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ABSTRACT
Caffeine and taurine are commonly co‐ingested pre‐exercise but elicit different thermoregulatory responses; however, their
combined effect on thermoregulation is unknown. Therefore, we evaluated the effects of oral caffeine and taurine co‐ingestion
on time to exhaustion (TTE) and thermoregulatory responses to cycling in the heat at the gas exchange threshold (GET). Ten
healthy nonheat acclimated participants took part in a double‐blind crossover study, completing a TTE in the heat (35°C; 40%
relative humidity), cycling at a power output associated with the GET and 1 h after ingesting: caffeine (5 mg/kg) and taurine
(50 mg/kg) combined or placebo. Pulmonary gas exchange, core and mean skin temperatures and whole‐body sweat rate
(WBSR) were recorded throughout. Heat production was determined using partitional calorimetry. There were no differences in
TTE between conditions (p = 0.608); however, the rate of oxygen consumption (p = 0.017), minute ventilation (p = 0.029) and
heat production (p = 0.019) were higher following the supplement. There were no differences between conditions for skin
(p = 0.539) and core temperature (p = 0.699), mean skin blood flow (p = 0.119), respiratory exchange ratio (p = 0.546) and
WBSR (p = 0.897). Pre‐exercise co‐ingestion of caffeine and taurine in the heat had no ergogenic effect despite increasing the
ventilatory and metabolic demand. Collectively, these data indicate minimal effects on whole‐body thermoregulation.

1 | Introduction

Thermal strain and metabolic demand are increased during
prolonged exercise in the heat, which may result in the early
cessation of endurance exercise compared to temperate condi-
tions (Galloway and Maughan 1997). To offset metabolic heat
gain during exercise, sufficient dry and evaporative heat transfer
between the body and the environment is necessary, primarily
supported by cutaneous vasodilation and sweating, respectively,

thereby attenuating the rate at which core temperature rises
(Sawka and Young 2006). Indeed, evaporation of sweat from the
skin's surface is a key modifiable heat loss pathway for main-
tenance of thermal balance during exercise in the heat (Gagge
and Gonzales 1996). Metabolic heat gain or dry and evaporative
heat loss mechanisms can be modified via training or acclima-
tion/acclimatisation (Ravanelli et al. 2018; Periard et al. 2021).
More recent meta‐analytical data have demonstrated that some
dietary supplements, such as taurine, can elicit ergogenic effects
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on performance and reduce core temperature (Peel et al. 2021).
In contrast, caffeine supplementation was demonstrated to in-
crease core temperature, despite no performance benefit (Peel
et al. 2021).

Taurine has been reported to enhance endurance performance
in temperate (Waldron, Knight, et al. 2018) and thermally
stressful environments, such as hot and humid conditions (Page
et al. 2019; Yu et al. 2024). Its capacity to enhance thermoreg-
ulation has been attributed to either the vasodilatory properties
of exogenous taurine (Sun et al. 2016) or the increase in
sweating that has been reported after single or repeated oral
doses (Page et al. 2019; Peel et al. 2024), which could theoreti-
cally facilitate heat dissipation through dry or evaporative
pathways, respectively. Indeed, both Page et al. (2019) and Peel
et al. (2024) reported a decrease in Tcore following taurine sup-
plementation. Unfortunately, in the only exhaustive trial in the
heat, the authors did not report any pulmonary gas exchange
measures, such as oxygen uptake, respiratory exchange ratio or
minute ventilation (Page et al. 2019). The absence of these
measures' limits understanding of how taurine may influence
the metabolic and ventilatory responses to exercise in the heat,
including the potential effects on substrate utilisation, ventila-
tory drive or systemic energy cost, which influence heat
production.

Caffeine is a widely used stimulant and ergogenic aid for
improving endurance performance (Doherty and Smith 2004;
Southward et al. 2018) and is recognised by the International
Olympic Committee as having strong evidence for providing
such benefits (IOC; Maughan et al. 2018). Caffeine increases
motivation, alertness (Paluska 2003) and physical performance
(Doherty and Smith 2004; Ganio et al., 2009; Goldstein
et al. 2010), through its role as an adenosine receptor antagonist
(Ribeiro and Sebastião 2010). However, in addition to the meta‐
analytical data reported above (Peel et al. 2021), recent studies
have demonstrated detrimental effects of ergogenic caffeine
doses on thermoregulation, across a range of exercise intensities
(Hunt et al. 2021; John et al. 2024). These effects were mecha-
nistically linked to the increase in metabolic heat production
(Hprod) and the potential antagonism of adenosine receptor
subtypes (A2a) in vascular smooth muscle, thus causing

peripheral vasoconstriction (Hein et al. 1999; Khayat and
Nayeem 2017). However, mixed results have been reported,
with some studies demonstrating beneficial effects of caffeine on
endurance performance in the heat (Ping et al. 2010; Pitchford
et al. 2014). As recently discussed (John et al. 2024), these
conflicting findings could be related to the methods used to
control exercise intensity, with exercise domain‐based ap-
proaches offering a more suitable solution.

Both caffeine and taurine are of particular interest, since they
are frequently consumed in combination as part of energy
drinks (Souza et al. 2016), yet given their conflicting thermo-
regulatory effects, it is not well understood how their co‐
ingestion might influence exercise performance and thermo-
physiological responses in a thermally stressful environment. To
date, only one study (Yu et al. 2024) has investigated the effects
of caffeine and taurine co‐ingestion in the heat, where a ~5.7%
increase in time to exhaustion (TTE) was reported, without any
differences in tympanic temperature. However, a more robust
examination of core temperature may be required to identify
differences between conditions and the measurement of
sweating responses is desirable to understand the potential ef-
fects upon evaporative heat transfer.

The aim of the current study was to evaluate the effects of acute
oral caffeine and taurine co‐ingestion on TTE at the pre-
determined thermoneutral gas exchange threshold and ther-
mophysiological responses to exercise in the heat (35°C; 40%
relative humidity; RH). It was hypothesised that the supplement
would extend TTE in the heat and increase the sweating
response to exercise.

2 | Methods

2.1 | Participants

Ten healthy, recreationally active and nonheat acclimated
adults (males: n = 7 and females: n = 3) provided written
consent to participate in this study (mean � SD, age 21 � 1 year;
stature 173 � 9 cm; body mass; 69 � 9.1 kg and maximal oxygen
uptake 3.1 � 0.8 L/min). A priori sample size was calculated
using G*Power (Version 3.1.9.6) based on previously reported
changes in TTE performance following acute caffeine supple-
mentation in the heat (Cohen's d = 1.02, Ping et al. 2010). In a
within‐participants design, a sample of 10 participants was
deemed sufficient to identify differences between conditions,
with a power of 0.80 and α = 0.05. Caffeine habituation status
was recorded, 7 participants were classified as habituated and 3
nonhabituated based on the > 100 mg/day criteria (Hunt
et al. 2021). The inclusion criteria were as follows: (i) performed
regular endurance training (> 150 min/week), (ii) unaffected by
any neuromuscular or cardiovascular pathologies and (iii) not
taken part in any structured training in the heat within the past
year, aged ≥ 18 to < 40 years. The exclusion criteria included (i)
self‐reported pregnancy, (ii) history of heat illness, (iii) taking
medications that specifically affect body temperature or inter-
fere with thermoregulatory responses and (iv) heat acclimated
(visited a hot country in the last 3‐months, sauna use or exercise
regularly in hot environments). Participants were recruited from

Summary

� Pre‐exercise co‐ingestion of caffeine (5 mg/kg) and
taurine (50 mg/kg) did not improve exercise tolerance in
the heat vs. the placebo condition.

� There was an increased ventilatory and metabolic de-
mand after supplementation but this did not translate to
a change in core temperature during exercise.

� Taurine's established vascular effects may have been
sufficient to supress the anticipated caffeine‐induced
increases in core temperature.

� Further research is needed to clarify how metabolic heat
gain was suppressed in the caffeine–taurine condition,
which may characterise the role of taurine as part of a
multiingredient pre‐exercise supplement in heat
environments.
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the local university population using posters, email announce-
ments and word of mouth. Recruitment was voluntary and
occurred over a 3‐month period prior to data collection and no
financial incentives were provided for participation. Testing was
conducted in the United Kingdom between October and April.
Thus, participants were considered unacclimatised to the heat.
Institutional ethical approval was provided for this study, which
was conducted in accordance with the Declaration of Helsinki
agreement (2018), apart from pretrial registration.

2.2 | Study Design

This study followed a double‐blind, placebo‐controlled and
crossover design. Manual randomisation of trial order and
counterbalancing was achieved using a random number
generator in Microsoft Excel to designate conditions, with par-
ticipants sorted by these values to assign half to one condition
order (A–B) and half to the reverse (B–A), ensuring balanced
order allocation. Supplement encapsulation was completed by a
member of the research team who was not involved in data
collection, with allocation concealed in sequentially numbered,
sealed opaque bags. Blinding efficacy was assessed by asking
participants poststudy to guess the order of the supplements
they had received. The participants guesses were correct 50% of
the time (n = 5) and incorrect 50% (n = 5) of the time indicating
effective blinding. Participants completed three visits at the
same time of day, separated by 72–96 h; they refrained from
strenuous exercise for 48 h and from alcohol or other supple-
ments for 24 h before each trial. Upon arrival at the laboratory,
participants completed a 24 h food diary before the trial,
recording portion sizes and food times, ensuring a standardised
meal and 500 mL of fluid was consumed 2 h before any exercise
trial. This was replicated on each visit to the laboratory and the
diaries checked by the research team.

Participants wore cycling shorts, sports socks and training shoes
(females also wore a sports bra) and avoided saunas and hot baths
throughout the study. On the initial visit, participants underwent
familiarisation and preliminary testing—including an incre-
mental ramp test to exhaustion to determine thermoneutral peak
oxygen consumption (V̇O2peak) and the first gas exchange
threshold (GET). Subsequent experimental crossover trials were
completed in the heat (35°C, 40% RH): 1 h before each trial,
participants ingested either caffeine (5 mg/kg) and taurine
(50 mg/kg) or a visually identical placebo (maltodextrin), then
performed a time‐to‐exhaustion test at their power output cor-
responding to the GET, cycling until volitional exhaustion or
reaching the withdrawal criterion of 39.5°C core temperature.

2.3 | Maximal Exercise Test (Visit 1)

Preliminary testing was performed in thermoneutral conditions
(~20°C). Participants were fitted to a cycle ergometer (Monark
Exercise AB, Ergomedic 874E, Varberg, Sweden) and completed
a warm‐up, comprising a 5‐min cycle at 70 W, followed by a
5‐min rest period before undergoing the test protocol. A fixed
cadence of 70 rev/min was sustained, starting at a workload of
70 W, increasing at 21 W/min until volitional exhaustion. Heart

rate (HR) was continually monitored (Polar Heart Rate Mon-
itorM400, Warwick, UK). Breath‐by‐breath expired gas was
recorded continuously throughout the test using a calibrated
analyser (Jaeger Vyntus CPX, Hoechberg, Germany). Gas cali-
bration was performed prior to each trial with known concen-
trations of gases (15.95% O2, 4.97% CO2, BAL and N2). The
turbine transducer was volume‐calibrated using flow rates of
2 L/s and 0.2 L/s (Hans Rudolph, Kansas City, KS). Participants'
V̇O2peak was defined as the highest 30 s average across the test.
The GET was determined using breath‐by‐breath pulmonary
carbon dioxide production (V̇CO2) and V̇O2 data from the in-
cremental ramp test, using both the simplified v‐slope method
(Schneider et al. 1993) and the ventilatory equivalents (Beaver
et al. 1986), using the interpretations of two experienced and
trained assessors. Power at the GET was adjusted for 2/3 ramp
rate and used for the subsequent TTE. The criteria for achieving
V̇O2peak was as follows: (i) reaching volitional exhaustion, (ii)
unable to maintain cadence > 67 rev/min for more than 10 s and
(iii) respiratory exchange ratio > 1.15. A V̇O2 plateau was not
used, these are often absent or ambiguous in ramp incremental
tests. The GET was determined in thermoneutral conditions to
increase the accuracy of the breakpoint interpretation as well as
facilitating methodological consistency with a number of studies
using dietary supplements during exercise in the heat (Page
et al. 2019; Fowler et al. 2020; John et al. 2024). We anticipated
that this would marginally lower the power output achieved at
the GET by approximately 5%, yet produce similar heart rate
responses (Bourgois et al. 2023), which was the same for each
individual in the current crossover research design.

2.4 | Experimental Visits (Visits 2 and 3)

Participants arrived at the laboratory at the same time (� 1 h)
every visit to ensure consistency between measurements. The
experimental trials were conducted in an environmental
chamber (JTS Ltd., Brecon, UK; 35 � 0.1°C, 40 � 0.3% RH).
Urine samples were collected prior to testing to determine hy-
dration status by means of a hand‐held refractometer (Pocket
Osmo‐chek, Vitech Scientific Ltd, West Sussex, UK).
Values > 600 mOsm/kg/H2O indicated the threshold of hypo-
hydration, meaning the participant consumed a further 500 mL
of water, before waiting 30 min before testing. Prior to entering
the environmental chamber, core temperature (Tcore) was
determined by means of a rectal thermometer (Walters Medical,
W0001 B, England) and data logger (SQ2010; Grant Instruments
Ltd., Cambridge, UK), with the probe self‐inserted 10 cm past
the anal sphincter. Rectal thermometry, with the probe marked
at 10 cm to ensure consistent depth, remains the standard for
exercise‐heat studies because it combines participant comfort,
low susceptibility to motion artefact and direct comparability
with other published data (Page et al. 2019; Fowler et al. 2020;
John et al. 2024). It remains widely used and validated as a
reliable measure of core temperature (Roberts 1994; Jen-
sen 2000; Casa et al. 2025). The rate of rise in Tcore was deter-
mined between the start of the TTE and the time at which a
1.5°C increase in Tcore during the TTE was observed in each
participant. This facilitated comparison of participants' Tcore
responses across both conditions by accounting for early with-
drawal due to reaching the Tcore withdrawal criterion.
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Pre‐exercise and postexercise body mass measurements were
taken with participants wearing only cycling shorts and the
rectal probe (MPMS‐230, Marsden Weighing Group, Oxford-
shire, UK) and were used to estimate whole‐body sweat loss.
Measurements were taken on calibrated scales with 50 g pre-
cision, using identical shorts and probe assembly before and
after each trial; postexercise mass was recorded within 5 min of
TTE completion, with no fluids consumed between measure-
ments. The shorts and rectal thermometers were weighed before
and after measurements and accounted for in the final body
mass measurement. Whole‐body sweat rate (WBSR) was
calculated by dividing the change in body mass by exercise
duration. This method does not distinguish respiratory water
loss and may marginally underestimate total fluid loss; however,
respiratory evaporation during moderate‐intensity cycling con-
tributes less than 5% of overall water loss (Mitchell et al. 1972;
Maughan et al. 2007). Moreover, participants wore a tightly
fitted breath‐by‐breath mask that minimised exhaled moisture
loss and, owing to the crossover design, any negligible under-
estimation would be equivalent across conditions. Capillary
blood samples were collected 4 minutes postexercise, and blood
lactate concentration (B [La]) was measured using an auto-
mated analyser (Biosen C_Line, EKF Diagnostic GmbH, Barle-
ben, Germany).

Upon completion of pretesting procedures, participants entered
the environmental chamber and rested in a seated position on
the ergometer for 5 min. During this period, skin thermistors
(Grant Instruments Ltd., Cambridge, UK) were attached to the
participant's left side: mid‐calf, mid‐thigh, upper‐chest and mid‐
bicep. Skin attachment sites were shaved and cleaned pretest.
Core and skin temperature were continuously recorded using a
data logger (SQ2010; Grant Instruments Ltd., Cambridge, UK).
Weighted mean (Tsk) was calculated (Ramanathan 1964).

Participants were fitted with a face mask, and pulmonary
breath‐by‐breath responses, such as respiratory exchange ratio
(RER), minute ventilation (V̇e), V̇O2 and V̇CO2, were recorded
using the same gas analyser throughout the TTE (Jaeger Vyntus
CPX, Hoechberg, Germany). Heart rate (HR) was continually
monitored. During the TTE, participants were required to cycle
at a power output equivalent to their thermoneutral GET
(59% � 4% V̇O2peak; 148 � 42 W), whilst maintaining a pedal
cadence of 70 rev/min. This method of exercise intensity was
chosen as it establishes a boundary between moderate and
heavy domains (Poole and Jones 2012), which has been used for
submaximal assessment of exercise tolerance, whilst sufficiently
increasing Hprod and other thermoregulatory responses (Page
et al. 2019; Fowler et al. 2020; John et al. 2024). A member of the
research team continuously monitored the participants and
provided verbal feedback to maintain the intended cadence
within tolerance of the participants' control. The protocol was
performed until exhaustion, defined as pedal cadence dropping
below 65 rev/min for more than 10 s, or voluntary withdrawal.
Thermal comfort (TC) was recorded on a seven‐point scale
where − 3 = ‘much too cool’, 0 = ‘comfortable’ and 3 = ‘much
too warm’ (Bedford 1936), providing a validated measure of
perceptual heat strain, alongside RPE. Rating of perceived
exertion (RPE) was measured on a 6‐to‐20‐point Borg scale
(Borg 1982), and both were recorded at rest, and every 5 min

during the experimental trial and at completion. Upon conclu-
sion of the protocol, skin thermistors were removed, post‐
4 min B [La] samples were taken and the participants' postbody
mass was recorded.

Whole‐body rates of carbohydrate (CHO) oxidation were
calculated using V̇O2 and V̇CO2 data collected via gas analysis
during the TTE. There was no analysis of fat oxidation, owing to
the intensity of exercise and the thermally stressful conditions
producing RER values > 1 and, therefore, negligible or negative
fat oxidation values. The nonprotein RER was used according to
Jeukendrup and Wallis 2005):

CHO oxidation (g/min) = [4.210 × V̇CO2 (L/min)]

− [2.962 × V̇O2 (L/min)].
(1)

2.5 | Partitional Calorimetry

Participants Hprod during the TTE was determined by sub-
tracting the rate of mechanical work (Wk) from the rate of
metabolic energy expenditure (M):

Hprod =M – Wk [W], (2)

where metabolic energy expenditure (M) was determined using
measured V̇O2 (L/min) and RER in the 10% epoch of each TTE:

M = V̇O2 x
( ( RER−0.7

0.3 ) x 21.13) + ( ( 1.0−RER0.3 ) x 19.62)

60
x 1000 [W].

(3)

The Hprod (W/m2) was expressed relative to the participants'
body surface area (Cramer and Jay 2014):

Hprod =
Hprod
BSA

[W/m2] (4)

Du bois and Du bois equation [Du Bois and Du Bois 1916]:

BSA = 0.00718 x (body mass (kg)0.425)
x (height ( cm)0.725) [m2].

(5)

On the assumption that blood entering and leaving the cuta-
neous circulation was equal to core and skin temperatures,
respectively, estimated skin blood flow (SkBF) in the 10% epoch
of each TTE was determined as follows (Sawka and
Young 2006):

SkBF =
( 1SH · Hprod)

(Tcore−Tskin)
. (6)

where SH = specific heat of the blood (~1 kcal/°C) and Hprod is
expressed in kcal/min. Tcore and Tskin were taken as the mean
measurements in the 10% epoch of each TTE to provide an
estimated SkBF measure.
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2.6 | Supplementation

All supplements were acquired in white anhydrous powder
form and were separated into gelatine capsules using analytical
balance scales (Ohaus, Navigator N24120, Nänikon Switzerland;
resolution 0.01 g). The participants' body mass was recorded
during visit 1 was subsequently used to measure correct doses,
such that supplements were balanced and an equal number of
capsules were ingested by the participants between visits 2 and
3. The capsules contained either caffeine and taurine (C þ T;
caffeine 5 mg/kg body mass; Blackburn Distributions Ltd.,
Burnley, UK; taurine 50 mg/kg body mass; My Protein, Man-
chester, UK) or a placebo (Maltodextrin, My Protein, Man-
chester, UK) and were administered 1 h prior to exercise. The
dose and timing of the supplement was based on previous rec-
ommendations when co‐ingesting these supplements (Warnock
et al. 2017; Jeffries et al. 2018). The 1‐h period prior to exercise
aligns approximately with peak plasma availability of caffeine
(Arnaud and Welsch 1982) and taurine (Ghandforoush‐Sattari
et al. 2010), with tolerance for some individual variability in
response.

2.7 | Statistical Analysis

The normality of the residuals was assessed using the Shapiro–
Wilk test, after which two‐way analyses of variance were used to
determine the effect of condition (C þ T vs. placebo) and time
(10%–100% epochs) on V̇O2, V̇e, RER, CHO oxidation rate,
Hprod, SkBF, Tcore and Tskin. Two‐tailed paired samples t‐tests
were used to compare conditions for the primary outcome
performance measure (TTE) as well as post‐exercise B [La],
WBSR and the rate of rise in Tcore. To account for the discon-
tinuous measurement of TC, RPE and HR, data were measured
in quartiles across the trial. A Greenhouse–Geisser correction
was applied when the assumption of sphericity was violated.
Significant main and interaction effects were analysed using
Bonferroni‐corrected post hoc tests. The TC analysis demon-
strated consistent abnormal distribution; therefore, analysis was
conducted using the nonparametric aligned ranks test for
repeated measures (‘ARTool’ package in RStudio). Statistical
significance was set at p ≤ 0.05. Besides the nonparametric tests,
all data collected were analysed using IBM SPSS Statistics
(28.0.1.1; SPSS Inc., Chicago, Illinois, USA). Partial eta‐squared
(η2p) was reported to calculate the magnitude of effect according
to the following criteria: 0.02, a small difference; 0.13, a mod-
erate difference and 0.26, a large difference (Cohen 1988).
Cohen's d for repeated measures was calculated as the mean
difference divided by the standard deviation of the differences to
interpret the effect of pairwise changes. Cohen threshold effect
sizes were classified as small (d = 0.2), medium (d = 0.5) and
large (d ≥ 0.8).

3 | Results

3.1 | Time to Exhaustion Analysis

There were no differences between conditions for TTE when
cycling at the power output associated with ventilatory

threshold in 35°C/40% RH (placebo = 39.23 � 14.27 min and
C þ T = 40.92 � 17.66 min) (t(9) = −0.531, p = 0.304, d = 0.1 and
Figure 1).

3.2 | Cardiometabolic Responses

There were main condition effects for V̇O2 (F(1,9) = 8.440,
p = 0.017 and η2p = 0.484; Figure 2A) and V̇e (F(1,9) = 6.688,
p = 0.029 and η2p = 0.426; Figure 2B) but no main effects on
RER (F(1,9) = 0.394, p = 0.546 and η2p = 0.042; Figure 2C) and
HR (F(1,9) = 0.031, p = 0.864 and η2p = 0.003; Figure 3A). There
were no interaction effects for V̇O2 (F(1,9) = 0.996, p = 0.450 and
η2p = 0.100), RER (F(1,9) = 0.487, p > 0.693 and η2p = 0.051) and
HR (F(1,9) = 0.902, p = 0.430 and η2p = 0.082); however, there
were interaction effects for V̇e (F(1,9) = 2.704, p = 0.008 and
η2p = 0.231). Pairwise analysis demonstrated that V̇e was higher
at the 30 (d = 0.745), 40 (d = 0.763), 50 (d = 0.803), 80
(d = 1.071), 90 (d = 1.025) and 100% (d = 0.785) epochs in the
C þ T condition (p < 0.05). There were no main effects of C þ T
(F(1,9) = 0.074, p = 0.792 and η2p = 0.008) or time interaction
(p > 0.05) on CHO oxidation. The mean CHO oxidation for
C þ T versus placebo was 3.1 � 0.9 g/min versus 3.2 � 1.0 g/
min, respectively.

3.3 | Thermoregulatory Responses

There were condition effects for Hprod (F(1,9) = 8.129, p = 0.019
and η2p = 0.475; Figure 4A) but not for SkBF (F(1,9) = 2.971,
p = 0.119 and η2p = 0.248; Figure 4B), Tcore (F(1,9) = 0.159,
p = 0.699 and η2p = 0.017; Figure 4C), Tskin (F(1,9) = 0.409,
p = 0.539 and η2p = 0.043; Figure 4D), WBSR (t(9) = 0.133,
p = 0.449 and d = 0.07; Figure 5B) and post B [La] (t(9) = 0.558,
p = 0.295 and d = 0.08; Figure 4C). There were no interaction
effects for Hprod (F(1,9) = 1.041, p = 0.388 and η2p = 0.104), SkBF
(F(1,9) = 0.473, p = 0.666 and η2p = 0.050), Tcore (F(1,9) = 1.274,

FIGURE 1 | Time to exhaustion at the gas exchange threshold
following a co‐ingestion of caffeine and taurine or placebo (n = 10) in
a hot environment (35°C, 40% RH). Black bar denotes mean response.
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p = 0.264 and η2p = 0.124) and Tskin (F(1,9) = 0.097, p = 0.895
and η2p = 0.011). There were also no differences between con-
ditions for time to reach a 1.5°C change from Tcore baseline
(t(9) = − 1.355, p = 0.104 and d = 0.2; Figure 3A).

3.4 | Perceptual Responses

There was no main effect of condition on TC (F(1,3) = 0.637 and
p = 0.428; Figure 3C) or RPE (F(1,9) = 0.175, p = 0.685;
Figure 3B). TC increased with time across both conditions
(F(1,3) = 51.515 and p < 0.01) but there were no interaction ef-
fects (F(1,3) = 0.981 and p = 0.407). Similarly, there were no
interaction effects on TC (F(1,3) = 0.981 and p = 0.407) or RPE
(F(1,9) = 1.681 and p = 0.212).

4 | Discussion

The current study evaluated the effects of acute caffeine (5 mg/
kg) and taurine (50 mg/kg) co‐ingestion on TTE and thermo-
regulatory responses to cycling in the heat. Contrary to the
proposed hypothesis, there was no ergogenic effect following
pre‐exercise co‐ingestion of C þ T in the heat. However,
compared to placebo, ingesting C þ T 60 min before exercise
resulted in increased V̇O2, V̇e and Hprod, which was sustained
for the majority of the TTE. Interestingly, despite these effects,
there were no changes in core and skin temperature or sweating
between conditions, thus indicating minimal impact on ther-
moregulation. It has been reported that isolated taurine sup-
plementation in thermoneutral and thermally stressful
environments enhances thermoregulatory responses (Page
et al. 2019; Waldron, Patterson, et al. 2018; Yu et al. 2024).

FIGURE 2 | Oxygen consumption (A), minute ventilation (B) and respiratory exchange ratio (C) at the gas exchange threshold following a co‐
ingestion of caffeine and taurine or placebo (n = 10) in a hot environment (35°C, 40% RH). * symbolises significant interaction effect and
** symbolises significant condition effect denoting higher in C þ T (p < 0.05).
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Similarly, isolated caffeine supplementation in temperate envi-
ronments has endurance benefits (Doherty and Smith 2004;
Southward et al. 2018), although there are mixed findings in hot
environments (John et al. 2024; Ping et al. 2010; Pitchford
et al. 2014; Suvi et al. 2017). Therefore, the negligible effects of
C þ T on endurance performance, alongside a number of
physiological measures, such as WBSR, HR, B [La] and skin and
core temperatures, indicates that co‐ingestion of these supple-
ments at previously reported ergogenic doses has minimal ef-
fects when ingested in the heat.

A novel finding of the current study was the increased V̇O2 and
V̇e following C þ T. Besides studies of energy drinks, where
lower C þ T doses are consumed (Candow et al. 2009; Astorino
et al. 2011; Del Coso et al. 2013; Hoyte et al. 2013), no other
study has reported cardiometabolic responses, such as V̇O2, V̇e,
RER and substrate utilisation, when co‐ingesting C þ T. Herein,
the notable increase in V̇O2 (~5.4%), despite the fixed‐workload

exercise design, was sufficient to drive metabolic heat produc-
tion ~6.2% higher in the C þ T condition. The increase in V̇O2
was accompanied by no change in RER, indicating an equiva-
lence in fuel utilisation. Although taurine (Rutherford
et al. 2010; Simmonds et al. 2020) and caffeine (Collado‐Mateo
et al. 2020) have both been reported to affect metabolic effi-
ciency during exercise via increases in fat oxidation, these
findings have not been reported elsewhere (Galloway et al. 2008;
Hodgson et al. 2013; John et al. 2024), which was also the case in
the current study. This suggests that the mechanisms by which
C þ T influences metabolic responses might be independent of
changes in substrate utilisation.

Recently, it has been reported that caffeine supplementation
drives Hprod through increases in V̇O2 (~7.9%), causing a sig-
nificant increase in Tcore when exercising in the heat (John
et al. 2024). These results are somewhat similar to that observed
in the current study, suggesting that the effect of caffeine on

FIGURE 3 | Heart rate (A), rating of perceived exertion (B) and thermal comfort (C) at the gas exchange threshold following a co‐ingestion of
caffeine and taurine or placebo (n = 10) in a hot environment (35°C, 40% RH).
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these pulmonary measures is sustained when co‐ingested with
taurine. Increases in V̇e of a similar magnitude have been re-
ported during exercise following ingestion of caffeine at similar
doses (Chapman and Stager 2008; Powers et al. 1986). It is likely
that caffeine's (a methylxanthine and theophylline) effects on
ventilatory drive, either via an increase in diaphragm contrac-
tility (Supinski et al. 1984) or an antagonistic effect on adeno-
sine receptor sub‐types (A2b; Feoktistov et al. 1998), were
observed in the TTE, which may have induced secondary in-
creases in whole‐body V̇O2 (Aaron et al. 1992) and thus Hprod.

The rapid absorption of caffeine postsupplementation, with
average peak bioavailability achieved at 1 h (Blanchard and
Sawers 1983), may explain the early onset of increased V̇e and
V̇O2 in the TTE. It is interesting that the reduction in gross ef-
ficiency, denoted by the increased V̇O2 despite the same me-
chanical workload in the C þ T condition, did not alter the TTE
result. Indeed, the lack of influence upon measures of body
temperature post C þ T supplementation is at odds with the
increased metabolic demand and could be attributed to the co‐
ingestion with taurine, which appears to have opposing ther-
moregulatory and ergogenic effects in the heat (Peel et al. 2024;
Page et al. 2019). Although the combined ingestion of C þ T
may have influenced the thermoregulatory responses observed,

FIGURE 4 | Heat production (A), skin blood flow (B), core
temperature (C) and mean skin temperature (D) at the gas exchange
threshold following a co‐ingestion of caffeine and taurine or placebo
(n = 10) in a hot environment (35°C, 40% RH). * symbolises
significant condition effect denoting higher in C þ T (p < 0.05).

FIGURE 5 | Time to reach 1.5°C change in core temperature (A),
whole‐body sweat rate (B) and blood lactate concentration
(C) response at the gas exchange threshold following a co‐ingestion of
caffeine and taurine or placebo (n = 10) in a hot environment (35°C,
40% RH). Black bar denotes mean response.
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the absence of caffeine‐only and taurine‐only control conditions
prevents any firm conclusions about the individual contribution
of each supplement.

There were no significant differences in final Tcore and Tskin,
which is consistent with another study (Yu et al. 2024). This
occurred despite greater Hprod in the C þ T condition, alongside
no differences in SkBF. Thus, there was no indication of changes
in dry heat losses (i.e., convective, radiative and conductive).
Isolated caffeine has been reported to increase Hprod and Tcore,
alongside reductions in SkBF (Hunt et al. 2021; John et al. 2024).
Thus, the introduction of taurine to the caffeine supplement
appears to have altered the estimation of SkBF despite similar
effects on Hprod. The potential vasoactive property of taurine in
the mixed supplement may have counteracted the constrictive
properties of caffeine and provides one potential explanation for
the similarity in SkBF, and therefore Tcore, between conditions. It
was also anticipated that WBSR would be increased, given re-
ports that both caffeine and taurine can drive the sweating
response when ingested alone (Page et al. 2019; John et al. 2024;
Peel et al. 2024), and that increases in sweating are a natural
consequence of the observed increase in Hprod (Peel et al. 2021).
However, other studies have reported no change in sweating
after caffeine ingestion (Del Coso et al. 2009; Ganio et al., 2010;
Gonzalez et al. 2020; Hunt et al. 2021). It is possible that small
differences in the pharmacokinetics of caffeine and taurine, with
earlier bioavailability of caffeine dominating the response
(Arnaud and Welsch 1982; Ghandforoush‐Sattari et al. 2010),
meant that the total effects of taurine were not realised across the
shorter TTE. Unfortunately, we do not have the pharmacokinetic
data to support this assertion. Therefore, we are uncertain why
there was no difference in the sweating response, and further
research is warranted to understand the mechanistic un-
derpinnings for the unanticipated outcome when the supple-
ments were co‐ingested. Given our previous reports on the
thermoregulatory effects of isolated taurine or caffeine in the
heat when adopting the same exercise protocol (Page et al. 2019;
John et al. 2024), coupled with the clear indication of thermal
strain among participants in the current study, we are confident
that sufficient thermal stress was applied. However, with the
current time‐to‐exhaustion trials averaging approximately
40 min, it is possible that the cumulative metabolic and ther-
moregulatory responses that may emerge during longer‐duration
endurance exercise were not captured. Future studies utilising
extended protocols (e.g., > 60 min) are warranted to determine
whether prolonged exposure unmasks more pronounced effects
of caffeine and taurine on performance and heat stress.

The supplement elicitedminimal changes in B [La]. Although Yu
et al. (2024) reported that co‐ingesting CþT caused increases in B
[La] in comparison to a placebo as well as both isolated C þ T
conditions, this occurred as a result of increased exercise time
(i.e., improvements in the TTE trial). However, the lack of dif-
ference in B [La] between conditions herein is inconsistent with
the suggestions that taurine can elicit changes in substrate
metabolism, with reductions in glycolytic metabolism contribu-
tion or enhanced fat oxidation (De Carvalho et al. 2017; Sim-
monds et al. 2020; Rutherford et al. 2010). These results are
equivocal as there has been no evidence of changes in substrate
metabolism during low intensity walking exercise in the heat

(Peel et al. 2024), despite previous findings of reduced post‐
exercise B [La] at higher intensities in a hot environment (Page
et al. 2019). Similarly, caffeine supplementation did not affect
substrate metabolism during exercise of the same intensity used
in the current study, in the heat, compared to a placebo (John
et al. 2024).However, some studies have reported increasedB [La]
despite no performance differences, following caffeine ingestion
compared to a placebo (Suvi et al. 2017). Therefore, there is a lack
of consensus regarding the effects of isolated caffeine or taurine
on B [La] or substrate metabolism during exercise in the heat.
Nevertheless, when supplemented in combination, we report that
C þ T caused no change in these responses.

In accordance with the TTE results, where we reported no dif-
ferences between conditions, both RPE and TC followed the
same time course and magnitude irrespective of the ingested
supplement. The similarity in the physiological responses be-
tween conditions, denoted by HR, B [La], WBSR, Tcore and Tskin
results, explains the lack of effect upon the participants'
perceptual scores. Thus, there appears to be no thermoregula-
tory, performance or perceptual benefit of C þ T supplemen-
tation (at the doses used) during exercise in the heat.
Consequently, there would be no apparent benefit for athletes to
co‐ingest C þ T prior to exercise in such conditions. However,
there is potential to accelerate the progression of exercise‐
induced hyperthermia with prior caffeine administration (Peel
et al. 2021), which increases the risk of heat illness if unrecog-
nised or untreated. There was one participant who appeared to
respond more favourably to the supplement in the TTE, with a
notable increase in their TTE of ~20 min. Physiological data
were consistent with those observed in recreationally trained
individuals and the participant met the criteria to remain in the
study, but it seems unlikely that the supplement enhanced
performance by this magnitude. Nevertheless, further analysis is
needed to understand the lack of consistency in TTE response
across all participants and the potential for supplement ‘re-
sponders’. This was not the aim of the current study, which
limits the ability to conduct further analysis. Participants
included both habitual and nonhabitual caffeine consumers,
which may have attenuated the stimulatory response in habit-
uated individuals and exaggerated it in nonhabituated users.
However, no clear effect or pattern was observed based on
habitual consumption, aligning with findings from previous
studies (Gonçalves et al. 2017; Clarke and Richardson 2020),
thereby suggesting that habituation did not meaningfully in-
fluence performance outcomes.

Although there are many ways to control exercise intensity in
thermally stressful conditions, utilisation of the power at GET
enables the domain‐specific prescription of exercise intensity,
which is not possible when prescribing intensity based on
alternative methods, such as fractions of V̇ O2peak (Mann
et al. 2013). Although the GET is inevitably altered by the hot
environmental conditions, this approach ensures equivalent
baseline conditions, the advantages of which have previously
been discussed for studies such as the current investigation
(John et al. 2024). Herein, we determined GET in thermoneutral
conditions to ensure consistent identification of the first meta-
bolic threshold, independent of ventilatory and cardiovascular
alterations induced by acute thermal stress. This approach
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mirrors other supplement intervention studies examining ther-
moregulatory responses (Page et al. 2019; Fowler et al. 2020;
John et al. 2024). Conducting the test in a hot environment
would also likely impair maximal effort due to early thermal
discomfort or fatigue, particularly in nonheat‐acclimated in-
dividuals, thereby compromising the accuracy of GET detection
as well as V̇ O2peak. Consequently, prescribing thermoneutral
GET‐derived power in 35°C ensured precise within‐ and
between‐study comparisons but caused participants to rapidly
enter the heavy‐to‐severe intensity domains reflected by RER
> 1.0 and B [La] > 4 mmol/L. This contributed to the shortened
TTE (approximately 20–40 min). Although the GET‐based fixed‐
intensity protocol provided control of metabolic and thermal
load across trials, it does not replicate the intermittent demands
of most sports. However, it does enable direct comparison with
previous studies. To prolong the work done during trials, future
studies could attempt to apply heat‐adjusted threshold in-
tensities, which may help to further characterise the capacity of
these supplements to affect thermoregulation. Investigation of
taurine or caffeine and taurine co‐ingestion in real‐world sports
settings would also be worthwhile. Finally, closer control of pre‐
exercise nutrition may also be required as the use of food diaries
can influence participants' habitual eating behaviours or inac-
curately report their dietary intake.

5 | Conclusion

The current study observed no ergogenic or thermoregulatory
benefit of C þ T when cycling in the heat at an intensity
equivalent to the GET. However, there were increases in V̇O2,
V̇e and Hprod, which demonstrate a thermogenic effect of the
supplement. Despite this, there were no changes in Tcore, Tskin,
estimated SkBF or sweating between conditions, thus indicating
minimal effects on whole‐body thermoregulation. Interpretation
of the current data, alongside that from previous studies, in-
dicates that the inclusion of caffeine in the mixed supplement
resulted in changes in parameters of pulmonary gas exchange,
but it is unclear why this did not translate to any performance,
thermophysiological or perceptual effects. Given the established
roles of taurine in the peripheral vasculature (Sun et al. 2016;
Ulusoy et al. 2017), its inclusion in the supplement may have
been sufficient to supress the anticipated effects of caffeine on
Tcore. Further work is required to mechanistically understand
how metabolic thermal gain was supressed in the C þ T
condition.
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