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Abstract

Exercise in the heat often causes gastrointestinal (GI) disturbances, which can impair

performance. Single amino acid supplementation can attenuate gut damage and

enhance exercise tolerance; however, the effectiveness of innate amino acid blends

from plant-based proteins remains underexplored. In this study, we investigated the

effects of a novel fava bean-derived plant protein (ATURA) on thermoregulation,

endurance performance and GI disturbances during exercise. Twelve healthy, non-

heat-acclimatized participants completed an exercise trial (10 min walk, 40 min run,

graded exercise test) in the heat (35◦C; 40% relative humidity), before and after 8

days of ATURA (60 g/day) or placebo, in a double-blind, randomized, cross-over design.

Whole-body sweat rate, local sweat rate, pulmonary gas exchange, skin and core

temperature and perceptual responses weremonitored, with pre- and post-trial blood

samples. ATURA increased whole-body sweat rate (11%; P = 0.03) and back local

sweat rate (11%; P < 0.001) and reduced core temperature (ATURA, 38.7◦C ± 0.5◦C;

placebo, 38.8◦C ± 0.5◦C; P = 0.04) and thermal sensation (P = 0.05) in comparison to

placebo. There were no differences for skin temperature, thermal comfort or graded

exercise test time (P> 0.05). ATURA reduced postexercise intestinal fatty-acid binding

protein (22%) compared with placebo (P = 0.05), with no difference for soluble CD14

or GI symptoms. Pre-to-post HSP70 was higher after ATURA (12%, P = 0.05), with

no difference for interleukin-6 (P > 0.05). Pre-exercise fava bean protein reduced

postexercise intestinal fatty-acid binding protein, indicating a potential protective

effect on intestinal integrity, and was well tolerated, without increasing GI symptoms.

Exploratory outcomes suggest possible thermoregulatory benefits, warranting further

investigation.
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1 INTRODUCTION

Exercise in hot environments presents significant challenges to gastro-

intestinal (GI) health, often exacerbating gut damage and symptoms

associated with strenuous physical activity (Costa et al., 2022; De

Oliveira et al., 2014). The term ‘exercise-induced gastrointestinal

syndrome’ (EIGS) describes a range of GI disturbances that occur in

response to exercise stress (Young et al., 2023), particularly when

combined with heat exposure. These disturbances are frequently

associatedwith exercise-related gastrointestinal symptoms (GIS), such

as nausea, bloating and abdominal pain, which, in turn, can compromise

exercise performance by reducing workload or causing cessation of

exercise (Gaskell et al., 2021; Young et al., 2023). The underlying

mechanisms of EIGS are complex, involving exertional heat stress

that intensifies splanchnic hypoperfusion and hyperthermic injury,

contributing to disruptions in intestinal barrier function (Costa et al.,

2020). As exercise intensity and duration increase, particularly in hot

conditions, there is substantial evidence of increased intestinal injury,

permeability, endotoxaemia and systemic inflammation (Henningsen

et al., 2024). Specifically, during exercise at high temperatures, a

cascade of thermoregulatory disruption begins with heat stress-

induced redistribution of blood flow towards the periphery for heat

dissipation (Périard et al., 2021). This simultaneously reduces gut

perfusion and impairs the integrity of the intestinal barrier, leading

to a compounding physiological stress that progressively challenges

exercise tolerance and thermoregulatory capacity as core body

temperature continues to rise (Costa et al., 2022; Henningsen et al.,

2024).

Emerging dietary strategies have been used to mitigate EIGS,

including targeted amino acid (AA) supplementation, which can

be consumed in isolated singular form (Pugh et al., 2017; Tataka

et al., 2022), in a blend (Costa et al., 2023) or as a whole protein

source (Snipe et al., 2017). Whole proteins, in addition to supplying

both essential and non-essential AAs, also naturally provide other

nutritional components, such as vitamins, minerals, fat and bioactive

properties (Luparelli et al., 2025), which are absent from purified AA

supplements and might provide a more comprehensive approach to

addressing intestinal injury. Indeed, consumption of whey protein

(Snipe et al., 2017) and AA blends (Costa et al., 2023) immediately

before and during exertional heat stress has been reported to

reduce intestinal fatty-acid binding protein (i-FABP), an established

biomarker of intestinal injury. Other established biomarkers of

EIGS, including systemic inflammatory cytokines and markers of

luminal bacterial endotoxin translocation, such as interleukin-6

(IL-6), soluble CD14 (sCD14) and lipopolysaccharide, increase

in response to exercise stress (Young et al., 2023). However, the

potential for protein and AA interventions to mitigate intestinal

injury and attenuate downstream systemic responses remains largely

unexplored.

Amino acids play essential roles in maintaining intestinal health

and function, serving as both essential building blocks and crucial

energy sources for the lining of the small intestine (Wang et al.,

2009). This is important because the intestinal epithelium acts as

a selective barrier against pathogens, in addition to participating in

nutrient absorption, metabolism and immune function. Indeed, some

AAs appear to support intestinal integrity and might be a useful part

of the holistic treatment for GI disorders (Chinevere et al., 2002;

Lee et al., 2002; Pugh et al., 2017; Tataka et al., 2022). In humans,

acute low-dose glutamine supplementation (0.25 g/kg of fat-freemass)

reduced markers of intestinal permeability and damage following

exercise in hot conditions (Pugh et al., 2017; Tataka et al., 2022). The

protective effects of L-glutamine are thought to be mediated through

multiple mechanisms, including the activation of heat shock proteins

[HSP70 and heat shock factor-1 (HSF-1)] and inhibition of the nuclear

factor-κB pro-inflammatory pathway (Morrison et al., 2006; Singleton

& Wischmeyer, 2006). Additionally, L-arginine and L-citrulline have

the potential to improve intestinal blood flow and mitigate exercise-

associated hypoperfusion by stimulating the nitric oxide (NO) pathway,

which promotes vasodilatation in the intestinal microvasculature and

might help to maintain gut perfusion during exertional stress (Costa

et al., 2014; Van Wijck et al., 2014). Evidence suggests that AAs such

as L-glutamine, L-arginine, L-tryptophan and L-threonine might each

contribute beneficially to gut barrier function by enhancing barrier

integrity (Zuhl et al., 2014; Rao & Samak, 2011; Varasteh et al., 2018)

and facilitating epithelial repair (Wang et al., 2015; Rao & Samak,

2011). Although these compounds might act in parallel to support

gut health, the potential synergistic effects between these AAs and

other nutrients or bioactive constituents naturally present in whole

protein sources and the optimal ratios or combinations for mitigating

EIGS in humans in exertional heat stress conditions are not yet fully

understood.

In addition to the potential effects ofAAs orwhole proteins onEIGS,

there is emerging evidence highlighting their capacity to contribute to

whole-body thermoregulation or perception of the heat. For example,

isolated taurine supplementation (a semi-essential sulphonic acid)

improved local sweating responses during exercise in the heat, which

delayed the rate of rise in core temperature (Page et al., 2019; Peel

et al., 2024). Although L-arginine has been associated with increased

NO availability (Wu et al., 2021), it has not demonstrated an effect on

sweating responses (Cable et al., 2024; Tyler et al., 2016). Furthermore,

the effect of selected AAs on vascular function is another key area

of interest. For example, L-arginine was reported to improve flow-

mediated dilatation (FMD) across various populations (Bai et al., 2009;

Ellis et al., 2016), but its effects on FMD in exercising or athletic
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populations are not well established. Furthermore, acute whey protein

supplementation improved the FMD response among overweight

(Ballard et al., 2013) and healthy adults (Oliveira et al., 2020), probably

owing to the presence of bioactive peptides and greater branched-

chain amino acid (BCAA) content, enhancing endothelial function via

endothelial NO synthase expression (Ballard et al., 2013). In contrast,

fish protein hydrolysate lacks these effects, possibly owing to its

lower content of bioactive peptides and BCAAs (Oliveira et al., 2020).

This enhancement of vascular function offers a potential advantage

to exercising humans in the heat, assuming that these effects are

conferred to the subcutaneous vasculature, where dry heat losses can

be increased (Périard et al., 2021; Simmons et al., 2011).

It is apparent that AAs or some animal-derived whole protein

sources have the potential to influence physiological function in the

heat, but given the risk of EIGS in exercising athletes, it is important

that pre-exercise supplementation choices are also considerate of gut

health. Plant-based AAs have been promoted on this basis (Gorissen

et al., 2018), which also aligns with growing trends in sustainable

and health-conscious nutrition (Gil et al., 2024; Gorissen et al.,

2018). Indeed, in animal models, soy and pea proteins were reported

to improve gut barrier integrity (Basson et al., 2021); however,

consumption of some protein sources, such as whey protein, during

exercise might lead to digestibility issues, with an increase in GIS

observed previously (Snipe et al., 2017). The potential uses of plant-

based protein sources remain largely unexplored in the context of

exercise-induced gut damage and thermoregulation. This is important

becauseplant foods, specifically pulses suchas favabeans, arenaturally

rich in vitamins and minerals that provide numerous physiological

benefits (Badjona et al., 2023; Labba et al., 2021; Multari et al., 2015).

As such, legume protein isolate might support exercise tolerance in

the heat by providing key minerals and bioactive peptides that help

to reduce inflammation, promote beneficial gut bacteria and stimulate

short-chain fatty acid production to protect gut integrity (Gullón et al.,

2015).

Although consumption of some isolated AAs might aid in reducing

intestinal damage and mitigating associated EIGS during exercise in

the heat, there has been no investigation of a multiple AA blend in an

isolated plant-protein source. The aim of this study was to investigate

the effect of a novel fava bean plant-based protein supplement on

EIGS, thermoregulation and endurance performance during exercise

in the heat. We hypothesized that fava bean plant-based protein

supplementationwould attenuatebiomarkers of intestinal damageand

inflammation, reduce the incidence and severity of GIS and improve

endurance performance in hot conditions in comparison to placebo.

2 MATERIALS AND METHODS

2.1 Participants

Twelve healthy males (n = 5) and females (n = 7) were recruited to

take part in this study during autumn–winter months (September–

December) in the UK to minimize heat acclimatization effects [31 ±

Highlights

∙ What is the central question of this study?

Does supplementation with a novel fava

bean-derived plant protein (ATURA) mitigate

gastrointestinal disturbances and improve

thermoregulation during exercise in the heat?

∙ What is themain finding and its importance?

ATURA supplementation lowered postexercise

markers of gut damage without worsening gastro-

intestinal symptoms and was associated with

higher whole-body and local sweat rates and

thermal sensation. These findings suggest that

ATURA protects gut integrity during exercise in the

heat and might support thermoregulatory function

via an evaporative cooling effect, indicating its

potential as an effective pre-exercise supplement.

5 years of age; stature, 1.7 ± 0.1 m; body mass, 74.4 ± 15.0 kg; peak

oxygen uptake (V̇O2peak), 51.0 ± 5.1 mL/kg/min]. Participants were

recreationally active (exercising moderately at least two times per

week), self-identified as having the capacity to run consistently for 1 h

at amoderate-to-high intensity andwere free fromchronic diseases,GI

issues or recent useof substances affectingGI integrity (e.g., prebiotics,

probiotics or antibiotics). All participants completed all elements of the

trial and provided written informed consent, and institutional ethical

approval was provided for this study (2 2024 9972 9612), which was

conducted in accordance with the 2013Declaration of Helsinki.

2.2 Study design

In a randomized, double-blind, placebo-controlled crossover trial,

participants received either a plant-based isolate of fava bean

protein (ATURA; 60 g/day; ATURA, Deltagen, Bristol, UK) or a taste-

and colour-matched placebo (vanilla-flavoured powder, Elite Sports

Nutrition, 2024; orange food colourant, Roxy & Rich Inc., 2024). After

prescreening (visit 1), participants completed a baseline visit (visits

2 and 4) and exercise trial (visits 3 and 5) (Figure 1). Participants

completed a 3-dayweighed food diary during each intervention period

to monitor dietary intake and ensure consistency throughout the

study. During the exercise trial, participants completed a three-stage

exercise protocol in the heat (Figure 2). A minimum washout of 4

days and a maximum of 12 days were completed between study

conditions (Brennan et al., 2019). All female participants were non-

users of hormonal contraceptives and completed both trials in the

follicular phase of the menstrual cycle, determined using calendar-

based counting.
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F IGURE 1 Schematic diagram of study design. Abbrevations: GXT, graded exercise test; Ḣprod, heat production; V̇O2peak, peak oxygen
consumption.

F IGURE 2 Schematic diagram of the exercise trial. Continuous
black line represents continuousmeasurement. Abbrevation: GIS,
gastrointestinal symptoms.

2.3 Habitual dietary intake

Three-day weighed food diaries were used to determine habitual

nutrient intake, as detailed by Page et al. (2024). In brief, participants

were asked to weigh and record all food and drink consumption on

two weekdays and one weekend day during each supplement arm of

the study. Scales were accurate to 0.1 g (Superior mini-Digital Kitchen

Scale, CHWARES, Guangzhou, China). All food diary analysis was

conductedusing anonline dietary analysis software package (Nutritics,

Research Edition, v.5.83, Dublin, Ireland).

2.4 Baseline incremental test

During visits 2 and 4, participants completed a modified incremental

exercise test to exhaustion (Bruce et al., 1973) on amotorized treadmill

(h/p/cosmos, Am Sportplatz 8, Nußdorf, Germany) to assess peak

oxygen consumption (V̇O2peak), using a breath-by-breath gas analyser

(Jaeger Vyntus CPX, Hoechberg, Germany). Participants completed a

standardized 5 min warm-up at a walking pace of 5 km/h. The test

then commenced at a speed of 5 km/h and incline of 1.5%, with

increments of 1 km/h and 0.5% every 3 min. The test was terminated

when participants reached volitional exhaustion (American College

of Sports Medicine, 2014). The criterion for achieving exhaustion

included a respiratory exchange ratio (RER)> 1.15, rating of perceived

exertion (RPE) of 19–20 and maximal heart rate (HR) within 10

beats/min of age-predicted maximum (220 − age; Poole et al., 2008).

From the incremental exercise test, V̇O2peak was obtained as the final

30 s average. The test was designed to increase mechanical work

rate progressively to elicit a range of heat production (Ḣprod) values,

including that required for the treadmill walking protocol (6 W/kg of

body mass) and running protocol (10 W/kg of body mass) in visits 3

and 5. The Ḣprod of each participant for the experimental trials was

determined by subtracting the rate of mechanical work (Wk) from the

rate of metabolic energy expenditure (Ṁ; Eq. 1).

Ḣprod = Ṁ −Wk (in watts) (1)

where metabolic energy expenditure (Ṁ) was determined using

measured oxygen consumption (V̇O2
; in litres per minute) and RER

within the final 1 min of each stage for the baseline incremental test

(Eq. 2):

Ṁ = V̇o2 ×

((
RER−0.7

0.3

)
× 21.13

)
+
((

1.0−RER
0.3

)
× 19.62

)
60

× 1000 (in watts) (2)

The Ḣprod (in watts per metre squared) was expressed relative to the

body surface area (BSA) of participants (Cramer and Jay 2019; Du Bois

andDu Bois, 1916):

Ḣprod =
Ḣprod

BSA
(in watts per metre squared) (3)

BSA = 0.00718 ×
[
bodymass(kg)

0.425
]
×
[
height(cm)

0.725
]

(in metres squared) (4)
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2.5 Experimental trials

2.5.1 Pretrial instrumentation

Participants arrived hydrated after consuming a self-selected

meal of low-fermentable oligosaccharides, disaccharides, mono-

saccharides and polyols, as recommended by Costa et al. (2022),

with euhydration confirmed by urine osmolality of <600 mosmol/kg

H2O using an osmometer (Osmocheck, Vitech Scientific Ltd, UK).

Prior to the exercise trial (30 min; Kozior et al., 2023), participants

consumed a standardized drink (ATURA or Placebo). Participants

wore standardized running shorts, socks and trainers, with a sports

bra for female participants. Participants self-inserted a flexible rectal

probe (Walters Medical, St Albans, UK) 10 cm past the anal sphincter

in a private area and under prior instructions from the researcher.

Core temperature was continuously recorded using a data logger

(SQ2010; Grant Instruments Ltd, Cambridge, UK). Participants were

also instrumented with an HR monitor (Polar Heart Rate Monitor

M400, Warwick, UK), which was monitored continuously throughout

each exercise trial. Venous (30 mL) and capillary blood samples

from fingerpick (in duplicate, after 5 min seated rest) were collected

immediately before the trial.

2.5.2 Exercise trial

Participants entered the environmental chamber (35 ◦ C dry-bulb

temperature, 40% relative humidity) and were instrumented with skin

thermistors (Grant Instruments Ltd, Cambridge, UK) at four sites

(upper chest, mid-humerus, mid-calf and mid-thigh). Ramanathan’s

equation (Ramanathan, 1964) was used to calculate weighted mean

skin temperature. A ventilated sweat capsule system (Q-Sweat; WR

Medical Electronics Co., Stillwater, MN, USA) was fitted to the

participant’s back to measure local sweating rate (LSR). Pulmonary

V̇O2
was measured continuously via a calibrated breath-by-breath

gas analyser (Jaeger Vyntus CPX, Hoechberg, Germany). Participants

walked at an incline on a motorized treadmill (6 W/kg of body mass)

for 10 min to control Ḣprod, which was based upon the relationship

between metabolic Ḣprod and treadmill work rate in the baseline

incremental test. At 10 min, participants transitioned immediately

into a run for 40 min (10 W/kg of body mass). This was immediately

followed by a graded exercise test (GXT) to assess exercise tolerance

in the heat, which began at the participant’s treadmill speed at the

end of the second stage and was incremented by 1 km/h every 1 min

until volitional exhaustion. Environmental conditions, such as ambient

dry-bulb temperature (in degrees Celsius), relative humidity and air

velocity (in metres per second), were monitored continuously next

to the participant (Kestrel 5400 Heat Stress Tracker, Kestrel Meters,

Boothwyn, PA,USA). An electric fan (SIP 24″DrumFan, Loughborough,

UK) was placed in front of the participant during the exercise period

on the treadmill, providing an airflow 1 m/s directed at the torso.

During the trial, HR and breath-by-breath gas samples were measured

continuously, and RPE, thermal comfort, thermal sensation and GIS

were recorded every 5 min. The RPE was recorded using a 6- to 20-

point Borg scale (Borg, 1982), and thermal comfort was recorded using

a 7-point scale (where −3 = ‘much too cool’, 0 = ‘comfortable’ and 3

= ‘much too warm’; Bedford, 1936). Thermal sensation was recorded

using a 9-point scale (where −4 = ‘very cold’, 0 = ‘neutral’ and 4 =
‘very hot’; Zhang et al., 2004). GI symptoms were recorded on an

11-point scale (where 0 = no symptoms, 1–4 = mild symptoms, 5–

9 = severe symptoms and 10 = extremely severe symptoms; Gaskell

et al., 2019). Participants consumed 200 mL carbohydrate solution

(63 g dextrose, Myprotein) during the trial (10, 30 and 50 min) to

place additional demand on the gut during exercise, whilst simulating

real-world endurance exercise conditions,where carbohydrate feeding

is common but often linked to gut distress (Costa et al., 2017). The

body mass of each participant was measured (whilst wearing running

shorts, a sports bra for females, the HR monitor and the inserted

rectal thermistor) using a calibrated scale (resolution 50 g; Seca 711,

Hamburg, Germany). Immediately postexercise, venous (30 mL) blood

samples and after a seated 5 min rest, capillary blood samples, in

duplicate, were collected, followed by a venous blood sample (30 mL)

1 h postexercise (Figure 2).

2.6 Supplements

Participants consumed ATURA Fava Bean Protein (ATURA; 60g/day;

ATURA, Deltagen, Bristol, UK) or a placebo. The 8 day loading protocol

followedestablishedAAsupplementation protocols (Costa et al., 2023;

Zuhl et al., 2014) to achieve physiological AA elevations while allowing

GI adaptation prior to exercise testing. The 60 g/day dose (2 × 30

g servings) delivered AA concentrations comparable to commercial

protein supplements (Gorissen et al., 2018) and a previous AA study

observing a significant reduction in postexercise i-FABP (Costa et al.,

2023), while minimizing total protein load to reduce potential GI

discomfort during subsequent exercise (Snipe et al., 2017). To ensure

blinding, both drinks contained vanilla-flavoured powder (3 g; designer

flavoured powder, Elite Sports Nutrition, UK) and an orange water-

soluble food colourant (Roxy & Rich Inc., Canada). Participants were

provided with 14 opaque bottles, each containing the desired ATURA

or placebo, consumed with water. Participants consumed two 30

g servings per day, in the morning and afternoon/evening. All 14

bottles were returned empty by participants, and daily logs were

tracked for compliance (100% compliance). The AA composition of the

ATURA (Table 1) was conducted by Deltagen UK Ltd. The analysis

was performed as batch analysis, and all participants received the

same batch of ATURA. No participants experienced anyGI disturbance

during the supplementation period, assessed by the gastrointestinal

symptom rating scale (Bovenschen et al., 2006). A post-trial blinding

assessment questionnaire confirmed effective blinding, with 80% of

participants unable to distinguish supplement conditions. The ATURA

supplements do not contain any of the prohibited substances, nor is it

manufactured using any prohibited methods listed in the ‘World Anti-

Doping Code’ (International Standard) Prohibited List January 2023,

confirmed at Deltagen UK Ltd.
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TABLE 1 Amino acid composition for each day (60 g) of ATURA.

Amino acid ATURA

Per 30 g serving Per 60 g daily serving

Alanine 0.94 1.88

Arginine 2.15 4.30

Aspartic acid 2.75 5.50

Glutamic acid 4.14 8.28

Glycine 0.95 1.91

Histidine 0.62 1.25

Isoleucine 1.04 2.09

Leucine 1.94 3.89

Lysine 1.55 3.11

Methionine 0.15 0.31

Phenylalanine 1.10 2.20

Proline 1.04 2.08

Serine 1.22 2.44

Threonine 0.80 1.60

Tryptophan 0.20 0.40

Tyrosine 0.83 1.66

Valine 1.13 2.27

Cysteine 0.23 0.46

Note: Amino acid concentrations are presented in grams.

2.7 Vascular function measurements

At the baseline visit following an overnight fast, vascular function

was assessed non-invasively through FMD ultrasound of the brachial

artery, in accordance with established guidelines (Thijssen et al., 2019)

and as previously described (John et al., 2024). Upon arrival at the

laboratory, participants rested in the supine position on a plinth for

15 min in a dark, quiet and temperature-controlled room. After the

resting period, blood pressure was measured in the participant’s left

arm. B-Mode ultrasonography (Esaote, MyLab9, Genoa, Italy) was

used to identify the brachial artery in the right arm via B-mode echo

and pulse-wave Doppler velocity. An ultrasound probe was placed

longitudinally on the brachial artery proximal to the antecubital fossa,

with a pressure cuff (Hokanson SC5 Vascular Tourniquet) wrapped

distal to the probe (3–5 cm) on the forearm.Once comfortable, the test

commenced using automated edge-detection software (FMD Studio,

Cardiovascular Suite, Quipu, Italy). The protocol consisted of a 1 min

baseline artery diameter recording, 5 min of cuff inflation at 220

mmHg, and a 4 min post-dilatation recording to assess the change in

arterial diameter in response to increased shear stress, with a total

measurement duration of 10min.

2.8 Partitional calorimetry

Heat balance parameters, such as Ḣprod, evaporative requirement for

heat balance (Ėreq), evaporation at the skin surface (Ėskin) and heat

storage were estimated via partitional calorimetry (Cramer and Jay

2019; Du Bois &Du Bois, 1916).

On the assumption that blood entering and leaving the cutaneous

circulationwas equal to core temperature (Tcore) and skin temperature

(Tskin), respectively, maximum skin blood flow (SkBF) was determined

as follows (Sawka & Young, 2006):

SkBF =

(
1

SH
× Ḣprod

)
(Tcore − Tskin)

(5)

where SH is specific heat of the blood (∼1 kcal/◦C) and Ḣprod is

expressed in kilocalories per minute.

Ėreq = Ḣprod − Ḣdry skin − Ḣres (in watts) (6)

where Ḣdry skin is dry heat exchange at the skin surface and Ḣres is

respiratory heat loss.

Ḣdry skin = Cskin + Rskin + Kskin (in watts) (7)

where Cskin is convection, Rskin is radiation and Kskin is conduction.

Cskin + Rskin = (Tskin − to)

(Rcl
1

h×cl
)

× AD (8)

where Tskin is skin temperature (equation 21); to, operative

temperature; Rcl, dry heat transfer of clothing; h, combined convective

heat transfer coefficient; fcl, clothing area factor; and AD, body surface

area.

to =
hrtr + hcta
hr + hc

(in watts) (9)

where hr is radiative heat transfer coefficient; tr, radiant temperature;

hc, convective heat transfer coefficient; and ta, ambient air

temperature.

h = hc + hr (in watts per metre squared per kelvin) (10)

hc = 8.3 × 0.6
Vair

(in watts per metre squared per kelvin) (11)

where Vair is ambient air velocity.

hr = 4𝜀𝜎
Ar
AD

(
273.2 +

Tskin + tr
2

)3

(in watts per metre squared per kelvin) (12)

where ε is non-dimensional emissivity of the body surface; σ, Stefan–
Boltzmann constant; Ar/AD, fraction of the body surface participating

in radiative heat transfer.

Hres = Cres + Eres (in watts) (13)
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where Cres is convective respiratory heat loss and Eres is evaporative

respiratory heat loss.

Cres = 0.001516 × Ṁ (28.56 + 0.641 × Pa − 0.885 × ta) (in watts)

(14)

where Ṁ is metabolic energy expenditure and Pa is vapour pressure of

inspired air.

Pa =
6.116441 × 10

(
7.5911386×ta
ta+240.7263

)
× %RH

100

10
(15)

where %RH is relative humidity.

Ėskin = delta bodymass loss × 𝜆

1000
(in kilojoules) (16)

where λ is the latent heat of vaporization of sweat (2426 J/g).

Heat storage = time × Ḣprod − Ḣdry skin − Ḣevap − Ḣres
1000

(in kilojoules) (17)

Ḣevap skin = WBSR × 𝜆 × Seff
60

(in watts) (18)

where WBSR is whole-body sweat rate, based on body mass changes

over time (in grams perminute).

Seff = 1 − 𝜔req2
2

(ND) (19)

𝜔req =
Ėreq

Ėmax

(20)

Tskin = (Tchest + Tarm) × 0.3 + (Tthigh + Tcalf) × 0.2 (in degrees Celsius)

(21)

PMpost,c = PMpost,u × (1 + ΔPV) (22)

where PMpost,c and PMpost,u indicate corrected and uncorrected serum

or plasma biomarker postexercise, respectively, and PV is plasma

volume.

2.9 Blood sampling

Blood was also sampled into capillary tubes and microcuvettes

(Hemocue Hb 201) for the measurement of haematocrit and

haemoglobin concentration, respectively, to estimate plasma volume

(PV) changes (Dill & Costill, 1974). The capillary tubes were spun in

a microcentrifuge (Hawksley Neuation HCT Haematocrit Centrifuge,

iFuge-HCT, Hawksley & Sons Ltd, UK) at 4,500 g for 5 min, and

separated red cell volume was measured using a haematocrit reader

(Hawksley Micro-Haematocrit Reader). All samples were obtained

and measured in duplicate, with the mean value recorded for analysis.

Venous blood samples were obtained at each visit (Figure 1) via

venipuncture from an antecubital vein into two EDTA-treated

vacutainer tubes and two untreated EDTA tubes. These tubes were

kept at room temperature for 20 min and in ice for 15 min until

centrifugation of 2800g for 10 min at 4◦C (Heraeus Labofuge 400

Centrifuge,Model: 400/400R, Thermo Fisher Scientific,Waltham,MA,

USA). The plasma and serum were pipetted into 1.5 mL cryotubes and

stored in a−80◦C freezer for later analysis.

2.10 Blood analysis

Concentrations of i-FABP (marker of enterocyte damage) and sCD14

(marker of gut barrier dysfunction) from EDTA plasma and IL-6 and

HSP70 (marker of cellular stress) from serum were assessed via

ELISA using commercially available kits (Hycult Biotechnology, Uden,

The Netherlands for i-FABP and sCD14; R&D Systems, Minneapolis,

MN, USA for IL-6 and HSP70), according to the manufacturers’

instructions. EDTA plasma and serum samples were thawed at room

temperature and diluted in assay buffer at 2× for i-FABP, 80× for

sCD14 and 2× for both IL-6 and HSP70. Absorbance was measured

spectrophotometrically using a FLUOstar Omega microplate reader

(BMG LABTECH, Ortenberg, Germany) at the wavelengths specified

by the manufacturers. Assay ranges were as follows: i-FABP, 47–

3000 pg/mL; sCD14, 8.8–100 ng/mL; IL-6, 9.4–600 pg/mL; and HSP70,

125–8000 pg/mL. The intra-assay coefficient of variation for between-

sample duplicateswas<10% for all analytes. Datawere analysed using

four-parameter logistic regression to calculate analyte concentrations

based on the standard curve, with the mean of duplicates used

for final analysis, and concentrations were adjusted for PV changes

(Equation 22;Matomäki et al., 2018).

2.11 Statistical analysis

To determine an a priori sample size, an effect size of d = 0.89 was

considered, based on previous research to detect a change in post-

exercise circulating i-FABP (Morrison et al., 2014), with 80% power at

the α-level of 0.05 using G*Power (v.3.1.9.7; Universität Düsseldorf,
Germany). This determined that a sample size of 12 was required to

observe differences between groups. Circulating i-FABPwas regarded

as the primary outcome; all other physiological, thermoregulatory,

performance, perceptual, GI and vascular measures were classified

as secondary/exploratory outcomes. No multiplicity correction was

applied across secondary/exploratory outcomes; these are interpreted

with appropriate caution and positioned as hypothesis-generating

rather than confirmatory. The normality of the residuals was assessed

using the Shapiro–Wilk test, after which two-way ANOVAs were

used to determine the effect of condition (ATURA vs. Placebo) and

time (0–50 min) on V̇O2
, HR, RER, Ḣprod, Tcore and Tskin using the

base R stats package. For trial sections (fixed Ḣprod walk or run), a

two-way ANOVA for condition effects by trial section was used for
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outcomes of partitional calorimetry. Student’s wo-tailed paired t-tests

were used to compare conditions (ATURA vs. Placebo) for GXT time,

V̇O2peak at visits 1 and 3 and V̇O2peak during the exercise trial, in

addition toWBSR, SkBF and theweighed fooddiary. GISwere analysed

using Friedman’s test. Partitional calorimetry outcomes (Ḣprod, Ėskin,

heat storage, Ėreq and dry heat loss, Ḣdry skin) were analysed using a

repeated-measures ANOVA with fixed effects for condition (ATURA

vs. Placebo) and trial section (walk vs. run), including the condition

× trial section interaction term. For significant main effects or inter-

actions, post hoc pairwise comparisons with Bonferroni adjustment

were performed to identify specific differences between conditions

and/or trial sections. Significant main and interaction effects were

analysed using the emmeans package, with Bonferroni-corrected post

hoc tests used to determine pairwise differences. Thermal comfort

and thermal sensation analysis demonstrated consistent non-normal

distribution of residuals; therefore, analysis was conducted using the

non-parametric aligned ranks test for repeated measures (‘ARTool’

package in RStudio). Trial order effects were assessed using Student’s

paired t-tests. An α-level of 0.05 was set a priori for all statistical

tests. All data collected were analysed using R (R Core Team, 2020) in

RStudio (Rstudio Team, 2020). Partial eta-squared (ηp2) was reported
to calculate themagnitude of effect according to the following criteria:

0.02 = a small difference, 0.13 = a moderate difference and 0.26 =
large difference (Cohen, 1988). Cohen’s d for repeated measures was

calculated as the mean difference divided by the SD of the differences

to interpret the effect of pairwise changes. Cohen’s threshold effect

sizes were classified as small (d = 0.2), medium (d = 0.5) and large (d

≥ 0.8), with 95% confidence intervals (95% CI) reported for all effect

sizes.

3 RESULTS

3.1 Dietary responses

For the three-day weighed food diary, between-condition differences

were assessed using Student’s two-tailed paired t-tests. There were

no significant differences between supplement groups for total calorie

intake [t(11) =1.68,P=0.121], carbohydrate [t(11) =1.63,P=0.130], fat

[t(11) =1.69,P=0.118] or protein [t(11) =0.03,P=0.973].Moreover, no

significant differences were observed for intake of individual AAs (all P

> 0.05; see Supplementary File 1).

3.2 Exercise responses

Exercise responses were analysed using two-tailed paired-samples

t-tests to compare conditions (ATURA vs. Placebo). There were no

differences in GXT time between the conditions {t(11) = −0.511, P =
0.616, Cohen’s d = 0.22, 95% CI [−1.70, 1.03]; Figure 3}. There was

no difference in V̇O2peak during the exercise trial between conditions

{ATURA = 43.3 ± 6.5 mL/kg/min; Placebo = 44.5 ± 6.6 mL/kg/min;

t(11) = 0.422, P = 0.681, Cohen’s d = 0.18, 95% CI [−4.58, 6.86]}.

F IGURE 3 Graded exercise test following the fixed heat
production walk and run, for ATURA and Placebo conditions. Each
grey line represents one participant. Black bar denotes mean response
(P= 0.616; n= 12).

Additionally, baseline V̇O2peak on visits 1 and 3 was not different

between conditions {ATURA = 49.4 ± 5.8 mL/kg/min; Placebo = 50.2

± 4.7 mL/kg/min; t(11) = 0.391, P = 0.699, Cohen’s d = 0.17, 95% CI

[−3.78, 5.53]}. Therewas a trial order effect for V̇O2peak during the heat

exercise trial, which increased from trial 1 and 2 (P = 0.020), with no

trial order effect for baseline V̇O2peak (P = 0.500) and GXT time (P =
0.282).

3.3 Cardiometabolic responses

Cardiometabolic responses during the exercise trial were analysed

using two-way repeated-measures ANOVA, with condition (ATURA

and Placebo) and time as within-subject factors for HR, V̇O2
and

RER. Heart rate increased with time across both conditions [F(1,11) =
991.679, P < 0.001, ηp2 = 0.991; Figure 4a] and was similar between

trials {Placebo vs. ATURA: 103 [95, 110] vs. 106 [99, 113] beats/min

end-walk; 152 [143, 160] vs. 149 [141, 156] beats/min end-run}. No

main effect of condition [F(1,236) = 0.162, P = 0.687, ηp2 = 0.050] or

interaction [F(1,236) = 0.112, P = 0.379, ηp2 = 0.082] was observed.

Oxygen consumption increased with time across both conditions

[F(1,11) = 394.771, P < 0.001, ηp2 = 0.151] and was similar between

trials {Placebo vs. ATURA: 1997 ± 535 [1638, 2357] vs. 2062 ± 459

[1771, 2354] mL/min end-walk; 2556 ± 649 [2120, 2993] vs. 2694

± 610 [2306, 3081] mL/min end-run}. There was no main effect of

condition [F(1,223) = 0.008, P = 0.929, ηp2 = 0.110] or interaction

[F(1,223) = 0.087, P= 0.768, ηp2 = 0.073; Figure 4b]. RER increasedwith

time across both conditions [F(1,11) = 74.965, P < 0.001, ηp2 = 0.891]

andwas similar between trials {Placebo vs. ATURA: 0.85± 0.03 [0.833,

0.87] vs. 0.87±0.07 [0.825, 0.913] end-walk; 0.87±0.05 [0.863, 0.930]

vs. 0.91 ± 0.09 [0.850, 0.96] end-run}, with no main effect of condition

[F(1,236) = 2.019, P= 0.157, ηp2 = 0.022] or interaction [F(1,236) = 0.657,

P = 0.419, ηp2 = 0.921] observed. There were no trial order effects for
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F IGURE 4 Heart rate (a) and oxygen
consumption (b) following the fixed heat
production walk and run for ATURA or Placebo
conditions. No condition or interaction effect
was observed for heart rate (condition, P=
0.687; interaction, P= 0.379) or oxygen
consumption (condition, P= 0.929; interaction,
P= 0.768). n= 12.

HR (P = 0.532), oxygen consumption (P = 0.615) and RER (P = 0.173).

Furthermore, Student’s paired-samples t-test demonstrated that PV

change did not differ between conditions {ATURA, −9.85% ± 4.31%;

Placebo,−9.35%± 4.31%; t(11) =−1.3146, P= 0.215, Cohen’s d= 0.50,

95%CI [−3.68, 1.01]}.

3.4 GI responses

GI symptoms (Table 2) were not different between conditions for total

GIS [χ2(1) = 1.291, P = 0.257], upper GIS [χ2(1) = 1.221, P = 0.654]

and lower GIS [χ2(1) = 2.001, P = 0.158]. Likewise, no differences

were found between conditions for individual symptoms, including

abdominal sloshing (P = 0.317), abdominal pain (P = 1.00), bloating (P

= 0.157), burping (P = 0.564), fluctuance (P = 0.157) and nausea (P =
0.317).

3.5 Circulating biomarkers

Circulating HSP70 increased from pre- to postexercise [F(1,63) =
23.082, P < 0.001, ηp2 = 0.687], with an interaction [F(1,63) = 3.657,

P = 0.037, ηp2 = 0.152; Figure 5a] but no condition effect [F(1,63)
= 3.947, P = 0.233, ηp2 = 0.061]; postexercise Placebo, [297, 703]

pg/mL; ATURA, [373, 806] pg/mL [post hoc: t(63) = −2.03, P = 0.047,

d = 0.94]. Circulating IL-6 increased pre- to postexercise [F(1,63) =
4.597, P = 0.050, ηp2 = 0.295], with no condition [F(1,63) = 0.612, P =

0.442] or interaction effects [F(1,63) = 0.108, P = 0.746, ηp2 = 0.221;

Figure 5b]; postexercise Placebo, [43, 241] pg/mL; ATURA, [5, 201]

pg/mL. Circulating i-FABP showed condition effect [F(1,63) = 3.506,

P = 0.045, ηp2 = 0.120], no interaction [F(1,63) = 0.963, P = 0.387]

or time effects [F(2,63) = 0.635, P = 0.533; Figure 5c]; postexercise

Placebo, [654, 921] pg/mL; ATURA, [434, 760] pg/mL. Circulating

sCD14 showed no condition [F(1,63) = 0.227, P = 0.635], time point

[F(2,63) = 0.543, P = 0.583] or interaction effects [F(2,63) = 0.033, P =
0.967; Figure 5d]. There were no trial order effects (P> 0.05).

3.6 Thermoregulatory responses

WBSR was compared using Student’s two-tailed paired-samples t-

test and increased in the ATURA conditions compared with Placebo

{t(11) = 2.487, P = 0.031, Cohen’s d = 0.72, 95% CI [0.21, 3.39]

g/min; Figure6a}. BackLSR, indicatedbya two-way repeated-measures

ANOVA, increased with time across both conditions [F(1,11) = 102.347,

P < 0.001, ηp2 = 0.931] and was greater in the ATURA compared with

Placebo conditions, as indicated by a condition effect for back LSR

[F(1,227) =22.376,P<0.001,ηp2 =0.090; Figure6b],withno interaction

effect [F(1,227) = 2.764, P= 0.135, ηp2 = 0.073; Figure 6b]. At the end of

the walk, back LSR was 375 ± 171 [260, 490] nL/min for Placebo and

412 ± 306 [218, 606] nL/min for ATURA; at the end of the run, it was

733 ± 208 [593, 873] nL/min for Placebo and 825 ± 314 [625, 1025]

nL/min for ATURA. There were no trial order effects for WBSR (P =
0.165) and back LSR (P= 0.339).
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TABLE 2 Incidence of gastrointestinal symptoms of total, upper and lower gastrointestinal symptoms.

Symptom ATURA Placebo

Incidence {% [95%CI]} Severitya Incidence {% [95%CI]} Severitya

Total GIS 39 [17, 67] 29 (0–8) 55 [28, 80] 34 (0–11)

Upper GIS 31 [12, 61] 23 (0–6) 35 [14, 66] 24 (0–8)

Bloating 8 [1, 33] 6 (0–2) 11 [2, 42] 10 (0–2)

Upper abdominal pain 4 [0, 27] 3 (0–1) 9 [1, 40] 3 (0–1)

Burping 19 [6, 40] 14 (0–3) 15 [4, 35] 11 (0–2)

Urge to vomit 0 [0, 24] 0 (0–0) 0 [0, 25] 0 (0–0)

Lower GIS 8 [1, 33] 6 (0–2) 20 [7, 49] 10 (0–3)

Flatulence 4 [0, 28] 3 (0–1) 9 [1, 40] 7 (0–2)

Urge to defecate 0 [0, 25] 0 (0–0) 0 [0, 25] 0 (0–0)

Abdominal sloshing 4 [0, 28] 3 (0–1) 4 [0, 28] 3 (0–1)

Other

Nausea 5 [1, 30] 4 (0–1) 4 [0, 28] 3 (0–1)

Note: Total GIS, P= 0.257; upper GIS, P= 0.654; lower GIS, P= 0.158; abdominal sloshing, P= 0.317; abdominal pain, P= 1.00; bloating, P= 0.157; burping, P
= 0.564; fluctuance, P= 0.157; nausea, P= 0.317.

Abbreviation: GIS, gastrointestinal symptoms.
aMean of summative accumulation and range of participants reporting incidence.

F IGURE 5 Circulating biomarkers for pre, post and 1 h post response to a fixed heat productionwalk, run and graded exercise test. Biomarkers
include heat shock protein 70 (HSP70; a), interleukin-6 (IL-6; b), intestinal fatty acid-binding protein (i-FABP; c), and soluble claudin-14 (sCD14; d).
HSP70 (condition, P= 0.233; interaction, P= 0.037), IL-6 (condition, P= 0.442; interaction, P= 0.746), i-FABP (condition, P= 0.045; interaction, P
= 0.387; time point, P= 0.533) and sCD14 (condition, P= 0.635; interaction, P= 0.967). Data are presented as themean± SD. *Significant
postexercise difference between conditions (P< 0.05). †Significant main effect of condition (P< 0.05).
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F IGURE 6 Whole-body sweat rate (a) during the fixed heat production walk, run andGXT and back local sweat rate (b) following the fixed heat
production walk and run for both conditions.Whole-body sweat rate (P= 0.031), back local sweat rate (condition, P< 0.001; interaction, P=
0.135). *Significant condition effect (P< 0.05; n= 12).

F IGURE 7 Representative traces of high sweat rate (Participant A) and low sweat rate (Participant B) from back sweat rate during the fixed
Ḣprod walk, run and GXT. Two individual participants for each condition (n= 2). Abbrevations: GXT, graded exercise test; Ḣprod, heat production.

Figure 7 presents representative traces of back LSR between two

individual participantswith a low and high LSR in each condition during

the fixed Ḣprod walk, run and GXT, highlighting individual variability in

sweating response between individuals.

Both Tcore and Tskin were analysed using a two-way repeated-

measures ANOVA. During the trial, Tcore increased with time across

both conditions [F(1,11) =334.081,P<0.001, ηp2 =0.972]. At the endof

the walk, Tcore was 37.2 ± 0.18 [37.1, 37.4]◦C in the ATURA condition

and 37.4 ± 0.53 [37.0, 37.7]◦C in Placebo. At the end of the run, core

temperature was 38.5 ± 0.34 [38.3, 38.7]◦C in ATURA and 38.6 ± 0.39

[38.4, 38.9]◦C in Placebo. Therewas a condition effect [F(1,237) = 4.161,

P = 0.037, ηp2 = 0.131] but no interaction [F(1,237) = 0.335, P = 0.553,

ηp2 = 0.080; Figure 8a]. Tskin increased [F(1,11) = 67.614, P< 0.001, ηp2

= 0.872] across the trial, with no condition effect [F(1,237) = 0.263, P

= 0.609, ηp2 = 0.031] or interaction [F(1,237) = 2.010, P = 0.910, ηp2 =
0.130; Figure 8b]. At the end of the walk, Tskin was 34.7 ± 0.42 [34.4,

35.0]◦C for Placebo and 34.7 ± 0.67 [34.2, 35.1]◦C for ATURA; at the

endof the run, Tskin was 35.4±0.83 [34.8, 35.9]◦C for Placebo and35.5

± 0.97 [34.8, 36.1]◦C for ATURA. There were no trial order effects for

Tcore (P= 0.072) and Tskin (P= 0.158).

3.7 Perceptual responses

During the trial, RPE increasedwith time across both conditions [F(1,11)
= 80.245, P < 0.001, ηp2 = 0.042] and was similar between trials
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F IGURE 8 Core temperature (a) and skin temperature (b) following fixed heat production walk and run for ATURA or Placebo conditions.
Vertical dotted lines represent the transitions between the walk and run phases. Core temperature (condition, P= 0.037; interaction, P= 0.553),
skin temperature (condition, P= 0.609; interaction, P= 0.910). *Significant condition effect (P< 0.05; n= 12).

{Placebo vs. ATURA: 9.08 ± 1.24 [8.30, 9.87] vs. 8.5 ± 1.24 [7.71,

9.29] end-walk; 13.0 ± 2.0 [11.7, 14.3] vs. 12.6 ± 1.68 [11.5, 13.6]

beats/min end-run}. There was no condition effect [F(1,235) = 0.012, P

= 0.914, ηp2 = 0.020] or interaction [F(1,235) = 0.638, P = 0.425, ηp2

= 0.110; Figure 9]. Thermal sensation increased with time across both

conditions [F(11,229.01) = 21.680, P< 0.001, ηp2 = 0.794; Table 3]. There

was a condition effect [F(1,229.01) = 1.331, P = 0.050, ηp2 = 0.051], with

no interaction [F(10,229.01) = 1.784, P = 0.064, ηp2 = 0.038]. Thermal

comfort increased over time across both conditions [F(11,229) = 19.120,

P < 0.001, ηp2 = 0.126; Table 3]. There was no condition effect for

thermal comfort [F(1,229) = 0.821, P= 0.371, ηp2 = 0.201] or interaction

[F(10,229.01) = 0.630, P= 0.790, ηp2 = 0.127].

3.8 Partitional calorimetry and skin blood flow

Calculated SkBF {ATURA = 3.41 ± 0.62 L/min; Placebo = 3.33 ±
0.72 L/min; P = 0.781, 95% CI [−0.68, 0.52]} did not differ between

conditions during the fixed Ḣprod walk and run. There was a significant

trial section (walk, run) and group interaction for all outcomes (P <

0.05). Heat production remained constant across each condition {walk:

ATURA = 705 ± 145 W and Placebo = 687 ± 161 W; run: ATURA =
417 ± 76.4 W and Placebo = 412 ± 80 W [F(1,20) = 0.308, P = 0.585,

ηp2 = 0.090]}. There was a condition effect for Ėskin [F(1,23) = 20.520,

P = 0.001, ηp2 = 0.570] and heat storage [F(1,23) = 30.3, P = 0.030, ηp2

= 0.232] but no differences for Ėreq [F(1,23) = 0.841, P = 0.371, ηp2 =
0.201] during the fixed Ḣprod walk and run (Figure 10). For dry heat loss

(Ḣdry skin), therewere no differences between conditions {walk: ATURA

= −6.38 ± 11.87 W and Placebo = −11.12 ± 9.64 W; run: ATURA =
13.06± 11.75W, Placebo= 13.20± 9.14W [F(1,11) = 0.640, P= 0.444,

ηp2 = 0.070]}.

3.9 Vascular responses

No differences were observed between conditions for FMD {t(11) =
0.142, P = 0.889, Cohen’s d = 0.03, 95% CI [−0.739, 0.841]}, baseline
diameter {t(11) = 0.810, P = 0.431, Cohen’s d = 0.02, 95% CI [−0.075,



AITKENHEAD ET AL. 13

F IGURE 9 Rating of perceived exertion during the fixed heat production walk and run. Vertical dotted lines represent the transitions between
the walk and run phases of the trial. Rating of perceived exertion (condition, P= 0.914; interaction, P= 0.425; n= 12).

TABLE 3 Thermal sensation and thermal comfort during the fixed heat production walk and run.

0min 10min 20min 30min 40min 50min

Thermal sensation*

ATURA 1 (1–1) 1 (1–2)

[0.59, 1.24]

2 (2–2) 2 (2–2) 2 (2–3) 2 (2–3)

[1.26, 2.32]

Placebo 1 (1–2) 2 (1–2)

[0.36, 1.14]

2 (2–3) 3 (2–3) 3 (2–3) 3 (3–3)

[1.66, 2.61]

Thermal comfort

ATURA 1 (0–1) 1 (1–1)

[0.59, 1.24]

1 (1–1) 1 (1–2) 2 (1–2) 2 (2–3)

[1.26, 2.32]

Placebo 1 (0–1) 1 (0–1)

[0.36, 1.14]

1 (0–2) 1 (1–2) 2 (1–2) 2 (2–3)

[1.66, 2.61]

Note: Data are presented as the median and interquartile range (lower quartile–upper quartile range), with [95% confidence interval] at the end of walk (10

min) and run (50min) (n= 12). Thermal sensation (condition, P= 0.050; interaction, P= 0.064), thermal comfort (condition, P= 0.371; interaction, P= 0.790).

*Significant condition effect (P< 0.05).

0.035]}, maximum diameter {t(11) = 0.775, P = 0.457, Cohen’s d = 0.02,

95% CI [−0.080, 0.165]}, baseline shear rate {t(11) = 0.501, P = 0.629,

Cohen’s d = 0.01, 95% CI [−16.63, 26.23]} and maximum shear rate

{t(11) = 0.10, P = 0.922, Cohen’s d = 0.01, 95% CI [−106.58, 116.60];
Table 4}.

4 DISCUSSION

In the present study, we investigated the effects of fava bean

protein (ATURA) supplementation on exercise performance, sweating

responses, Tcore, GIS and blood biomarkers of gut barrier integrity

during a fixed-Ḣprod walk and run, followed by a GXT in a hot

environment (35◦C, 40% relative humidity). All measures of sweating

were higher in theATURA condition comparedwith Placebo, alongside

a lower Tcore and thermal sensation, despite no changes to V̇O2peak or

GXT performance. These thermoregulatory and perceptual effects

were supported by lower circulating i-FABP postexercise in the

ATURA condition compared with placebo, with no adverse effects

on self-reported GIS. These findings demonstrate that ATURA

supplementation improved thermoregulation during running in a hot

environment through enhanced sweating, resulting in a lower Tcore,

whilst ameliorating intestinal injury, without exacerbating GIS or

changing a brief incremental test to exhaustion.

GIS were not different between conditions, indicating that the

supplement did not exacerbate GIS relative to the placebo control. It

has been reported that consumptionofwheyprotein before andduring

exercise (∼15 g/20 min, ∼6% w/v) in a hot environment increased GIS

in comparison to carbohydrate and water intake (Snipe et al., 2017).

However, in the present study, ATURA was consumed 30 min before
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F IGURE 10 Mean evaporate requirement for heat balance (Ėreq), evaporation at the skin surface (Ėskin), heat production (Ḣprod) and heat
storage during the fixed heat production (Ḣprod) walk and run.H˙prod (condition, P= 0.585; interaction, P= 0.585), Ėreq (condition, P= 0.371;
interaction, P= 0.371), Ėskin (condition, P= 0.001; interaction, P= 0.422), heat storage (condition, P= 0.030; interaction, P= 0.450). *Significant
condition effect (n= 12).

TABLE 4 Parameters of vascular endothelial function.

Variable ATURA Placebo

FMD (%) 7.3± 1.9 7.2± 2.7

Baseline diameter, mm 3.4± 0.5 3.4± 0.5

Peak diameter, mm 3.7± 0.6 3.6± 0.5

Baseline shear rate, s−1, AUC 191.8± 50.8 187.1± 27.9

Peak shear rate, s−1, AUC 708.8± 166.1 703.8± 174.2

Note: Data are presented as the mean ± SD (n = 12). FMD, P = 0.889; base-

line diameter, P= 0.431; maximumdiameter, P= 0.457; baseline shear rate,

P= 0.629; maximum shear rate, P= 0.922.

Abbreviations: AUC, area under the curve; FMD, flow-mediated dilatation.

exercise, which might explain why GIS was unaffected. Therefore,

the timing of protein ingestion pre-exercise might be important for

attenuatingGIS. The assessment of individual AAs on exercise-induced

GIS is limited, but the available studies align with the present findings.

For instance, L-glutamine supplementation did not reduce GIS during

a 60 min run (Pugh et al., 2017). Furthermore, Costa et al. (2023)

investigated the effects of two proprietary AA beverage interventions,

consumed twice daily for 7 days before and during a 2 h exertional

heat stress running protocol (60% of maximal oxygen uptake, 35◦C).

These results suggest that AAs, either alone or in a blend, might

not effectively alleviate exercise-induced GIS. However, a limitation

of the study by Costa et al. (2023) is that the GIS scale used to

assess symptoms lacks specific validation for exercise contexts, which

might impact the reliability of findings related to GIS during exercise.

This limitation reflects a broader issue in exercise gastroenterology

research, because there is currently no validated tool in the literature

specifically designed for assessing exercise-induced GIS.

Despite no significant reduction inGIS,weobserved a22%decrease

in circulating i-FABP levels postexercise in the ATURA condition

compared with placebo. This finding supports previous research,

demonstrating the protective effects of various protein sources, single

AAs (e.g. L-glutamine) and AA combinations on exercise-induced

intestinal damage during exercise in the heat (Pugh et al., 2017;

Snipe et al., 2017; Costa et al., 2023). Specifically, Snipe et al. (2017)

reported a 90% reduction in postexercise i-FABP levels following

whey protein hydrolysate intake (∼15 g/20 min, ∼6% w/v) compared

with placebo. Key AAs in protein, such as L-glutamine and L-arginine,

have been reported to enhance enterocyte proliferation, strengthen

tight junctions and mitigate oxidative stress in intestinal epithelial

cells (Beutheu et al., 2013; Costa et al., 2014; Zuhl et al., 2014).

Moreover, Costa et al. (2023) observed a 50%–75% reduction in

circulating i-FABP using a specific blend of valine, aspartic acid,

serine, threonine and tyrosine. Similar AA blends have also shown

benefits in animal and in vitro models and might offer protection

through improved cellular stability and enhanced epithelial homeo-

stasis (Duan et al., 2014; Gupta et al., 2020; King et al., 2023; Yin

et al., 2016). Although i-FABP concentrations increased after exercise,

this change did not reach statistical significance. It is possible that

repeated carbohydrate feeding during the trial helped to maintain

splanchnic perfusion (Snipe et al., 2017), thereby attenuating the

rise in i-FABP that might otherwise have occurred. Nevertheless, the

present study demonstrates that a single, acute pre-exercise dose

of protein can provide protection against exercise-induced intestinal

damage. The evidence presented herein, including AA blends, whey
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protein and plant protein, suggests that various protein sources and

AA combinations might offer some protective effects against exercise-

induced intestinal injury.

It is well established that exercise-induced intestinal injury

coincides with an acute increase in inflammatory markers, such as

sCD14 and IL-6 (Keirns et al., 2020). sCD14 serves as a co-receptor

for lipopolysaccharide, a marker of monocyte activation linked to

endotoxin translocation during EIGS (Young et al., 2023). In the pre-

sent study, no significant differences in sCD14 levels were observed

between conditions. This contrasts with findings from the study by

Costa et al. (2023), where reductions in these markers were reported

with a proprietary AA blend, probably reflecting the greater thermal

and GI strain of their 2 h running protocol compared with the present

study. Although there are limited data on sCD14 responses to exercise,

the present evidence suggests that responses are observed only with

sufficiently intense or prolonged exercise stimuli (Costa et al., 2022).

Likewise, IL-6, a key cytokine in exercise-induced inflammation, did not

differ between groups postexercise, consistent with previous reports

on whole protein (Snipe et al., 2017), which showed no attenuation

of systemic inflammation during moderate exercise stress. However,

consumption of the aforementioned proprietary AA blend during

exercise in a hot environment reduced inflammatory markers, such as

IL-6 and IL-8 (Costa et al., 2023), suggesting that AA dose and form

might have an influence on systemic inflammatory responses related

to gut-derived endotoxaemia. These findings, alongside reductions in

i-FABP, suggest that ATURA might mainly target gut integrity rather

than systemic inflammatory pathways, and further research with

comprehensive inflammatory profiling is warranted.

A major finding was the thermoregulatory response to ATURA

supplementation, characterized by increased WBSR and LSR of the

back, resulting in a lower Tcore compared with Placebo. Although

the between-condition difference in end-exercise Tcore was small, the

effect was statistically significant and observed consistently across

participants (83%), with values of 38.5 ± 0.34 [38.3, 38.7]◦C in ATURA

and 38.6 ± 0.39 [38.4, 38.9]◦C in Placebo. Pre–post supplementation

measurements of thermoregulatory variables and PV would clarify

whether ATURA exerted acute pre-exercise effects. Although the

study was not powered to detect small effects in secondary variables,

the consistent direction of response supports the possibility that

this exploratory finding represents a true physiological effect and is

worthy of further investigation. However, the between-day error of

rectal measures is −0.04◦C, with 95% limits of agreement = −0.41◦C
to 0.33◦C (Mee et al., 2015), which questions the clinical meaning of

these differences. Although the direct mechanism for this finding was

not determined here, this is supported by reports of increased sweat

production following high-volume consumption of other AAs, such as

taurine (Page et al., 2019; Peel et al., 2024). However, this has not been

the case for all studies, with other isolated AAs contained within the

ATURA complex, such as L-arginine (an NO precursor), reported by a

recentmeta-analysis to have no significant effect on sweating and Tcore
responses to heat exposure (Peel et al., 2025). Moreover, individual

supplementation with L-arginine (10 g) or L-citrulline (6 g/day; an

L-arginine precursor) had no effect on thermoregulatory responses

during exercise in the heat (Cable et al., 2024; Tyler et al., 2016).

However, plasma NO concentration was not measured in either study,

and it remains unclear whether any increase in plasma L-arginine or L-

citrulline translated to higher NO production. These findings suggest

that the enhanced sweating response observedwith ATURA is unlikely

to be attributable to the 4.6 g/day of arginine via its effect on the

NOS pathway, despite the established role of this pathway on eccrine

sweating (Mack, 2020). Alternatively, it is plausible that transient shifts

in osmotic load impartedby thehighplasmaAAavailability, particularly

AAs suchas L-glutamineand L-proline (Dall’Asta et al., 1999), permitted

greater PV expansion in the ATURA condition. However, in the present

study there was no clear difference in PV change between conditions,

and these data do not provide empirical support for this mechanism.

The method used to estimate PV (pre- and postexercise capillary

sampling) is relatively insensitive to short-lived or subtle fluctuations,

hence any such effects might not have been detectable with the pre-

sent approach. Furthermore, given the capacity for interstitial fluid

compartments transiently to increase both fluid and AA composition

during exercise-related stress (Zhang et al., 2019), the availability of

small, neutral AAs (such as alanine, glycine and serine contained in

ATURA) or those with osmotic roles reported previously (i.e. taurine;

Cuisinier et al., 2002; Peel et al., 2024) could have played a role in trans-

iently shifting interstitial fluid osmotic pressure, thus facilitating fluid

replenishment for thermal sweating to occur. It is also possible that

the 8-day ATURA supplementation period was sufficient to increase

albumin synthesis and subsequent plasma concentrations, as was

reported after 5 days of a mixed protein supplement with a similar AA

profile toATURA,which increasedPVand enhanced thermoregulatory

responses (Goto et al., 2010; Okazaki et al., 2009). Collectively, these

proposed mechanisms should be interpreted as plausible explanations

that require targeted, mechanistic investigation in future studies to

establish the potential effects ofATURAonbothplasmaand interstitial

fluid balance dynamics during exercise.

The corresponding increase in evaporative cooling (Ėskin) in the

ATURA condition, alongside a reduction in heat storage, highlights a

more effective thermoregulatory response compared with placebo.

These findings are particularly notable given that Ḣprod, HR, oxygen

consumption and RER were consistent across trials, indicating that

the enhanced heat dissipation was not attributable to differences

in exercise intensity, cardiovascular strain or metabolic workload.

Given that most metabolic heat during exercise must be dissipated to

maintain thermal equilibrium (Kenny & McGinn, 2017), the observed

increase in Ėskin with ATURA directly reflects the greater availability of

sweat at the surface of the skin.

Another plausible mechanism for the enhanced thermoregulatory

response in the ATURA condition is the elevation in serum HSP70,

given that postexercise HSP70 was significantly higher following

ATURA supplementation compared with placebo. HSPs play a crucial

role in cellular protection during thermal stress and can enhance heat

tolerance during exercise (Krüger et al., 2019). Although promising,

the effect of AA or whole protein supplementation on HSPs and

subsequent thermoregulatory responses is not well established. It

has been reported that L-arginine and L-glutamine can increase
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HSP70 expression in both muscle and peripheral blood mononuclear

cells (Hamiel et al., 2009; Moura et al., 2017; Zuhl et al., 2015).

L-Glutamine, which is metabolically linked to glutamate (the form

provided in the present study, 8.28 g/day), might also contribute to

this protective effect by activating HSPs (e.g. via HSF-1) and inhibiting

pro-inflammatory pathways, such as nuclear factor-κB (Morrison et al.,

2006; Singleton &Wischmeyer, 2006). However, given that only serum

HSP70 was measured here, this might not directly reflect intra-

cellular HSP/HSF-1 signalling. Animal models have demonstrated that

whey protein can increase tissue-specific HSP70 responses following

physical exertion (De Moura et al., 2013), suggesting a broader role

for dietary proteins in modulating HSP responsiveness. Plausibly, the

concurrent rise in HSP70 and reduction in the intestinal injury marker

i-FABP suggest a potential protective effect on the gut environment.

Mechanistic evidence indicates that HSP70 stabilizes tight junction

proteins, thereby preserving barrier integrity and limiting endotoxin

translocation and systemic inflammation (Dokladny et al. 2006; Zuhl

et al. 2015). Although this pathway offers a plausible explanation for

the observed decrease in Tcore, these relationships remain speculative

and require direct mechanistic verification. Collectively, these findings

support the role of HSP70 as a biomarker of heat stress resilience,

warranting further investigation into the precise mechanisms for its

response to protein ingestion.

Exercise tolerance did not change with ATURA supplementation,

given that there were no effects on V̇O2peak or GXT time in the

heat or during the baseline incremental test. It was considered that

the thermoregulatory effects of the supplement would translate to

extended endurance time to exhaustion in the heat. However, the

small magnitude of the Tcore difference {ATURA: 38.5 ± 0.34 [38.3,

38.7]◦C; Placebo: 38.6 ± 0.39 [38.4, 38.9]◦C}, alongside unchanged

HR, V̇O2
and RPE, suggests that these changes were unlikely to

be physiologically meaningful for exercise tolerance in this protocol.

A trial-order effect was detected for V̇O2peak in the heat (P =
0.020), with significant increase at the second visit, independent of

supplementation and without corresponding changes in workload or

performance. The present data concur with studies conducted in

thermoneutral environments, where no improvements in V̇O2peak and

endurance exercise tolerance are also commonly reported (Forbes

& Bell, 2019; Hansen et al., 2016; Schroer et al., 2014). Studies

investigating pre- or per-exercise protein supplementation on exercise

tolerance are notably scarce, particularly in hot environments. Co-

ingestion of protein with carbohydrate has been investigated more

frequently, given the potential for enhanced glucose availability and

performance benefits, but mixed findings have been reported (Nielsen

et al., 2020; Zhao et al., 2024). The role of specific AAs, rather

than whole protein sources, during exercise in hot environments has

been explored (Kephart et al., 2016; Mittleman et al., 1998; Pugh

et al., 2017; Tumilty et al., 2011), with both tyrosine (∼14.8%; Tumilty

et al., 2011) and BCAAs (∼11.1%; Mittleman et al. 1998) enhancing

exercise performance through 1 h time to exhaustion (TTE) and GXT

(∼18 min), respectively, but without any thermoregulatory changes.

Although large, isolated doses of AAs, such as BCAAs (∼6 g/day)

or tyrosine (∼150 mg/kg body mass), appear to confer ergogenic

effects, potentially via centrally mediated mechanisms (Newsholme &

Blomstrand, 2006; Williams, 2005), these effects were not observed

after ATURA supplementation and might be a consequence of the

lower AA doses. Given the distinct physiological roles of AAs, it

is possible that the benefits of protein supplementation might be

leveraged more optimally by staggering the supplementation of

specific AAs across the pre- to postexercise period, but further

research is required to confirm this.

For perceptual responses during the trial, thermal sensation was

lower in the ATURA condition compared with Placebo, whereas RPE

and thermal comfort were similar between groups. Supplementation

with single AAs, including glutamine (Pugh et al., 2017), tyrosine

(Tumilty et al., 2011) and taurine (Peel et al., 2024), AA blends (Costa

et al., 2023) and BCAAs (Mittleman et al., 1998), during exercise

in thermally stressful environments showed no changes in thermal

comfort (Pugh et al., 2017; Costa et al., 2023;Watson et al., 2004; Peel

et al., 2024) or thermal sensation (Mittleman et al., 1998; Tumilty et al.,

2011; Peel et al., 2024). These findings support the present results

for thermal comfort but not thermal sensation. The lower thermal

sensation in the ATURA condition suggests that participants felt less

hot during the trial but not necessarily more comfortable. Although

variation in skin temperature is associated with thermal sensation

(Flouris & Schlader., 2015), no differences were observed between

conditions, hence other drivers, such as lower Tcore and elevated

WBSR, might have alleviated the perceived heat strain.

There were no significant differences observed between conditions

for vascular function, as determined by FMD percentage, baseline

or maximum diameter, or shear rate of the brachial artery. Amino

acids, such as L-arginine and L-citrulline, are established vasodilators,

owing to their role in NO production, with L-citrulline reported to

improve endothelial function (Maharaj et al., 2022;Morita et al., 2013).

Furthermore, an acute dose of whey protein supplementation has

been reported to improve the FMD response in overweight adults

(Ballard et al., 2009) and physically fit adults (de Oliveira et al.,

2020), which is inconsistent with the results of the present study.

This discrepancy might reflect differences in AA composition; Da

Silva et al. (2017) demonstrated that greater BCAA concentration

of whey protein increased endothelial NO synthase expression and

improved endothelium-dependent dilatation in vitro. Specifically,

ATURA contains 137.5 mg/g BCAAs, which is ∼2.6-fold lower than

the 352.1 mg/g found in a whey protein source (de Oliveira et al.,

2020). The lower BCAA content might result in less stimulation of

endothelial NO synthase and, consequently, a reduced effect on NO-

mediated vascular function; however, a whole protein complex of

other AA combinations might be more beneficial for thermoregulation

through enhanced sweating, as evidenced in the present findings.

However, these responses are likely to be mediated by NO only in

part, with reactive hyperaemia involving additional pathways, such

as prostanoids, BKCa channels and cholinergic K+ channel signalling,

independent of NO (Fujii et al., 2016; Lorenzo & Minson, 2007).

Additionally, the cohort in the present study consisted of trained

individuals, and responses might have been blunted as observed by

Greenet al. (2013),who reported that chronic training-induced arterial
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remodelling in athletes can mask further improvements in FMD,

resulting in a blunted or unchanged FMD response despite super-

ior vascular health. Therefore, differences in protein composition and

training status are likely to have contributed to the conflicting findings

of the present study.

4.1 Limitations

This study provides new insights into the effects of plant-based protein

ingestion on thermoregulation, intestinal damage and GIS; however,

there are some limitations to be acknowledged. First, despite its

reported reliability (Gaskell et al., 2019), the GIS scale used herein

has not yet undergone formal validation in athletes, which means

that the reporting of GI symptoms might not be captured accurately.

Second, the exercise trial duration might have been insufficient to

elicit the greater GI disturbances reported in prolonged endurance

events (Gaskell et al., 2023). Third, carbohydrate-containing beverages

were provided as part of the trial to exacerbate GIS. However,

carbohydrate ingestion during exercise has also been reported to

attenuate increases in intestinal permeability and enterocyte injury

markers (Snipe et al., 2017). Therefore, this might have blunted any

changes in intestinal injury detected in the present study. Fourth,

serum HSP70 concentrations might primarily reflect a generalized

systemic stress response (Lechner et al., 2018; Qu et al., 2015) and

can indicate beneficial cellular stress responses relevant to gut health

(Sepponen&Pösö, 2006;Wang et al., 2018). Serum and cellular HSP70

represent related but distinct compartments (Hunter-Lavin et al.,

2004; Yamada et al., 2007), but to enhance the findings of the present

study, tissue-specific assessment of cellular protective mechanisms

and molecular changes within the gut epithelium will be essential

in future studies of this supplement. Fifth, self-reported calendar

counting prevented confirmation of the menstrual phase or ovarian

hormone levels, potentially introducing residual variability (Elliott-Sale

et al., 2025). Sixth, skin blood flow was estimated rather than being

measured directly; running motion artefact would have compromised

Doppler reliability. Lastly, the absence of plasma and interstitial fluid

AA profiling precludes confirmation of supplement bioavailability and

absorption at exercise time points and highlights an essential priority

for futuremechanistic studies.

5 CONCLUSION

This study is the first to demonstrate that fava bean protein (ATURA)

supplementation can positively influence intestinal epithelial integrity

during exercise in hot conditions, as indicated by reduced circulating

i-FABP. This finding suggests a potential protective effect on the gut

barrier. ATURA supplementation did not alter GIS, indicating that

pre-exercise consumption was well tolerated in this exercise setting.

Secondary and exploratory analyses suggested that ATURA might

influence thermoregulatory responses, evidenced by higherWBSRand

back LSR, lower Tcore and elevated postexercise circulating HSP70.

Although the ∼0.1◦C difference in Tcore falls within the measurement

error (Mee et al., 2015) and requires confirmation in larger samples,

the concurrent increases in WBSR and back LSR and reduced heat

storage are consistent with enhanced heat dissipation and support

the plausibility of a thermoregulatory effect. Although these trends

provide preliminary insights into possible mechanisms supporting

thermal tolerance, they should be interpreted cautiously owing to their

exploratory nature. Collectively, these findings support the potential

of fava bean protein as a pre-exercise supplement that might help to

maintain gut integrity and thermoregulatory functionduring running in

the heat, warranting replication and further mechanistic investigation.
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