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Abstract: Isomaltulose is a low glycemic and insulinemic carbohydrate available as a constituent
of sports drinks. However, it remains unclear whether thermoregulatory responses (sweating
and cutaneous vasodilation) after isomaltulose drink ingestion differ from those of sucrose and
water during exercise in a hot environment. Ten young healthy males consumed 10% sucrose, 10%
isomaltulose, or water drinks. Thirty-five minutes after ingestion, they cycled for fifteen minutes
at 75% peak oxygen uptake in a hot environment (30 ◦C, 40% relative humidity). Sucrose ingestion
induced greater blood glucose concentration and insulin secretion at the pre-exercise state, compared
with isomaltulose and/or water trials, with no differences during exercise in blood glucose. Change
in plasma volume did not differ between the three trials throughout the experiment, but both sucrose
and isomaltulose ingestions similarly increased plasma osmolality, as compared with water (main
beverage effect, p = 0.040)—a key response that potentially delays the onset of heat loss responses.
However, core temperature thresholds and slopes for heat loss responses were not different between
the trials during exercise. These results suggest that ingestion of isomaltulose beverages induces low
glycemic and insulinemic states before exercise but does not alter thermoregulatory responses during
exercise in a hot environment, compared with sucrose or water.

Keywords: palatinose; high-intensity exercise; thermoregulation; rehydration; dehydration; sweat;
exercise performance; sports nutrition; hydration; glycemic index

1. Introduction

Consumption of fluids containing carbohydrates and electrolytes is recommended
before and during exercise in a hot environment to maintain muscle glucose metabolism
and fluid balance as well as physiological function, including thermoregulatory and car-
diovascular responses [1–3]. Conventional sports drinks contain carbohydrates such as
glucose, fructose, maltodextrin, and sucrose. Isomaltulose (ISO) is a naturally occurring
disaccharide composed of α-1, 6-linked glucose, and fructose, in contrast to the α-1, 2-
glycosidic bond found in sucrose (SUC). ISO is fully digestible, with a relatively low
glycemic index (32) as compared to sucrose (65). Both are available in sports drinks [4,5].
Several studies have investigated physiological responses following ISO ingestion during
exercise, including glycemic and insulinemic responses, substrate utilization, and exercise
performance [6–10]. However, despite the importance for sports drink consumption in
a hot environment, ISO’s influence on thermoregulatory heat loss responses, including
sweating and cutaneous vasodilation during heat stress in exercise, is unknown.

Studies have shown that blood glucose and insulin concentrations are lower following
ISO ingestion, compared with SUC, until approximately 60 min after ingestion [5,11–13].
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Slow glycemic and insulinemic responses to ISO may disturb heat loss responses by altering
the state of plasma volume (PV) and plasma osmolality (Posm), both of which are important
factors in modulating heat loss responses. It has been shown that PV expansion augments
thermoregulatory sensitivity for heat loss responses (defined as the slopes for sweating and
cutaneous vasodilation against core temperature elevation) [14–17], whereas Posm elevation
increases the core temperature threshold for these responses [18–20].

Water is passively absorbed with glucose and fructose in the small intestine. Thus,
delayed glycemic response from ISO ingestion may also delay water absorption and,
thereby, PV expansion. Delayed insulin secretion may also delay sodium and water
reabsorptions in kidney tubules and, thereby, potentially attenuate PV expansion [21,22].
In addition, it is known that carbohydrate drink ingestion increases Posm, compared with
water ingestion [23]. However, insulin secretion following carbohydrate ingestion is
thought to lower the core temperature threshold for heat loss responses, possibly offsetting
the elevated core temperature threshold associated with high Posm [23]. Thus, it is believed
that carbohydrate ingestion delays the core temperature threshold for heat loss responses
only with drinks that produce low insulinemic responses [23].

SUC ingestion would establish higher glycemic and insulinemic responses, as com-
pared with ISO and water ingestions ~30 min after fluid ingestion, and the response would
sustain for an additional ~20 min at a resting state [5,11–13]. Therefore, to evaluate the pos-
sible negative effects of ISO ingestion (e.g., disturbance of heat loss responses), if any, the
exercise duration should be within the period of desired glycemic and insulinemic states.
This is thought to be corresponding to 30–50 min after fluid ingestion—the period in which
low glycemic and insulinemic responses are typically seen with ISO, compared with SUC
ingestion [5,11–13]. A high-intensity exercise protocol (e.g., more than 70% VO2peak) would
allow optimal analysis of core temperature threshold and slope for heat loss responses [24]
even in a short period of exercise by inducing sufficient thermoregulatory responses.

The aim of this study was to investigate the effect on thermoregulatory responses
of ingesting carbohydrate–electrolyte beverages containing ISO before exercise in a hot
environment, compared with that of ingesting beverages containing SUC and water. We
hypothesized that ISO ingestion would disturb heat loss responses during exercise at
75% VO2peak for 15 min in a hot environment, represented by a delayed core temperature
threshold and an attenuated slope for sweating and cutaneous vasodilation, as compared
with water and/or SUC. It has been reported that ISO ingestion may [6] or may not [7–9]
have ergogenic effects on performance during prolonged exercise, compared with other
carbohydrates; this effect has not been tested for short periods of exercise in a hot envi-
ronment. It is known that the performance of final minute of exercise during 15–30 min
competition typically seen in 5000 m and 10,000 m athletic events is important in deter-
mining the winner of the race [25]. Therefore, to provide additional insights regarding the
influence of pre-exercise ISO ingestion, we investigated exercise performance following
ISO ingestion during the final minute of the 15 min exercise as a secondary purpose of the
study. As ergogenic effects of carbohydrate supplementation should be evident during
exercise lasting at least 1 h [26], we hypothesized that ISO and SUC ingestion would not
enhance power output in a performance trial, compared with water, during the final minute
of a 15 min high-intensity exercise in a hot environment. It is important to note that the
analysis of core temperature threshold and slope for heat loss responses requires initial
thermoregulatory responses during exercise and thus the short period of sub-maximum
exercise (14 min) and 1 min performance test never compromise the primary outcomes.

2. Materials and Methods
2.1. Ethical Approval

This study was approved by the Human Ethical Committee of Niigata University and
was conducted in accordance with the latest version of the Declaration of Helsinki. Verbal
and written informed consent were obtained from all participants prior to commencement
of the experimental sessions.
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2.2. Participants

Ten healthy and physically trained young men participated in the study (age:
20.4 ± 0.5 years, height: 1.74 ± 0.06 m, body mass: 67.1 ± 7.7 kg, peak oxygen uptake
(VO2peak): 66.5 ± 6.9 mL kg−1 min−1). The participants had engaged in regular physical
training for at least 2 h per day and 5–6 days per week for at least the past 4 years. They
were recruited from athletic club in Niigata University. None of the participants were
taking prescription medications and all were non-smokers, all of which were confirmed
verbally when we obtained the informed consent.

We determined a minimum sample size of n = 10 would be required to detect an atten-
uation of core body temperature threshold for heat loss responses following carbohydrate
drink ingestion with at least 80% statistical power (α = 0.05). This was based on an effect
size of 1.00 calculated from an estimated reduction in core temperature threshold for heat
loss responses after carbohydrate drink ingestion [23] (~0.2 ◦C) with SD of 0.2.

In a screening session, VO2peak was determined during a ramp cycling protocol
(18 W/min, 60 rpm) using a cycle ergometer (Powermax V3; Konami, Tokyo, Japan) in
a temperate environment (25 ◦C and 50% relative humidity) until voluntary exhaustion.
Oxygen consumption was determined using a breath-by-breath gas exchange measurement
system (AE300S; Minato Medical Science, Osaka, Japan). All trials were conducted between
November 2019 and May 2020 at Niigata University, Niigata, Japan. We did not include
female participants, given known sex-related differences in sweating and cutaneous vasodi-
lation [27,28] and female-specific modulation of hydration status related to the menstrual
cycle [29].

2.3. Test Beverages

During the experimental session (see below), participants consumed 500 mL of one
of three test beverages: flavored (Sunett®; Mitsubishi corporation life sciences, Tokyo,
Japan) water (CON) and beverages containing carbohydrates–electrolytes consisting of 10%
SUC and 10% ISO, respectively. Carbohydrate concentration was determined based on a
previous study that reported an efficacy of isomaltulose ingestion on exercise performance
and glycemic response [6]. The nutrients composition of each beverage is outlined in
Table 1. Beverages were provided in clear plastic bottles, maintained at 37 ◦C to minimize
any influences on thermoregulatory responses [30]. All beverages were matched color and
flavor as well as sweetness by adding artificial sweetener (Sunett®) to CON (0.025%, w/w).
It is known that a consumption of Sunett® (acesulfame K) does not induce glycemic and
insulin responses [31]. Participants were instructed to complete ingestion within 10 min.

Table 1. Nutrient component in the test drinks.

Nutrient Component CON SUC ISO

Energy (kcal 100 mL−1) 0 40 40

Carbohydrate (mmol L−1) 0.0 292.1 292.1

Sodium (mmol L−1) 20.6 20.6 20.6

Calcium (mmol L−1) 1.2 1.2 1.2

Magnesium (mmol L−1) 1.0 1.0 1.0

Potassium (mmol L−1) 4.5 4.5 4.5

Osmolality (mOsmol kg−1) 62 454 403

2.4. Experimental Protocol

Three experimental trials were separated by a minimum of 6 days in a randomized,
single-blind, cross-over design. Participants were instructed to refrain from consuming
alcohol or caffeine and from participating in strenuous physical activity for at least 24 h
prior to each trial. Additionally, the night before each trial, standard meal was provided
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as a lunchbox (Makunouchi-bento L size; Plenus, Tokyo, Japan), consisting of ~132 g of
carbohydrate, ~32 g of fats, and ~34 g of protein, with an energy equivalent of ~921 kcal.
This included 500 mL of non-caffeine Japanese tea. In addition, participants were asked
to consume 500 mL of water before going to bed. At least 2 h before the start of the trial,
participants were instructed to consume a light breakfast, consisting of a cup of jelly and
two energy bars (Calorie mate: Otsuka pharmaceutical, Tokyo, Japan), consisting of ~33 g
of carbohydrate, 11.2 g of fat, 4.3 g of protein, and 0.5 g of salt; energy equivalent of 200 kcal)
as well as 500 mL water.

A schematic experimental protocol is shown in Figure 1. Participants reported to the
laboratory between 9:00 a.m. and 10:00 a.m. Upon arrival, urine samples were collected to
assess hydration status, as determined by urine specific gravity [32]. Height was assessed
using a stadiometer (YS501-P; Sanyu, Tokyo, Japan). Participants dressed in running shorts
and entered the environmental chamber, maintained at 30 ◦C and 40% relative humidity.
Body mass, wearing the shorts only, was then measured. After resting in a semi-recumbent
position for approximately 15 min, the first blood sample was collected. Participants then
rested for an additional 45 min, and during the first 10 min, they consumed one of three
randomly assigned test beverages. The second and third blood collections were performed
at 20 and 40 min, respectively, after fluid consumption commenced. Instrumentations were
conducted during the 40 min rest, after commencement of fluid consumption. Baseline (BL)
measurements for thermoregulatory and cardiovascular variables were obtained during
the final 5 min of the 45 min resting period. After BL measurements, participants sat on a
cycle ergometer and commenced the exercise trial, which consisted of a warming-up period
at 30% VO2peak for 2 min and then sub-maximum exercise at 75% VO2peak for 14 min. This
was followed by assessing power output during 1 min of maximal-effort cycling at a pedal
resistance of 7 kP/kg of body mass. Participants were verbally encouraged to achieve
their maximum effort during this period. Cadence was set at 60 rpm during warming-up
and sub-maximum exercise. Blood samples were collected after 7 min of exercise at 75%
VO2peak. After the cycling trial was completed, sweat was carefully wiped off before
assessing body mass, wearing the running shorts only, and urine samples were collected.
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Figure 1. Schematic timeline of experimental protocol. RPE, rate of perceived exertion; BL, baseline.

2.5. Measurements

Blood samples were collected from the fingertip, in a semi-recumbent position at
rest, before and after fluid consumption, and in a cycling position during exercise. We
did not employ larger blood sampling (e.g., from antecubital vein) because we were not
medically qualified to do the procedure. We collected ~450 µL of blood sample at rest and
smaller volumes (~150 µL) during exercise. This was due to the limited sampling period
(~2 min) during exercise, as it was difficult to maintain high-intensity cycling for more than
a few minutes without holding the handlebar. Measurements of hemoglobin concentration
(Hb), hematocrit (Hct), plasma osmolality (Posm), plasma sodium concentration (P(Na+)),
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plasma potassium concentration (P(K+)), plasma chlorine concentration (P(Cl−)), and
insulin concentration (Pins), as well as blood glucose (Glu) and lactate (Lac) concentrations,
were obtained from each sample. The sampling procedure was fixed between individuals
such that we assessed variables in the order of Hb and Glu followed by Lac. Immediately
thereafter followed blood collection into two capillaries (EM mystar hematocrit capillary;
As one, Osaka, Japan) for Hct, followed by blood collection into a microtube (MBS capillary;
Micro blood science, Tokyo, Japan) for Pins and electrolytes. The blood plasma in the
capillaries was used for osmolarity analysis. All assessments were performed in duplicate.
Owing to the limited blood collected, we were not able to assess P(Na+), P(K+), P(Cl−),
and Pins during exercise. Hb was measured using a spectrophotometric device (Hemocue
Hb 201; HemoCue, Angelholm, Sweden). Hct was determined using a microhematocrit
method. PV (∆PV), BV, and cell volume (CV) were determined using the procedures
specified by Dill and Costill [33]. For measurement of Posm, P(Na+), P(K+), P(Cl−), and
Pins, blood samples were centrifuged, and the extracted plasma was frozen at −80 ◦C until
analysis. Posm was measured using the freezing point depression method (Fiske 210 Micro
Osmometer; Advanced instruments, MA), and Pins was measured using a sandwich ELISA
method (YK060; Yanaihara, Fujinomiya, Japan). The intra-assay coefficient of variation
for Pins was 4.0 ± 3.6% in the present study. Glu (Glu-Test Every, SKK, Nagoya, Japan),
Lac (Lactate Pro 2 LT-1730; Arkray, Kyoto, Japan), P(Na+), P(K+), and P(Cl−) (STAX-5
Inspire, Techno medica, Yokohama, Japan) concentrations were determined using portable
analyzers. Pins, Glu, Lac, P(Na+), P(K+), and P(Cl−) were corrected for changes in PV [34].

Rectal temperature (Tre) was measured using a thermistor probe (401J; Nikkiso-
Thermo, Tokyo, Japan), inserted 12 cm past the anal sphincter. Skin temperature was
measured by a thermistor (ITP082-25; Nikkiso-Thermo, Tokyo, Japan) affixed to four skin
sites on the chest, upper arm, thigh, and lower leg. Mean skin temperatures (Tsk) were
calculated as follows: [35] chest, 30%; upper arm, 30%; thigh, 20%; and lower leg, 20%.
Rectal and local skin temperatures were recorded at 1 s intervals using a data storage
device (Model N543; Nikkiso-Thermo, Tokyo, Japan).

Local sweat rates on the forearm and chest were measured using the ventilated capsule
method according to the methods used in our laboratory and described elsewhere [36,37].
A 3.14 cm2 plastic capsule was affixed using topical glue (Collodion; Kanto chemical,
Tokyo, Japan). Dry nitrogen gas was passed through each capsule over the skin surface at
a rate of 1.3 L/min. Water content from the effluent air was measured using a capacitance
hygrometer (HMP60; Vaisala, Helsinki, Finland). Skin blood flow (SkBF) on the chest
was measured continuously by laser-Doppler velocimetry (FLO-C1; Omegawave, Tokyo,
Japan); a laser-Doppler probe was placed adjacent to the ventilated capsule on the chest.
Heart rate (HR) was recorded using a Polar coded WearLink and transmitter and the RS800
interface (Polar Electro Oy, Kempele, Finland).

Urine volume and urine specific gravity were assessed using a graduated cylinder
and a refractometer (UG-D; Atago, Tokyo, Japan), respectively. Whole body sweat loss
was assessed from changes in body mass before and after the trial, accounting for the
weight of the beverage consumed. Power output was recorded at 10 Hz to evaluate exercise
performance based on mean and peak power outputs during the final 1 min of maximum
exercise. Participants were asked to report subjective feelings relating to thirst, stomach
fullness, and hunger at 20 and 40 min after beverage ingestions as well as at post-exercise.
They also evaluated the palatability of the beverage immediately after consumption. These
questionnaires were a 10 cm visual analog scale, with 0 cm representing “not at all” and
10 cm representing “very” [38]. Ratings of perceived exertion (RPE) and comfort/thermal
sensations were assessed using a 6–20 Borg scale [39] and a Gagge scale [40], respectively,
at BL, during exercise (at the seventh minute of 75% VO2peak intensity), and after exercise.

2.6. Data and Statistical Analyses

All variables recorded continuously were averaged for 5 min at BL and for each
minute during the exercise trial. SkBF was calculated as a percentage of BL. Tre thresholds
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and slopes for the changes in sweat rate, and SkBF during exercise, were assessed using
the segmented regression analysis method [24].

For all blood measurements, a two-way repeated-measures analysis of variance
(ANOVA) was performed on the repeated factors of protocol stage (four stages: pre-fluid
ingestion, 20 and 40 min after ingestion, and exercise; or three stages (without exercise)),
and on the test beverage (three stages: CON, SUC, and ISO). For thermoregulatory vari-
ables, a two-way repeated-measures ANOVA was performed on the repeated factors of the
protocol stage (BL and 1 min intervals during exercise) and on the test beverage. Thirst,
stomach fullness, and hunger were evaluated using a two-way repeated-measures ANOVA
with the repeated factors of the protocol stage (three stages: 20 and 40 min after fluid inges-
tion and post-exercise) and with the test beverage. Maximum and peak power outputs,
palatability, body mass loss, urine volume, urine specific gravity, and Tre (∆Tre) thresholds
for sweating and cutaneous vasodilation were evaluated between the conditions using
one-way repeated-measures ANOVA. The Geisser–Greenhouse correction was applied
if the assumption of sphericity had been violated. A normal distribution was confirmed
on the basis of Q–Q plot assessment. Post hoc analysis was performed using Tukey’s
multiple comparisons test. Three participants who showed excessive elevations in Pins
beyond the measurable range were excluded from the analysis of Pins. One participant was
excluded from the data analysis for rectal and skin temperatures, as well as for Posm, due
to measurement failures. Data are presented as mean ± SD, and statistical significance was
set at 0.05.

3. Results
3.1. Hematologic Variables

Posm and ∆PV are presented in Figure 2. A significant main effect of beverage con-
sumption was observed in Posm (p = 0.040), which was higher in SUC and ISO than in
CON (p = 0.006 and p = 0.003, respectively). No interaction effect for beverage and time
was observed in Posm (p = 0.105). No main effect of beverage type or interaction effect
of beverage and time was observed in ∆PV (p = 0.101 and p = 0.309, respectively) or in
absolute BV, CV, PV, or Hct (Table 2). A main effect of beverage type was observed in Hb
(p = 0.042), such that it was higher in ISO than in SUC and CON (both p ≤ 0.001) (Table 2).
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Table 2. Hematologic variables at rest and during exercise in each trial.

Rest

Exercise

p

Pre-
Ingestion

Time into Ingestion
Time Beverage Time ×

Beverage20 min 40 min

BV (mL)
CON 100 101 ± 3 100 ± 5 90 ± 5

<0.001 0.076 0.192SUC 100 102 ± 5 105 ± 5 93 ± 5
ISO 100 99 ± 2 100 ± 3 90 ± 3

CV (mL)
CON 46 ± 2 45 ± 2 44 ± 2 42 ± 3

0.001 0.350 0.060SUC 46 ± 2 46 ± 2 47 ± 4 44 ± 3
ISO 46 ± 2 46 ± 2 46 ± 2 44 ± 2

PV (mL)
CON 53 ± 2 55 ± 3 55 ± 3 46 ± 3

<0.001 0.087 0.322SUC 54 ± 2 55 ± 4 57 ± 3 48 ± 4
ISO 53 ± 2 53 ± 3 54 ± 3 46 ± 3

Hct (%)
CON 46 ± 2 45 ± 2 44 ± 2 47 ± 2

<0.001 0.309 0.410SUC 46 ± 2 45 ± 2 45 ± 2 48 ± 3
ISO 46 ± 2 46 ± 2 46 ± 2 49 ± 2

Hb
(g dL−1)

CON $ 13.9 ± 0.7 13.8 ± 0.7 13.8 ± 0.6 15.4 ± 0.9
<0.001 0.042 0.214SUC $ 14.3 ± 1.0 14.0 ± 1.1 13.6 ± 1.1 15.3 ± 1.2

ISO 14.4 ± 0.8 14.5 ± 0.8 14.4 ± 0.8 15.9 ± 0.9

P(Na+)
(mmol L−1)

CON 143.0 ± 2.3 144.3 ± 7.6 148.1 ± 11.2 -
0.069 0.085 0.179SUC 143.1 ± 2.2 146.3 ± 10.5 151.4 ± 12.1 -

ISO 143.2 ± 2.8 140.7 ± 6.7 141.7 ± 5.0 -

P(K+)
(mmol L−1)

CON 4.4 ± 0.5 4.7 ± 0.6 4.7 ± 0.8 -
0.296 0.272 0.176SUC 4.5 ± 0.5 4.3 ± 0.7 4.2 ± 0.4 -

ISO 4.5 ± 0.5 4.2 ± 0.4 4.8 ± 1.2 -

P(Cl−)
(mmol L−1)

CON 106.6 ± 3.0 106.9 ± 5.7 108.9 ± 8.3 -
0.168 0.225 0.147SUC 105.3 ± 2.3 108.7 ± 8.9 111.4 ± 8.0 -

ISO 107.0 ± 3.0 104.1 ± 5.6 105.7 ± 4.4 -

Exercise measurements were performed at 7 min after the initiation of exercise at 75%VO2peak. BV, blood volume; CV, cell volume; PV,
plasma volume; Hct, hematocrit; Hb, hemoglobin; P(Na+), plasma sodium; P(K+), plasma potassium; P(Cl−), plasma chloride; CON,
control (water); SUC, sucrose; ISO, isomaltulose. Changes in volume (mL) for BV, CV, and PV were calculated based on pre-exercise
baseline resting BV normalized at 100 mL [33]. Data for P(Na+), P(K+), and P(Cl−) are missing because of our limited blood sample volume.
Values are presented as means ± SD. n = 10 for all measurements. $, p < 0.001 group difference in beverage vs. ISO.

Glu, Pins, and Lac are presented in Figure 3. A main effect of beverage type and a
significant interaction of beverage and time were observed in Glu (both p < 0.001). Pre-
exercise Glu was higher in SUC and ISO than in CON at both 20 and 40 min (all p ≤ 0.023)
and was higher with SUC than with ISO at 20 min (p ≤ 0.001) after fluid ingestion. However,
Glu was not different during exercise (p ≥ 0.280). A significant interaction of beverage
and time (p = 0.017) and a main effect of time (p = 0.022) but not beverage (p = 0.076) were
observed in Pins. Pre-exercise Pins was higher in SUC than in ISO (p = 0.047) and CON
(p = 0.031) at 20 min (7.37 ± 6.99, 5.29 ± 5.38, and 4.18 ± 6.17 ng mL−1 for SUC, ISO, and
CON, respectively) and in CON (p = 0.017) but not in ISO (p = 0.689) at 40 min after fluid
ingestion (5.17 ± 5.37, 4.63 ± 4.51, and 3.33 ± 4.71 ng mL−1, respectively). A significant
main effect of beverage type was observed in Lac (p = 0.008), with higher Lac in SUC and
ISO than in CON (p < 0.001 and p = 0.035, respectively). No interaction effect of beverage
and time was observed in Lac (p = 0.087). Neither a main effect of beverage type nor an
interaction effect of beverage and time was observed in P(Na+), P(K+), and P(Cl−).
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Figure 3. Blood glucose (Glu, n = 10), plasma insulin (Pins, n = 7), blood lactate (Lac, n = 10) concentrations at rest and
during exercise at the seventh minute of peak oxygen uptake. Insulin data are missing because of limited blood sample
volume. CON, control (water); SUC, sucrose; ISO, isomaltulose. Values are presented as mean ± SD. * p ≤ 0.031 vs. CON at
each time point; †, p ≤ 0.047 vs. ISO at each time point. #, p ≤ 0.001 group difference in beverage between SUC vs. CON;
$, p ≤ 0.035 group difference in beverage between ISO vs. CON. &, p = 0.006 group difference in beverage between SUC
vs. ISO.

3.2. Thermoregulatory and Cardiovascular Variables

Responses in Tre, Tsk, forearm and chest sweat rate, chest SkBF, and HR were not
different between trials (effect of beverage type and interaction with time, all p ≥ 0.100;
Figure 4). In addition, Tre thresholds (all p ≥ 0.269) and slopes (all p ≥ 0.418) for sweat rate
on the chest and forearm, as well as SkBF on the chest, were not different between trials
(Figure 5 and Table 3).
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Figure 5. Changes in sweat rate on the forearm and chest, and skin blood flow (SkBF) on the chest, as a function of change
in rectal temperature (∆Tre) during exercise. CON, control (water); SUC, sucrose; ISO, isomaltulose; BL, baseline. Values are
shown as means ± SD. n = 9 for all variables.

Table 3. Rectal temperature thresholds and slopes for sweating and cutaneous vasodilation in each trial.

Threshold (◦C) p Slope (mg cm−2

min−1/◦C or %BL/◦C) p

Tre

∆ Sweat rate on
forearm

CON 36.81 ± 0.57
0.909

2.66 ± 2.43
0.453SUC 36.89 ± 0.64 2.33 ± 1.63

ISO 36.93 ± 0.53 1.62 ± 0.90

∆ Sweat rate on
chest

CON 36.83 ± 0.56
0.904

3.11 ± 3.97
0.600SUC 36.81 ± 0.60 2.89 ± 2.33

ISO 36.92 ± 0.55 1.88 ± 0.66

∆ SkBF on chest
CON 36.83 ± 0.59

0.791
1597 ± 1351

0.516SUC 37.02 ± 0.58 1110 ± 276
ISO 37.98 ± 0.57 1127 ± 920

∆Tre

∆ Sweat rate on
forearm

CON 0.06 ± 0.07
0.269

2.61 ± 2.3
0.418SUC 0.11 ± 0.11 2.30 ± 1.62

ISO 0.13 ± 0.10 1.56 ± 0.86

∆ Sweat rate on
chest

CON 0.07 ± 0.07
0.301

3.11 ± 3.97
0.606SUC 0.11 ± 0.08 2.89 ± 2.33

ISO 0.13 ± 1.10 1.88 ± 0.66

∆ SkBF on chest
CON 0.11 ± 0.06

0.276
1621 ± 1337

0.426SUC 0.16 ± 0.11 1201 ± 379
ISO 0.19 ± 0.13 1091 ± 834

Tre, rectal temperature; SkBF, skin blood flow; CON, control (water); SUC, sucrose; ISO, isomaltulose. Values are presented as means ± SD.
n = 9 for all variables.

3.3. Body Mass Loss and Urinary Output

Absolute body mass loss (0.79 ± 0.12, 0.79 ± 0.24, and 0.68 ± 0.17 kg for CON, SUC,
and ISO, respectively; p = 0.340) and relative body mass loss (1.19% ± 0.46%, 1.34% ± 0.32%,
and 1.1% ± 0.21%; p = 0.283) were similar between the trials. Urine volume, measured
after exercise, did not differ between trials (294 ± 195, 287 ± 116, and 174 ± 124 mL for
CON, SUC, and ISO, respectively; p = 0.098). Similarly, urine specific gravity on arrival
(1.011 ± 0.007, 1.013 ± 0.009, and 1.014 ± 0.011 for CON, SUC, and ISO, respectively;
p = 0.686) and after exercise (1.009 ± 0.007, 1.010 ± 0.008, and 1.018 ± 0.008; p = 0.064) did
not differ between trials.
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3.4. Subjective Feelings

Palatability of the beverage was higher in SUC than in CON (p = 0.045), whilst it was
not different in ISO as compared with other drinks (p = 0.073 and 0.821 for vs. CON and
SUC, respectively). Other subjective variables were not different between trials (Table 4).

Table 4. Subjective feelings at rest and after exercise in each trial.

Rest

Exercise
Post-

Exercise

p
Time into Ingestion

20 min
40 min

(BL before
Exercise)

Time Beverage Time ×
Beverage

Hunger
CON 3.9 ± 2.0 4.3 ± 2.2 - 4.6 ± 2.5

0.449 0.416 0.440SUC 4.1 ± 2.7 4.2 ± 2.9 - 4.1 ± 3.1
ISO 3.5 ± 1.9 3.7 ± 2.2 - 3.9 ± 2.5

Thirst
CON 1.4 ± 1.2 2.0 ± 1.8 - 4.6 ± 3.1

<0.001 0.394 0.541SUC 2.4 ± 2.0 2.8 ± 2.4 - 5.0 ± 3.4
ISO 2.8 ± 2.9 2.9 ± 2.8 - 5.2 ± 2.9

Stomach
fullness

CON 4.6 ± 2.2 3.8 ± 1.8 - 3.3 ± 1.9
<0.087 0.528 0.218SUC 4.0 ± 2.5 3.9 ± 2.5 - 3.8 ± 2.3

ISO 3.5 ± 2.4 3.3 ± 2.4 - 3.0 ± 2.4

RPE
CON - 7.5 ± 2.5 15.3 ± 2.2 18.8 ± 1.1

<0.001 0.407 0.463SUC - 7.3 ± 1.9 14.3 ± 1.6 18.8 ± 1.0
ISO - 7.9 ± 2.1 15.1 ± 2.2 18.9 ± 1.1

Thermal
sensation

CON - 1.6 ± 0.7 3.2 ± 0.4 3.6 ± 0.5
<0.001 0.171 0.594SUC - 1.4 ± 0.7 3.1 ± 0.7 3.5 ± 0.7

ISO - 1.8 ± 0.8 3.1 ± 0.6 3.7 ± 0.5

Comfort
CON - 4.6 ± 1.1 6.6 ± 0.5 6.9 ± 0.3

<0.001 0.194 0.597SUC - 4.3 ± 0.9 6.6 ± 0.5 6.8 ± 0.4
ISO - 4.8 ± 1.0 6.7 ± 0.5 7.0 ± 0.0

Palatability of
the beverage

CON 4.4 ± 1.7 - - -
Main effect of beverage 0.020SUC 6.7 ± 3.1 * - - -

ISO 4.9 ± 3.0 - - -

Exercise measurements were performed at 7 min after initiation of exercise at 75% peak oxygen uptake. Post-exercise assessment was
performed immediately after exercise. CON, control (water); SUC, sucrose; ISO, isomaltulose; RPE, rate of perceived exertion. Values are
presented as mean ± SD. n = 10 for all variables. * p = 0.045 vs. CON.

3.5. Exercise Performance

Mean power output (337 ± 76, 345 ± 71, and 332 ± 55 W for CON, SUC, and ISO,
respectively; p = 0.518) and peak power output (during the final minute of performance)
(380 ± 98, 407 ± 98, and 371 ± 63 W; p = 0.179) were not different between the trials.

4. Discussion

We observed greater glucose and insulin concentrations pre-exercise in SUC than
in ISO and CON. Ingestion of ISO and SUC did not induce pre-exercise PV expansion,
but it did elevate Posm, compared with that of CON—a key response known to delay
core temperature threshold for sweating and cutaneous vasodilation [18–20,41]. Despite
these hematologic responses following ISO and SUC ingestion, established at pre-exercise
resting state in a hot environment, core temperature threshold and slope for sweating and
cutaneous vasodilation during exercise were similar between trials. This suggests that
ingesting beverages containing ISO with electrolytes prior to exercise does not disturb
thermoregulatory responses during exercise in a hot environment. This is an important
insight for the use of ISO in sports drinks during exercise in a hot environment.

Initially, we expected several factors to affect thermoregulatory responses during
exercise, through modulation of PV and Posm following ISO and SUC ingestion. Regarding
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PV, different glycemic response between SUC and ISO would influence the rate of water
absorption and thereby PV expansion—a response known to augment thermoregulatory
sensitivity for heat loss [14–17]. Insulin secretion may also aid PV expansion by promot-
ing sodium and fluid reabsorption in kidney tubules [21,22]. However, PV expansion
and thermoregulatory sensitivity for sweating and cutaneous vasodilation were similar
among our trials, despite pre-exercise glucose concentration and insulin secretion being
higher with SUC ingestion than with ISO or CON. As for Posm, although we observed
elevated Posm following both SUC and ISO ingestion, such differences did not affect core
temperature threshold for sweating and cutaneous vasodilation during exercise. Because
insulin secretion following SUC ingestion may attenuate core temperature threshold for
heat loss responses [23], there is a possibility that, in the SUC trial, insulin secretion might
counteract the delaying effect of hyperosmolality on the core temperature threshold for
heat loss. However, as ISO ingestion did not affect the core temperature threshold for
heat loss, compared with CON ingestion, despite elevation of Posm without alteration of
insulin secretion, Posm elevation and insulin secretion in the SUC trial may not interact in
modulating core temperature threshold for heat loss responses.

The precise reason for absence of modulating heat loss responses following ISO and
SUC ingestion during exercise is unclear. We assume that hematologic responses at the pre-
exercise state, following ISO and SUC ingestion, did not translate into thermoregulatory
responses during exercise. Indeed, it has been suggested that an elevated plasma Glu
concentration after carbohydrate ingestion rapidly decreases to hypoglycemic levels within
10–20 min [42]. This response may occur in both high and low glycemic foods, whilst the
magnitude of the response is either similar between these foods [43] or greater in high
glycemic food [44]. The insulin response at the initial stage of the exercise is thought to
be similar between low and high glycemic foods despite the differences in pre-exercise
state [43,44]. We therefore assume that the glucose concentration (Figure 3) and probably
insulin response might not differ between ISO and SUC during exercise, thereby abolishing
its effect on thermoregulatory responses in the present study. In addition, although Posm
was higher in SUC and ISO trials than in CON (a significant effect of the trial), this response
was likely diminished during exercise (Figure 2). Thus, it seems that elevation of Posm,
induced by a high-intensity exercise [45], might override the changes in Posm following
carbohydrate ingestion, which could potentially suppress heat loss responses [18–20,41].
It is thought that the altered hematological state associated with carbohydrate beverage
ingestion at pre-exercise rest does not necessarily modulate thermoregulatory responses
during exercise.

It has been suggested that ingesting isomaltulose could induce gastrointestinal discom-
fort, thereby attenuating exercise performance [8]; however, this response is not necessarily
reported [7]. We develop these observations by showing that ISO ingestion does not in-
fluence subjective feelings as compared with CON and SUC at rest and during exercise
even in the heat. Palatability was higher in SUC as compared with CON. However, assum-
ingly, the difference in palatability might not affect the overall physiological responses and
performance during exercise since exercise was conducted 35 min after the fluid ingestion.

As expected, we did not observe any ergogenic effects of ISO or SUC on exercise
performance in a hot environment. This was probably because the exercise duration
was too short for performance enhancement through carbohydrate ingestions, as has been
described elsewhere [26]. It would be debatable to employ exercise performance assessment
for 1 min only in a carbohydrate supplementation study. We employed this protocol since
this is a similar time-dependent exercise to a real-world competition, such as a 5000 m
athletic event [25], albeit it is not exactly the same. In addition, the primary aim of the
present study was to assess potential negative effects of ISO on thermoregulation during a
specific narrow time window following the fluid ingestion (see introduction). Thus, it was
difficult to assess exercise performance for more than 1 min to complete the exercise within
our target time window. We assumed that glycemic response (and thus related hydration
status) would change during a prolonged exercise such that blood glucose concentration
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would start to increase in ISO as compared with SUC. Thus, there would be a possibility
that the effects of ISO ingestion on exercise performance in the heat, if any, would be
pronounced in other performance tests during a prolonged exercise. Associated with
this, König et al. [6] reported an efficacy of ISO ingestion on exercise performance during
exercise for approximately 30 min after 90 min sub-maximum trial. Further studies are
required to determine whether ISO ingestion prior to or during prolonged exercise in the
heat would improve performance.

Limitations

First, we focused on thermoregulatory responses during 15 min of exercise following
35 min of rest after ISO ingestion. This was an obligatory exercise protocol as we had
expected that ISO ingestion would have negative effects on thermoregulatory responses
during the specific exercise period (see Introduction) [5,11–13]. Some people would argue
that an exercise period of 15 min is too short for evaluating thermoregulatory responses.
However, it is important to note that the 15 min exercise at 75% VO2peak was of suffi-
cient duration to analyze core temperature threshold and slope for heat loss responses
(Figures 4 and 5). This is because the current analysis offers the initial thermoregulatory
responses during exercise only. Therefore, the short exercise duration combined with a
1 min performance test did not compromise the primary findings in the present study.
Nevertheless, it remains unknown whether ISO ingestion would affect thermoregulatory
responses during prolonged exercise lasting ~120 min, during which time blood glucose
and insulin concentrations would be higher in ISO than in SUC [5,11–13]. Second, as we
could not measure insulin concentrations during exercise, owing to small blood samples,
we could not confirm the insulin response. In addition, as we did not perform the oral
glucose tolerance test for screening the participants, we could not predict the abnormal
insulin secretion in some participants. This resulted in a reduction of the sample size (n = 7)
for insulin analysis. Furthermore, despite the acceptable coefficient of variation for Pins
(4%), we observed relatively large SD for insulin measurement. Hence, due to a reduced
sample size and large SD in Pins, care should be taken in interpreting the outcomes of this
variable in the present study.

Third, participants were not low glycemic status before test drink consumption
(Figure 3), probably because they ate a light breakfast 2 h before the participation. It
remains unknown if and how the glycemic status before participation affected the results in
the present study. Fourth, we did not measure maximum SkBF and blood pressure, both of
which are recommended to be assessed for better understanding of its neural control [46].
Hence, care should be taken in interpreting our SkBF data. Fifth, as we assessed VO2peak
in thermoneutral conditions in the preliminary test; there might be a possibility that the
relative intensity during exercise in a hot environment was higher than 75% VO2peak in
the present study. Finally, we employed a single-blind experiment due to our limited
laboratory staff who could fully engage in the experiments. Whilst we carefully performed
the experiments and analysis to exclude any biases, the single-blind trial could potentially
limit the interpretation of current findings.

5. Conclusions

We showed that pre-exercise ingestion of a beverage containing ISO did not disturb
thermoregulatory responses during exercise in a hot environment, compared with that of a
beverage containing SUC and CON.
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