT 
T (02) 6206 3916 Aui:1r.1h:in ~.-cmmcn< H>(lhc!r £duc:itoon Reg,lilllrc,.d 
E ma!i'.!!nne.simE!son@canberra.edu.au Pnrv1d, f Nu1!1t)11r ICRICOS.J, 00:?DK 
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Ethics Approval – Study 3 

 

AIS 
Au.st1·:tliau Institute of Spor1 

TO: 

FROM: 

SUBJECT: 

iMli.'llJIT 

Professor Louise Burke 

Tim Kelly (AIS Ethics Committee Secretruy) 

Approval from AIS Ethics Committee. 

DATE: 12" Decewber2018 

Ou the I I" December 2018, the. AIS Ethics Cowmittee gave con.sideration to yow· submission entitled 
"The effect of low energy arnilability and low c.arbohydrate arnilability on honnone 
status, metabolism and performanc.e in elite race walkers (SupernoYa 4)". The Committee. 
saw no ethical reason why your project should not proceed. 

The approval number for this project is: 20181203 

It is a requirement of the AIS Ethics Cowmittee that tihe. Principal Researcher (you) advise all 
researchers involved in the study of the Ethics Cowmittee approval and any condition., of that 
approval. Yoo are also required to advise the. Ethics Committee immediately (via the. Secrei1l}') of: 

• Any proposed chru1ges to the research design; 
• Any adverse eve.uts that might have occurred_ 

Rese11rchers are required to submit anuual status reposts and final reports to the Secretruy of the AIS 
Elhics Committee. Details of ~,tt•• report requirements ru·e. contained in the "Guideline" for e.thics 
submissions. 

Please note. that approval for this submission expires on the 31" December 2020 after which time au 
e:\1e.usiou \Yi ll need to be sought. 

If you have any questions regru·ding this matter, please contact me on (02) 6214 1791 

Sincerely, 

Tim Kelly~;: ... 

Tim Kelly 
Seo·etruy, AIS Ethics Committee 
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Relevant Employment During PhD 

 

 

 

  

Oct 2021 – Oct 2022 

(Full-time) 

Senior Recovery Physiologist (AIS Operations) 

Australian Institute of Sport 

Jul 2021 – Aug 2021 

(Full-time) 

Medical and Performance Services Support  

Australian Olympic Committee, Tokyo Olympic Games 

Mar 2021 – Oct 2021 

(Full-time joint position)  

Senior Physiologist (Performance Services) 

Special Medical Projects Advisor (Medicine) 

Australian Institute of Sport 

May 2019 – Mar 2021 

(Full-time) 

Special Medical Projects Adviser (Medicine) 

Australian Institute of Sport 

Jan 2017 – May 2019 

(Casual) 

Anatomy and Physiology Tutor 

University of Canberra 

Jan 2017 – May 2019 

(Casual) 

Recovery Physiologist (Recovery Centre) 

Australian Institute of Sport 
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PhD Relevant Qualifications 

• Exercise Sports Science Australia (ESSA), Accredited Exercise Scientist (AES)  

 

• Exercise Sports Science Australia (ESSA), Accredited Sports Scientist Level 1 (ASpS1) 

 

• The Bench Marque Group, Perform Venous Blood Collection  

 

• The Bench Marque Group, Perform Venous Cannulation  

 

• International Society for Advancement of Kinanthropometry (ISAK), Level 1 

Anthropometry 

 

• Sports Medicine Australia (SMA), Provide First Aid 

 

• Sports Medicine Australia (SMA), Provide Cardiopulmonary Resuscitation 

 

• Sport Integrity Australia (SIA), Level 1 Anti-Doping and Level 2 Medical Practitioner 

& Athlete Support Personnel Courses  

 


