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Abstract
The present study examined the effects of different temperatures of protein-containing drink after exercise on subsequent gastric motility and
energy intake in healthy young men. Twelve healthy young men completed three, 1-d trials in a random order. In all trials, the subjects ran on a
treadmill for 30 min at 80% of maximum heart rate. In exerciseþ cold drink (2°C) and exerciseþ hot drink (60°C) trials, the subjects consumed
300ml of protein-containing drink (0·34MJ) at 2°C or 60°C over a 5-min period after exercise. In the exercise (i.e. no preload) trial, the subjects sat
on a chair for 5 min after exercise. Then, the subjects sat on a chair for 30 min tomeasure their gastric motility with an ultrasound imaging system
in all trials. Thereafter, the subjects consumed a test meal until they felt comfortably full. Energy intake in the exerciseþ hot drink trial was 14 %
and 15 % higher than the exercise (P= 0·046, 95% CI 4·010, 482·538) trial and exerciseþ cold drink (P= 0·001, 95% CI 160·089, 517·111) trial,
respectively. The frequency of the gastric contractions in the exerciseþ hot drink trial was higher than the exercise (P= 0·023) trial and exercise
þ cold drink (P= 0·007) trial. The total frequency of gastric contractions was positively related to energy intake (r= 0·386, P= 0·022). These
findings demonstrate that consuming protein-containing drink after exercise at 60°C increases energy intake and that this increasemay be related
to the modulation of the gastric motility.
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According to a recent position paper on nutrition and exercise,
protein intake in the early recovery phase after exercise is rec-
ommended to help improve muscle protein synthesis(1).
Although the protein-containing drinks after exercise are known
to be useful for muscle recovery(2), post-exercise protein-
containing ingestion has been reported to reduce energy intake
compared with the carbohydrate-containing drinks(3,4), but
inconsistent results were also reported(5).

To date, three laboratory-based studies have examined the
effects of protein-containing drinks ingestion on subsequent
energy intake in various individuals(3–5), with discrepancies in
the results. Monteyne et al. and Rumbold et al. showed that con-
suming a protein-containing drink after exercise reduced energy
intake compared with consuming a carbohydrate-containing
drink(3,4). Clayton et al. reported that consuming a protein-
containing drink after exercise reduced energy intake compared
with a placebo drink, but did not differ from the carbohydrate-
containing drink(5). These studies vary in protocols including the
amount of protein-containing drink ingested (i.e., 500–600 ml),
the type of exercise (resistance exercise and aerobic exercise)
and the type of protein-containing drink (whey protein isolate

drink, skimmed milk and 6 % whey protein isolate drink).
Also, only one study clearly reported the drink temperature used
in the study (i.e. about 5°C)(4). Although the reasons for these
discrepancies among studies are unclear, the energy intake
might be affected by the drink temperature. Although the effec-
tiveness of internal thermal changes such as consuming cold
drink after exercise on exercise performance and preventing
dehydration has been addressed in previous studies(6), no stud-
ies have investigated the effects of ‘drink temperature’ after exer-
cise on energy intake. The rate of gastric emptying and the
magnitude of gastric motility (i.e. measured via cross-sectional
pyloric antral area reflecting gastric distention, rate of gastric
emptying and frequency of gastric contractions) are known as
one of the factors of appetite regulation after exercise(7) and
are influenced by the temperatures of consumed energy-
containing drinks(8,9). Indeed, Verhagen et al. showed that the
frequency of gastric motility increased after a liquid meal at
37°C and 55°C compared with after a liquid meal at 4°C(8).
Also, Mishima et al. showed that the rate of gastric emptying
was faster after a liquid and solid meal at 60°C compared with
after a meal at 37°C(9). Furthermore, our previous study has
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demonstrated that pre-meal water ingestion at 2°C reduces sub-
sequent energy intake compared with the water ingestion at 37°
C and 60°C, and reduced energy intake after consuming cold
water (i.e. at 2°C) ingestion is accompanied by a change in
gastric contractions(10). Thus, the rationale behind the intention
of the present study is based on these reported findings.
Collectively, to our knowledge, no studies have examined the
effects of different temperatures of a post-exercise protein-
containing drink on gastric motility and subsequent energy
intake(7). Investigations in this area represent an important gap
in current knowledge since adequate energy intake after exercise
is critical in preventing low-energy availability conditions(11).

The purpose of this study was to investigate the effects of dif-
ferent temperatures of protein-containing drink after exercise on
gastric motility and subsequent energy intake in healthy young
men. We hypothesised that consuming a protein-containing
drink at 60°C would increase gastric motility and subsequent
energy intake compared with consuming a protein-containing
drink at 2°C.

Experimental methods

Subjects

After approval from the Ethics Committee onHuman Research of
Waseda University (Approval number: 2019-016), twelve
healthy young men gave written informed consent to participate
in this study. This study was registered in advance with the
University Hospital Medical Information Network Center, a sys-
tem for registering clinical trials (ID: UMIN000036537). The
physical and descriptive characteristics of the subjects are shown
in Table 1. All subjects were non-smokers and were not taking
any medicine, and their body masses had been stable for at least
3 months before the study.

Standardisation of diet and physical activity

In the 15 h before the first main trial, subjects were weighed and
dietary intakewas recorded. This dietary intakewas replicated in
the 15 h preceding the second and third main trials. Food diaries
were analysed using software to determine energy intake and
macronutrient content (Excel Eiyoukun version 5.0;

Kenpakusha). In addition, the subjects were asked to remain
inactive for 1 d before each main trial. Subjects wore a uniaxial
accelerometer (Lifecoder-EX; Suzuken Co. Ltd) to monitor daily
activity the day before each main trial. The accelerometer
defined 11 activity intensity levels (0, 0·5 and 1–9) with 0 indicat-
ing the lowest intensity and 9 indicating the highest intensity.
A level of 4 corresponds to an intensity of about 3 metabolic
equivalents(12). The total step count (steps/d) was recorded
and calculated from the accelerometer using software
(Lifelyzer 05 Coach; Suzuken Co. Ltd).

Study design

The subjects underwent three, 1-d laboratory-based trials in ran-
dom order: (1) exercise (i.e. no preload), (2) exerciseþ cold
drink at 2°C and (3) exerciseþ hot drink at 60°C. The interval
between trials was at least 6 d. All subjects were asked to main-
tain their normal eating habits among the trials and to refrain
from vigorous exercise and alcohol intake for 24 h before each
trial. Before the main trials, each subject underwent the prelimi-
nary tests to determine their maximum oxygen uptake (VO2max)
andmaximumheart rate (HRmax). Two preliminary exercise tests
were performed as follows: (1) submaximal treadmill running
test and (2) maximum oxygen uptake treadmill running test.
After these preliminary tests, the subjects were given at 6 d to
recover from the exercise testing before the first main trial began
(11 (SD 6) days – the range from 6 to 29 d).

Preliminary exercise tests

After treadmill familiarisation, the subjects performed two pre-
liminary exercise tests on a treadmill (JOG NOW 700;
Technogym). The first test involved a 16-min treadmill running
test to establish the relationship between treadmill running
speed and oxygen uptake. Participants completed four, 4-min
incremental stages with a starting at a speed of 7 or 8 km/h
and increasing by 1·5 km/h every 4 min. The treadmill set at
0 % incline throughout. After resting for 15 min, participants then
completed a VO2max test. Maximum oxygen uptake was mea-
sured directly using an incremental uphill protocol at a constant
speed until the subjects reached volitional exhaustion(13). The
treadmill incline was initially set at 3·5 % and increased by
2·5 % every 3 min. Oxygen uptake, carbon dioxide production
and respiratory exchange ratio were measured continuously
throughout the tests using an online breath-by-breath gas analy-
ser (Quark CPET; COSMED). Heart rate was measured continu-
ously throughout the test using short range telemetry (Polar
RCX3; Polar Electro). Ratings of perceived exertion were
recorded at the end of each stage during both exercise tests using
the Borg scale(14). Criteria used to confirm a maximum value
included two or more of the following: (1) heart rate> 95% of
age-predicted HRmax, (2) respiratory exchange value> 1·15,
(3) a plateau in oxygen consumption and (4) ratings of perceived
exertion≥ 19.

Experimental protocol

On the day of each main trial day, subjects reported to the labo-
ratory at 0850 after a 10-h overnight fast – subjects were allowed

Table 1. Characteristics of the subjects
(Mean values and standard deviations, n = 12)

Characteristics Means SD

Age (years) 24·2 2·3
Height (m) 1·71 0·04
Body mass (kg) 65·9 6·0
BMI (kg/m2) 22·7 1·6
Maximum oxygen uptake (ml/kg/min) 53·5 7·7
Smoker (%) 0
Prescribed medicine intake (%) 0
Current disease status (%) 0
Daily drink intake per 1 h
0–200 ml (%) 63·6
201–400 ml (%) 27·3
401–600 ml (%) 0
601–800 ml (%) 9·1
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to drink only one glass of water no later than 2 h before each trial.
Subjects ran on the treadmill for 30 min (09.00–09.30) at the run-
ning speed predicted to elicit 80% of HRmax in all trials. Running
speed was adjusted by target HR. The ratings of perceived exer-
tion was recorded at 5-min intervals during the tests using the
Borg scale(14). Within 5 min after the running exercise (09.30–
09.35), subjects consumed 300 ml of protein-containing drink
(60·0 % energy as protein, 12·6% energy as fat and 11·6 % energy
as carbohydrate; 0·34 MJ) at 2°C or 60°C in the exerciseþ cold
drink and exerciseþ hot drink trials, respectively. The protein-
containing drink contained 300 ml of water mixed with 21 g
of protein powder composed of 2·9 g of carbohydrate, 15·0 g
of protein and 1·2 g of fat (SAVAS whey protein 100; Meiji Co.
Ltd). Temperature of protein-containing drink was measured
using an electric thermometer (testo 106; Testo K.K.). A volume
of 300 ml was chosen for the protein-containing drink because
this volumewas shown to delay gastric emptying in the previous
study(15). In the exercise trial, subjects sat on a chair in a fixed
position for the same amount of time as they consumed the des-
ignated drink (i.e. 5 min). Subjects then sat on a chair in a fixed
position (i.e. the angle between the upper and lower part of the
body was approximately 120°) in the laboratory for 30 min
(09.35–10.05) in all trials. The subjects were then asked to con-
sume the test meal from 10.05 andwere instructed to eat as much
as they feel satisfied until 11.05 in all trials. The 30-min interval
between ingesting the protein-containing drink and subsequent
meal was chosen because a previous study that has examined
the effects of drink temperatures at 4°C, 37°C and 50°C on gastric
motility over 60 min reported greater pyloric motility was
observed in the 50°C drink than the 2°C drink in the first 30
min after consumption of the drinks(16). A 2D ultrasound scan
was performed to assess the change in the cross-sectional pyloric
antral area and gastric contractions at 09.00, 09.35, 09.45, 09.55
and 10.05. Venous blood samples were collected by venepunc-
ture at 09.00, 09.35, 10.05 and 10.35 with subjects placed in a
seated position to analyse plasma glucose, plasma insulin,
plasma acylated ghrelin, plasma peptide YY (PYY) and serum
NEFA concentrations. Subjects also completed a 100-mm visual
analogue scale using a paper-based questionnaire(17), which
assessed the subjective perceptions of appetite and feelings of
stomach condition at 09.00, 09.35, 10.05 and 10.35.

Subjective appetite perceptions and energy intake

A prior written survey ensured the acceptability of the test meal;
cereal (i.e. 9·7 % energy as protein, 20·5 % energy as fat and
69·8 % energy as carbohydrate) and milk (i.e., 19·8 % energy
as protein, 51·1 % energy as fat and 29·1 % energy as carbohy-
drate) were selected as the test meal at 10.05. Subjects were
instructed to eat using a small bowl until they felt comfortably
full and satisfied, and that additional food was available if
desired(18). The test meal was prepared in excess of expected
consumption on the table so that the subjects do not need to
ask experimenters for serving additional food and was served
in a feeding booth in the laboratory to remove outside distrac-
tions. During the trials, the subjects and experimenters were
instructed to refrain from talking about the food. Drinking water
was prohibited while the subjects were consuming the test meal.

The upper limit of meal intake time was set at 1 h, referring to a
previous study that examined the effects of pre-meal water
intake on energy intake(10), and mean time to consume the test
meal in the exercise, exerciseþ cold drink and exerciseþ hot
drink trials was 25·5 (SD 6·5), 23·1 (SD 4·5) and 15·5 (SD 4·3) min,
respectively. The total amount of food intake (g) was ascertained
by examining the weighted difference in the test meal remaining
than that initially presented. The total energy intake from the test
meal was calculated using manufacture-reported values.
Subjects completed visual analogue scale(17) at 09.00, 09.35,
10.05 and 10.35 to assess their perceptions of appetite (i.e. hun-
ger, fullness and desire to eat sweet, sour, fatty and salty foods).
Also, subjects completed another visual analogue scale at 09.00,
09.35, 10.05 and 10.35 to assess the perceptions of feelings of
stomach condition (i.e., ‘Does your stomach feel uncomfort-
able?’, ‘Do you feel your stomach is expanding?’ and ‘Do you
want to eat now?’). The verbal anchors ‘not at all’ and ‘extremely’
were placed at 0 and 100 mm on visual analogue scale,
respectively.

Assessment of gastric motility and blood flow

Several previous studies suggest that the antrum is the most suit-
able area to evaluate the stomach capacity (for a review of this,
see Van de Putte et al.(19)). Pyloric antral area measurements
were performed using a 2D ultrasound machine (LOGIQ-e;
GE Healthcare) and a 5·0 MHz sector transducer. All metals were
removed from the surrounding area to avoid the possibility of
interference during acquisition. To optimise precision, the trans-
ducer was positioned vertically to obtain a parasagittal image of
the pyloric antrum, with the superior mesenteric vein and the
abdominal aorta in a longitudinal section, as described
previously(19). After obtaining these signals formeasuring pyloric
antral area for 1 min at 09.00, 09.35, 09.45, 09.55 and 10.05, the
pyloric antral area (cm2) was determined using an image-editing
software (ImageJ 1.47; National Institute of Mental Health). The
gastric contractions of the pyloric antral area were defined as the
frequency of contractions per 1 min.

Themean blood velocities (MBV) and vessel diameters of the
coeliac artery (CA), which supplies blood flow to the stomach,
liver and spleen, and superior mesenteric artery (SMA) that
supplies to the entire small intestine, proximal portions of the
colon and the pancreas were measured. Simultaneously
pulsed and echo-Doppler ultrasound flowmetry (LOGIQ-e;
GE Healthcare) was used to measure MBV in and vessel diam-
eters of the CA and SMA, as described previously(20). A curved-
array Doppler scan probe operated a pulse Doppler frequency
of 3·3 MHz (LOGIQ-e; GE Healthcare). The Doppler beam inso-
nation angle relative to the blood vessel was maintained at≤60°.
After obtaining these signals for the measurement of MBV for 1
min, a cross-sectional image of the vessel was recorded for 30 s.
This process was performed at 09.00, 09.35, 09.45, 09.55 and
10.05. The HR and MBV were sampled at 20 kHz using an
A/D converter (PowerLab 8/30; ADInstruments). The spectra
of the MBV signals were analysed offline using our Doppler sig-
nal processing software, and beat-by-beat MBV values were cal-
culated.MBVwas determined by averaging the ten largest values
per min to eliminate respiration-induced data variations. The
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images sent from the Doppler monitor were videotaped to
enable later measurement of the pyloric antral area and vessel
diameters using image-editing software (ImageJ 1.47; National
Institute of Mental Health). The MBV of CA and SMA were cal-
culated as π·r2·MBV × 60, where r is the radius of the artery. The
same technician measured all gastric measurements (i.e. MBV of
CA and SMA, pyloric antral area and gastric contractions) to
minimise measurement errors. CV for gastric motility and blood
flow were 0·5 % for pyloric antral area, 0·6 % for gastric contrac-
tions of the pyloric antral area, 0·6 % for MBV of CA and 0·6 % for
MBV of SMA.

Biochemical analysis

For serum NEFA, venous blood samples were collected into
tubes containing clotting activators for serum isolation. The col-
lected samples were allowed to clot for 30 min at room temper-
ature and then centrifuged at 1861 g for 10min at 4°C. Serumwas
removed, divided into aliquots and stored at −80°C for later
analysis. For plasma glucose, insulin and PYY measurements,
venous blood samples were collected into sodium fluoride-
EDTA tubes. The tubes were immediately centrifuged and
treated as above. For plasma acylated ghrelin, venous blood
samples were collected into EDTA tubes containing aprotinin
to prevent degradation of ghrelin by protease. The tube was
immediately centrifuged, and 100 μl of plasma was removed
and was transferred into a tube containing 10 μl of hydrochloric
acid. The sample was stored at −80°C for later analysis.
Enzymatic, colorimetric assays were used to measure serum
NEFA (NEFAHR; Wako Pure Chemical Industries, Ltd) and
plasma glucose (GLU-HK(M); Shino-Test Corporation). ELISA
was used to measure plasma acylated ghrelin (N750; SCETI
K.K) and PYY (YK080; Yanaihara Institute Inc.).

Statistical analysis

The sample size was estimated with G*Power 3.1(21), using the
data from a previous cross-over study that investigated the
effects of pre-meal fluid intake on energy intake(10). A sample
size of ≥5 subjects was required to detect energy intake with
a power of 80 % and an α level of 5 %. However, gastric motility
varies among individuals(22), and the magnitude changes in gas-
tric motility influence subsequent energy intake(10). Therefore,
we set our sample size to 12 based on our previous study that
examined the changes in pre-meal water intake and gastric
motility(23). Data were analysed using the Predictive Analytics
Software (PASW) version 23.0 for Windows (IBM SPSS
Statistics 23.0; SPSS Japan Inc.). The Shapiro–Wilk test was used
to check for the normality of distribution; all parameters were
normally distributed. Repeated-measures one-factor ANOVA
was used to assess differences among the three trials in energy
intake and the length of meal. Repeated-measures, two-factor
ANOVA was used to examine differences over time among
the three trials in the cross-sectional pyloric antral area, fre-
quency of gastric contractions, splanchnic blood flow, subjective
appetite perceptions (i.e. hunger, fullness and desire to eat
sweet, sour, fatty and salty foods) and subjective perception
of the stomach. Where significant trial–time interactions and trial

effects were found, the values were subsequently analysed with
post hoc analysis for multiple comparisons using the Bonferroni
method. The correlation coefficients were determined by using
Pearson’s product-moment tests between the frequency of gas-
tric contractions and energy intake. The 95 % CI for the mean
absolute pairwise differences among the three trials were calcu-
lated using the t-distribution and degrees of freedom (n − 1).
Effect sizes (ES) (Cohen’s d) were calculated to describe the
magnitude of difference between trials. Effect sizes of 0·2 are
considered the minimum important difference in all outcome
measures, 0·5 moderate and 0·8 large(24). Data were expressed
as means and standard deviations. Statistical significance was
set at P< 0·05.

Results

Dietary and physical activity data

Themean energy intake 15 h before each trial was 3·4 (SD 1·3)MJ.
Subjects weighed and recorded all dietary intakes in the 15 h
before the first trial, and these dietary intakes were subsequently
replicated in the 15 h preceding the second and third trials. The
food diary analyses of food diaries revealed that energy intake
was the same in the 15 h preceding each trial. The energy intake
equated to 36 (SD 24) % (36·7 (SD 30·7) g/d) from fat, 41 (SD 24) %
(99·7 (SD 40·8) g/d) from carbohydrates and 14 (SD 6) %
(30·8 (SD 15·0) g/d) from protein. The step counts, frequencies
for light (levels 1–3) physical activity, moderate (levels 4–6)
physical activity and vigorous (levels 7–9) physical activity
recorded the day before each trial did not differ significantly
among the trials (Table 2).

Pre-trial

There were no significant differences in body mass among the
exercise, exerciseþ cold drink and exerciseþ hot drink trials
at 09.00 (i.e. pre-trial). At pre-trial, subjective appetite percep-
tions (i.e. fullness and desire to eat sweet, sour, fatty and salty
foods) and perception of the stomach did not differ among
the trials. Subjective appetite perception of hunger at the pre-trial
differed among the trials. Post hoc analyses revealed no signifi-
cant differences between trials (P> 0·05). Cross-sectional pyloric
antral areas and frequency of gastric contractions were also not
different at 09.00 (i.e. pre-trial) among the trials. MBV of CA and
SMA were also not different at 09.00 (i.e. pre-trial) among the tri-
als. There were no significant differences in glucose, NEFA, insu-
lin, acylated ghrelin and PYY concentrations at the pre-trial
among the trials. The body mass, fasting values for perception
of the appetite and stomach, cross-sectional pyloric antral areas,
frequency of gastric contractions, MBV of CA and SMA, glucose,
NEFA, insulin, acylated ghrelin and PYY are shown in Table 2.

Exercise responses

There were no differences in mean HR (161 (SD 12) v.
161 (SD 15) v. 162 (SD 14) bpm for the exercise, exerciseþ cold
drink and exerciseþ hot drink trials, respectively, ES = 0·007,
P > 0·05) and ratings of perceived exertion (14 (SD 2) v.
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14 (SD 2) v. 14 (SD 2) for the exercise, exerciseþ cold drink and
exerciseþ hot drink trials, respectively, ES = 0·049, P > 0·05)
during the treadmill running among the trials.

Energy intake

Energy intake differed among the trials (6·5 (SD 2·1) MJ v.
6·1 (SD 2·1) MJ v. 7·5 (SD 2·5) MJ for the exercise, exerciseþ cold
drink and exerciseþ hot drink trials, respectively; main effect of
trial, ES= 0·501, P< 0·001). Post hoc tests revealed that energy
intake in the exerciseþ hot drink trial was 14% and 15% higher
than the exercise (P= 0·046, 95% CI 4·010, 482·538) and exercise
þ cold drink (P= 0·001, 95% CI 160·089, 517·111) trials, respec-
tively (Fig. 1). The amount of cereal (282·2 (SD 87·8) g v.
269·3 (SD 95·7) g v. 338·2 (SD 133·4) g for the exercise, exerciseþ
cold drink and exerciseþ hot drink trials, respectively;main effect
of trial, ES= 0·462, P= 0·001) consumed also differed among tri-
als. The amount of milk consumed did not differ among trials
(694·6 (SD 317·5) ml v. 627·1 (SD 256·2) ml v. 739·1 (SD 264·4) ml
for the exercise, exerciseþ cold drink and exerciseþ hot drink
trials, respectively; main effect of trial, ES= 0·201, P> 0·05).
There was no difference in the average time taken to feel comfort-
ably full (25·5 (SD 6·5) min, 23·1 (SD 4·5) min and 23·9 (SD 6·1) min
for the exercise, exerciseþ cold drink and exerciseþ hot drink
trials, respectively; ES= 0·162, P> 0·05) among the trials.

Subjective appetite perceptions

There were no significant differences in subjective appetite per-
ceptions (i.e. hunger, fullness and desire to eat sweet, sour, fatty

Table 2. Pre-trial physical activity, anthropometric, biochemical and perception of appetite and stomach values†
(Mean values and standard deviations, n = 12)

EX EXþCold EXþHot

PMean SD Mean SD Mean SD

Physical activity the day before each trial
Step counts (steps/d) 7264 2944 9523 4557 9659 2425 NS
Light (levels 1–3) physical activity (min/d) 59 36 55 33 42 20 NS
Moderate (levels 4–6) physical activity (min/d) 29 25 32 28 29 16 NS
Vigorous (levels 7–9) physical activity (min/d) 2 2 3 4 2 1 NS

Body mass
Body mass (kg) 65·6 6·1 65·1 6·0 65·1 5·8 NS

Perception of the appetite
Hunger (mm) 73·3 22·7 61·5 22·9 71·8 23·4 0·011*
Fullness (mm) 11·3 8·4 19·2 12·9 13·0 11·1 NS
Desire to eat sweet foods (mm) 62·7 28·8 57·5 28·3 60·8 28·7 NS
Desire to eat sour foods (mm) 41·5 28·4 29·6 26·4 34·8 34·3 NS
Desire to eat fatty foods (mm) 39·3 32·9 36·7 30·3 43·8 34·0 NS
Desire to eat salty foods (mm) 56·8 31·8 46·0 29·6 57·7 30·4 NS

Perception of stomach
Feeling of stomach (mm) 30·6 29·8 25·8 23·8 26·8 30·9 NS
Stomach expansion (mm) 20·3 25·6 20·6 24·5 21·2 24·3 NS
Desire to eat food (mm) 72·4 27·1 65·7 23·4 71·2 26·8 NS

Gastric motility
Cross-sectional pyloric antral areas (cm2) 3·4 0·8 3·9 1·2 3·8 0·8 NS
Frequency of gastric contractions (times/min) 0·9 0·7 1·3 0·8 1·3 0·4 NS

Gastric blood flow
Mean blood velocities of coeliac artery (ml/min) 116·6 77·7 113·8 71·3 138·7 57·1 NS
Mean blood velocities of superior mesenteric artery (ml/min) 97·1 68·1 91·4 44·3 126·4 66·0 NS

Blood concentrations
Glucose (mmol/l) 4·6 0·4 4·8 0·3 4·9 0·3 NS
NEFA (mmol/l) 0·4 0·2 0·3 0·1 0·4 0·1 NS
Insulin (pmol/l) 17·4 8·8 22·4 11·6 19·2 9·9 NS
Acylated ghrelin (pg/ml) 61·4 17·6 60·3 15·2 57·4 16·0 NS
Peptide YY (pg/ml) 789·9 326·2 789·9 326·2 855·0 493·5 NS

EX, running for 30 min at 80% of maximum heart rate; Cold, 300 ml of protein-containing drink intake at 2°C; Hot, 300 ml of protein-containing drink intake at 60°C.
* No significant differences between trials (P> 0·05).
† Data were analysed using one-factor ANOVA.

Fig. 1. Energy intake at test meal. Data are mean ± SD. Mean was compared
using one-factor ANOVA for the main effect of trial followed by a multiple
comparison test using the Bonferroni method. EX, running for 30 min at 80 %
of maximum heart rate; Cold, 300 ml of protein-containing drink intake at 2°C;
Hot, 300 ml of protein-containing drink intake at 60°C. *Significantly different
between the EX and EXþHot trials (p < 0·05). †Significantly different between
the EXþCold and EXþHot trials (p < 0·05).
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and salty foods) or perceptions of the stomach (i.e. ‘Dose your
stomach feel uncomfortable?’, ‘Do you feel your stomach is
expanding?’ and ‘Do you want to eat now?’) among the tri-
als (P> 0·05).

Gastric antral area and gastric motility

For the cross-sectional pyloric antral areas, there were trial–time
interactions (ES= 0·372, P= 0·011). Cross-sectional pyloric
antral areas increased in the exerciseþ cold drink and exercise
þ hot drink trials compared with the exercise trial at 09.35 (i.e.
after exercise) (4·3 (SD 2·1) cm2 v. 7·9 (SD 3·5) cm2 v. 9·8 (SD 3·7)
cm2 for the exercise, exerciseþ cold drink and exerciseþ hot
drink trials, respectively; exercise v. exerciseþ cold drink:
P= 0·024, 95 % CI 0·804, 8·431, exercise hot v. exerciseþ hot
drink: P= 0·018, 95 % CI 1·148, 9·205), 09.45 (i.e. 15 min after
exercise) (4·4 (SD 2·1) cm2 v. 9·0 (SD 2·3) cm2 v. 9·0 (SD 3·2) cm2

for the exercise, exerciseþ cold drink and exerciseþ hot drink
trials, respectively; exercise v. exerciseþ cold drink: P= 0·001,
95 % CI 3·350, 7·436, exercise v. exerciseþ hot drink:
P= 0·004, 95 % CI 0·146, 8·361) and 09.55 (i.e. 25 min after exer-
cise) (4·0 (SD 1·6) cm2 v. 8·0 (SD 1·4) cm2 v. 7·2 (SD 2·1) cm2 for the
exercise, exerciseþ cold drink and exerciseþ hot drink trials,
respectively; exercise v. exerciseþ cold drink: P= 0·003, 95 %
CI 2·133, 6·447, exercise v. exerciseþ hot drink: P= 0·042,
95 % CI 0·136, 5·676) (Fig. 2). The frequency of gastric contrac-
tions differed significantly among the trials (main effect of
trial, ES= 0·710, P= 0·001). Post hoc analyses indicated that
the frequency of gastric contractions in the exerciseþ hot drink
trial was higher than the exercise (P= 0·023, 95 % CI 0·176,
1·938) and exerciseþ cold drink (P= 0·007, 95 % CI 0·370,
1·801) trials (Fig. 3).

Association between energy intake and frequency of the
gastric contractions

There was a positive relationship between energy intake from
the test meal and the total frequency of gastric contractions when
the data from all trials were pooled (i.e. exercise, exerciseþ cold
drink and exerciseþ hot drink trials) (r= 0·386, P= 0·022).

Splanchnic blood flow

There was no main effect of trial (ES< 0·001, P> 0·05), time
(ES= 0·048, P> 0·05) and trial–time interaction (ES= 0·192,
P> 0·05) for blood flow in the CA. There were no main effects
of trial (ES= 0·315, P> 0·05), time (ES= 0·474, P> 0·05) and
trial–time interaction (ES= 0·389, P> 0·05) for blood flow in
the SMA.

Blood concentrations

The 2-h incremental AUC values for glucose, NEFA, insulin, acy-
lated ghrelin and PYY are shown in Table 3. For the glucose,
there was a main effect of time (ES= 0·345, P= 0·003). Post
hoc analysis indicated that glucose increased after exercise
(P< 0·05). For the NEFA, there was a main effect of time
(ES= 0·885, P< 0·001) and trial–time interactions (ES= 0·338,
P< 0·001). Post hoc analysis revealed that NEFA did not differ
between trials at all time points (P> 0·05). For the insulin, there

was a main effect of trial (ES= 0·338, P= 0·016). Post hoc analy-
sis indicated that insulin tended to be higher in the exerciseþ
cold drink (P= 0·062, 95 % CI –0·257, 11·590) and exerciseþ hot
drink (P= 0·079, 95 % CI –0·867, 17·822) trials than the exercise
trial. There were no between-trials differences for the acylated
ghrelin. For the PYY, there was a main effect of time
(ES= 0·865, P< 0·001). Post hoc analysis revealed that PYY
increased after exercise and the test meal.

Discussion

To our knowledge, the present study is the first to investigate
how different temperatures of protein-containing drink after
exercise influence gastric motility and subsequent energy intake
in healthy men. The present study demonstrated that consuming
300 ml of protein-containing drink at 60°C after 80 % of HRmax

Fig. 2. Cross-sectional pyloric antral area before and after exercise. Data are
mean ± SD. Black rectangle indicates consuming 300 ml of protein-containing
drink in 5 min. Data were analysed using two-factor ANOVA followed by a multi-
ple comparison test using the Bonferroni method. EX, running for 30min at 80%
of maximum heart rate; Cold, 300 ml of protein-containing drink intake at 2°C;
Hot, 300 ml of protein-containing drink intake at 60°C. There was a significant
trial–time interaction (p = 0·011). *Significantly different from EX trial (p < 0·05).

, EX; , EXþCold; , EXþHot.

Fig. 3. The frequency of gastric contractions before and after exercise. Data are
mean ± SD. Black rectangle indicates consuming 300 ml of protein-containing
drink in 5 min. Data were analysed using two-factor ANOVA followed by a multi-
ple comparison test using the Bonferroni method. EX, running for 30min at 80%
of maximum heart rate; Cold, 300 ml of protein-containing drink intake at 2°C;
Hot, 300 ml of protein-containing drink intake at 60°C. There was a significant
main effect of trial (p = 0·001). , EX; , EXþCold; , EXþHot.
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treadmill running increased subsequent ad libitum energy
intake by 14 % and 19 % comparedwith no preload and consum-
ing 300 ml of protein-containing drink at 2°C, respectively. The
present study also showed that increased energy intake after
consuming protein-containing drink at 60°C was accompanied
by changes in gastric contractions. These findings add new
knowledge to the literature, demonstrating that drink tempera-
ture may play an important role in modulating post-exercise gas-
tric motility and subsequent energy intake. The inability to
replenish the energy consumed by exercise from the diet after
exercise can cause negative physical consequences, including
delayed physical recovery. Our study provides useful informa-
tion for improving appetite and can aid in proper energy replen-
ishment after exercise.

Three laboratory-based studies have examined the effects of
protein-containing drink ingestion on subsequent energy
intake(3–5), with discrepancies in the results. Although three
available studies examined the effect of post-exercise protein-
containing drink ingestion on energy intake in humans(3–5), only
one study has specified the temperature of water used in the
study (i.e. about 5°C)(4). Alternatively, given the well-docu-
mented slower rate of gastric emptying and lower energy intake
at cold water (i.e. at 2°C) comparedwith warmwater (i.e. at 37°C
and 60°C)(10), the temperature of ingested protein-containing
drink may be the proposed reason for the discrepant findings
among the studies. In addition, oral sensations such as taste
related to appetite(25) are known to be affected by meal temper-
ature, especially sweetness which increases in intensity with
increasing temperature(26). Although the present study did not
measure the effects of different temperatures of protein-contain-
ing drinks on oral sensation, it may explain the differences in
energy intake caused by drink temperatures.

Changes in gastricmotilitymight be themost plausible reason
why the different temperatures of protein-containing drink
affected ad libitum energy intake. Gastric motility is known as
a key mediator of appetite control(27). Several previous studies
have shown that gastric emptying and gastric motility can influ-
ence exercise-induced energy intake changes before and during
exercise(7). The present study demonstrated that the gastric
contraction increased after consuming a 300 ml of protein-
containing drink at 60°C compared with other trials. There
was a positive relationship between energy intake from the test
meal and the frequency of the total gastric contractions.
Moreover, our previous study demonstrated that consuming

500 ml of water at 37°C and 60°C increased subsequent energy
intake compared with 500 ml of water at 2°C. Increased energy
intake after consuming water at 37°C and 60°C was accompa-
nied by a change in gastric contractions(10). The temperature
of a drink is known to be one of themajor factors affecting gastric
motility(8,16). Two laboratory-based studies that investigated the
effects of hot drink intake on gastric motility measured by elec-
trogastrogram have demonstrated increased gastric contraction
after consuming a hot drink (50–55°C) compared with consum-
ing cold drink or warm drink (4–37°C)(8,16). Although we mea-
sured gastric motility via an ultrasound imaging system instead
of an electrogastrogram in the present study, our findings were
similar to these previous studies(8,16). Peristaltic motions of the
stomach propagate due to induction by slowwaves from the car-
dia to pyloric antral area and controlled gastric motility.
Nakamura et al. collected the smooth muscle from guinea pigs
and examined peristalsis changes with elevated temperature(28).
This study indicated that elevated the temperature from 24°C to
42°C increased the frequency and maximum rate of rising of the
upstroke phase of slow waves(28). Sun et al. reported that the
temperature in the stomach reached 43°C after consuming 400
ml of orange juice at 50°C(29). Based on these findings, a similar
gastric temperature can be expected after consuming 300 ml of
protein-containing drink at 60°C in the present study. These
results suggest that increased gastric motility might be caused
by elevated gastric temperatures. Although the rate of gastric
emptying is influenced by the fluid temperature(9,22,29) and
affects the subjective feeling of hunger(30), the cross-sectional
pyloric antral area, an indicator of gastric emptying, did not
change between the protein-containing drink at 60°C and 2°C
in the present study. These discrepancies observed between
the present study and previous studies(9,22,29) may be explained
by the differences in the measurement condition (i.e. exercise or
rest). Exercise is one of the factors that leads to delayed gastric
emptying(7), and immediate post-exercise carbohydrate-protein
drink ingestion delays gastric emptying comparedwith ingestion
30 min after exercise(15). Therefore, gastric emptying is tempo-
rarily delayed after exercise(15), and gastric emptyingmay be less
affected by the temperature of drink after exercise. Another rea-
son for the discrepant findingsmay be explained by the effects of
sensory perceptions of the drinks. Although the macronutrients
of drink (i.e. protein, fat and carbohydrate) are less effective for
gastric emptying(31), the differences in oral sensation, such as
thickness and creaminess, due to differences in nutrients, affect

Table 3 Incremental AUC values of blood measurements over 2 h†
(Mean values and standard deviations, n = 12)

EX EXþCold EXþHot

PMean SD Mean SD Mean SD

Glucose (mmol/l per 2 h) 1·1 0·9 0·7 0·6 0·8 0·8 NS
NEFA (mmol/l per 2 h) 0·5 0·2 0·4 0·2 0·5 0·2 NS
Insulin (pmol/l per 2 h) 132·0 69·0 209·4* 71·1 261·6* 151·6 0·002
Acylated ghrelin (pg/ml per 2 h) 13·0 22·3 7·8 14·4 4·7 5·4 NS
Peptide YY (pg/ml per 2 h) 151·5 100·3 148·1 72·4 138·1 66·4 NS

EX, running for 30 min at 80% of maximum heart rate; Cold, 300 ml of protein-containing drink intake at 2°C; Hot, 300 ml of protein-containing drink intake at 60°C.
* Different from the EX trial (P< 0·05).
† Data were analysed using one-factor ANOVA followed by a multiple comparison test using the Bonferroni method.
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gastric emptying rate(3). In the present study, the thickness and
creaminess of protein-containing drinksmay have contributed to
gastric emptying differences due to temperature. Future studies
should examine the effect of the differences in oral sensations
due to drink temperature on gastric emptying.

Several possible mechanisms explain how gastric contraction
affects energy intake. First, appetite-regulating hormones
secreted from the gastrointestinal tract might affect gastric con-
traction and/or energy intake(32). However, in the present study,
the trials did not differ in the concentrations of acylated ghrelin, a
hormone that increases gastric contraction and enhances energy
intake, and PYY which reduces gastric contraction and sup-
presses energy intake. Second, gastrointestinal blood flow,
which is delivering appetite-regulating hormones, has been
reported to decrease after high-intensity exercise and has been
implicated as a contributing factor to anorexia after exercise(33).
However, after 30 min of running at 80 % of HRmax conducted in
the present study, the blood flow in the SMA and CA, which are
represented by gastrointestinal blood flow, did not change. Also,
the gastrointestinal blood flow was not affected by the different
temperatures of the consumed drink after exercise. These results
suggest that gastrointestinal blood flow has little effect on the
increase in energy intake from hot protein-containing drinks
ingested after exercise. Collectively, our findings suggest that
increased mechanical gastric contractions other than appetite-
regulating hormones and gastrointestinal blood flow may play
an important role in increased energy intake.

The present study has several strengths. We examined the
effects of different temperatures of protein-containing drinks on
both gastricmotility and energy intake. Themacronutrient content
of drinks, ambient temperature and the amount of water taken
during exercise are often considered factors for the influence of
exercise on energy intake(5,7,34,35). To our knowledge, the present
study is the first to examine the effects of different temperatures of
protein-containing drinks after exercise on subsequent energy
intake.Moreover,wehave tried to address the role of gastricmotil-
ity, a potential mechanism underpinning the modulation of
energy intake, in energy intake after exercise. Therefore, the
present findings may provide important insight into the role that
the drink temperature plays in modulating energy intake after
exercise. Although future research is needed to examine the
effects of palatability, easiness and taste which are associatedwith
drink temperature on feelings of appetite and energy intake in
order to evaluate the practical relevance of warm drink in daily
exercise, the results of the present study indicate that hot meals
such as hot drinks andhot soupsmaybeuseful as one of themeth-
ods of post-exercise nutrient ingestion to enhance appetite.
However, the present study has several limitations. First, energy
intake, appetite-regulating hormones, gastric motility and gastro-
intestinal blood flow were assessed for lasting approximately 2 h.
These variables may need to be assessed over a more extended
period to detect the effects of different temperatures of protein-
containing drink after exercise, if any, on appetite. Second, we
did not providewater to subjects during themeal to avoid stomach
distention caused by water intake, and this lack of water might
affect energy intake after exercise(36). Another limitation is the
generalisability of our study since this study examined the acute
effect of the pre-meal drink volume on gastric motility and energy

intake in healthy individuals. Further studies should examine the
chronic effects in various populations, including different age
groups and health conditions.

In conclusion, consuming 300 ml of protein-containing drink
at 60°C after 80 % of HRmax treadmill running increased gastric
contractions and ad libitum energy intake compared with no
preload and an identical drink at 2°C after 80 % of HRmax tread-
mill running in healthy young men. Therefore, the post-exercise
consumption of hot drinks is useful for post-exercise appetite
enhancement.
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