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A B S T R A C T   

Background/objectives: Butyrylcholinesterase (BChE), a liver-derived enzyme that hydrolyzes acylated ghrelin to 
des-acylated ghrelin, may trigger a potential mechanism responsible for the acute exercise-induced suppression 
of acylated ghrelin. However, studies examining the effects of an acute bout of high-intensity exercise on BChE 
and acylated ghrelin have yielded inconsistent findings. This study aimed to examine the acute effects of exercise 
intensity on BChE, acylated ghrelin and des-acylated ghrelin concentrations in humans. 
Methods: Fifteen young men (aged 22.7 ± 1.8 years, mean ± standard deviation) completed three, half-day 
laboratory-based trials (i.e., high-intensity exercise, low-intensity exercise and control), in a random order. In 
the exercise trials, the participants ran for 60 min (from 09:30 to 10:30) at a speed eliciting 70 % (high-intensity) 
or 40 % (low-intensity) of their maximum oxygen uptake and then rested for 90 min. In the control trial, par-
ticipants sat on a chair for the entire trial (from 09:30 to 12:00). Venous blood samples were collected at 09:30, 
10:00, 10:30, 11:00, 11:30 and 12:00. 
Results: The BChE concentration was not altered over time among the three trials. Total acylated and des-acylated 
ghrelin area under the curve during the first 60 min (i.e., from 0 min to 60 min) of the main trial were lower in 
the high-intensity exercise trial than in the control (acylated ghrelin, mean difference: 62.6 pg/mL, p < 0.001; 
des-acylated ghrelin, mean difference: 31.4 pg/mL, p = 0.035) and the low-intensity exercise trial (acylated 
ghrelin, mean difference: 87.7 pg/mL, p < 0.001; des-acylated ghrelin, mean difference: 43.0 pg/mL, p = 0.042). 
Conclusion: The findings suggest that BChE may not be involved in the modulation of ghrelin even though 
lowered acylated ghrelin concentration was observed after high-intensity exercise.   

1. Introduction 

Ghrelin, an endogenous ligand for the growth hormone secretagogue 
receptor, is a 28-amino-acid peptide hormone purified from the stomach 
with a unique acylated structure, in which the serine 3 residue is 
modified by n-octanoic acid.1 The n-octanoyl modification is essential 
for the biological regulation of the activity of ghrelin.1 Moreover, 
ghrelin, the only known orexigenic hormone that stimulates appetite, is 
also involved in the regulation of appetite and energy homeostasis.2 

Circulating ghrelin exists in two forms: n-octanoyl-modified (acylated) 
ghrelin and des-acyl (des-acylated) ghrelin.3 Although it has been sug-
gested that des-acylated ghrelin possibly has its receptors and some 
unique physiological functions,4 it has limited, if any, biological action 
despite comprising approximately 88–94 % of the total ghrelin (acylated 
and des-acylated ghrelin combined).5,6 In contrast, although acylated 
ghrelin disappears more rapidly from circulation than total ghrelin,7 due 
to its rapid des-acylation in the circulation,8 acylated ghrelin is largely 
responsible for stimulating appetite and energy intake.9,10 
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Circulating ghrelin concentrations are related to energy homeostasis 
as plasma ghrelin concentration exhibits a diurnal pattern with pre-
prandial increases and postprandial decreases in humans,11 indicating 
ghrelin plays an important role in short-term energy homeostasis. Given 
the role of ghrelin in the regulation of short-term energy homeostasis 
and evidence demonstrating that acute exercise influences energy bal-
ance, the acute effect of exercise on ghrelin has received significant 
attention.12 A large body of evidence suggests that an acute bout of 
aerobic exercise performed at intensities above 60 % of peak oxygen 
uptake transiently suppresses circulating concentrations of acylated 
ghrelin,13 with higher-intensity exercise associated with greater acyl-
ated ghrelin suppression in humans.14 However, limited evidence is 
available regarding the acute effect of exercise on des-acylated ghrelin 
concentration,14 and the findings are inconsistent whether it causes 
suppression15,16 or no change.17,18 

Although the mechanism by which exercise suppresses acylated 
ghrelin is still unclear, elevations in butyrylcholinesterase (BChE), a 
liver-derived enzyme that hydrolyzes acylated ghrelin to des-acylated 
ghrelin,19 may be responsible. Only two laboratory-based studies have 
examined the effects of an acute bout of exercise on BChE and acylated 
ghrelin with disparate findings.16,18 One study reported increased BChE 
activity and decreased acylated ghrelin concentrations measured 
immediately after 60 min of running at 70 % of maximum oxygen up-
take in young men,16 whereas another study reported no change in BChE 
concentrations despite decreased acylated ghrelin concentrations 
measured immediately after 30 min of running at 70 % of maximum 
oxygen uptake in young men.18 The amount of energy expended during 
exercise, the types of assays used for measuring BChE and the lack of a 
resting control trial18 are possible reasons for the inconsistent findings 
between studies. Dorling et al.16 reported decreased des-acylated ghrelin 
concentrations after exercise whereas Li et al.18 reported no change in 
des-acylated ghrelin concentrations after exercise. Therefore, additional 
research is needed to elucidate whether BChE is a key mediator of 
ghrelin modulation. Furthermore, since higher-intensity exercise is 
associated with greater acylated ghrelin suppression14 while 
low-intensity exercise (i.e., walking) often does not alter acylated 
ghrelin concentrations in humans,20,21 a study design including both 
lower and higher exercise intensities will permit an evaluation of 
whether different energy flux statuses created by acute exercise affect 
changes in acylated ghrelin through possible changes in BChE in 
humans. Collectively, this ensures us to evaluate BChE along with both 
forms of ghrelin appropriately to see whether the exercise-induced 
suppression of acylated ghrelin concentrations after high-intensity ex-
ercise would be expected via the changes in BChE concentrations. In 
addition, we measured total peptide tyrosine-tyrosine (PYY), insulin and 
glucose since PYY is an anorexigenic gut hormone which has a close link 
to ghrelin in a reciprocal manner,22 and insulin and glucose are modu-
lated by ghrelin.23 

The purpose of the present study was to examine the acute effects of 
exercise intensity on BChE, acylated ghrelin and des-acylated ghrelin 
concentrations in young men. We used plasma samples to evaluate 
circulating concentrations of BChE, acylated ghrelin and des-acylated 
ghrelin given that the rate limiting step in the ghrelin hydrolysis reac-
tion is dependent on the concentration of BChE,24 and ghrelin and the 
ghrelin-derived molecules are present in plasma.25 We hypothesized 
that compared to low-intensity exercise and control trials, the circu-
lating concentration of BChE would increase after high-intensity exer-
cise, while the circulating concentration of acylated ghrelin, and not 
des-acylated ghrelin, would decrease. In addition, the magnitude of 
change in BChE correlates negatively with the magnitude of change in 
acylated ghrelin concentration. These findings shed light on the poten-
tial mechanisms by which acute exercise influences appetite and 
appetite-related hormones. 

2. Methods 

2.1. Participants 

The study was conducted by the guidelines of the Declaration of 
Helsinki, and the protocol was reviewed and approved by the institu-
tional ethics committee on human research (approval number 2021- 
436). The study was registered in advance with the University Hospi-
tal Medical Information Network Center (UMIN), a system for regis-
tering clinical trials (ID: UMIN00004811). Participants of the present 
study were recruited between May 2022 and March 2023 through ad-
vertisements placed within the campus. Following an explanation of the 
study protocol and disclosure of any potential risks that may arise, 
written informed consent was obtained from 15 Japanese (i.e., self- 
reported ethnicity) healthy young men. The exclusion criteria were as 
follows: 1) aged <20 or >30 years, 2) regular consumption of any 
medication or supplementation, 3) diagnosed with a major illness, 4) 
current smoker, 5) unstable body mass for at least 3 months before the 
study, 5) to lose weight during the study or 6) already participating in 
other studies. The participant flow diagram is shown in Fig. 1 and 
described in detail as follows. The physical and descriptive character-
istics of the participants are shown in Table 1. 

2.2. Screening and preliminary exercise tests 

Participants visited the laboratory at least 7 days before the first 
main experimental trial to collect baseline data and familiarize them-
selves with the study procedures. After obtaining consent to participate 
in the study, anthropometric and arterial blood pressure measurements 
were recorded under non-fasting conditions. Body mass and body fat 
percentage were measured to the nearest 0.1 kg and 0.1 % respectively 
using a digital scale (TANITA MC780, Tanita Corporation, Tokyo, 
Japan), meanwhile, height was measured to the nearest 0.1 cm using a 
stadiometer (YS-OA, AS One Corporation, Osaka, Japan). Body mass 
index was calculated as weight in kilograms divided by the square of 
height in meters. Arterial blood pressure was measured from the left arm 
after 5 min of seated rest using a standard mercury sphygmomanometer 
(605P, Yagami Co.Ltd., Yokohama, Japan). Two consecutive measure-
ments were obtained 1 min apart, and the mean of these values was 
recorded. 

Participants then underwent two preliminary exercise tests per-
formed on a motorized treadmill (Jog Now 700, Technogym, Cesena, 
Italy). The first test consisted of a 16-min submaximal incremental 
running test to determine the relationship between running speed and 
oxygen uptake. Participants performed four 4-min incremental runs 
starting at a speed of 4.0 km/h. The treadmill was level throughout the 
test period, and speed was increased by 1.0 or 1.5 km/h every 4 min. 
After a 20-min test (i.e., following completion of the submaximal 
treadmill test), the participants were asked to complete a maximum 
oxygen uptake test using an incremental uphill protocol at a constant 
speed.26 The initial inclination of the treadmill was set to 3.5 % for the 
test. Thereafter, the gradient was increased by 2.5 % every 3 min until 
participants reached volitional fatigue. Heart rate was monitored 
throughout these tests using short-range telemetry (Polar RCX3, Polar 
Electro, Kempele, Finland). Oxygen uptake, carbon dioxide production 
and respiratory exchange ratio were measured using a stationary gas 
analyzer (Quark RMR, COSMED, Rome, Italy). The ratings of perceived 
exertion (RPE) were recorded at the end of each stage during both ex-
ercise tests on a subjective scale of 6–20.27 The participants were 
considered to have attained the maximum oxygen uptake if their 
measured parameters adhered to two or more of the following criteria: 
1) heart rate >95 % of the age-predicted maximum heart rate, 2) res-
piratory exchange ratio >1.15, 3) a plateau in oxygen consumption and 
4) RPE ≥19. Data generated from these two tests were used to calculate 
the running intensity (i.e., 70 % of maximum oxygen uptake and 40 % of 
maximum oxygen uptake) of the participants in the main trials. 
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2.3. Standardization of energy intake and physical activity 

The participants weighed and recorded all food and drinks consumed 
the day before each main trial and refrained from consuming alcohol 
during the prescribed period. They replicated their energy intake from 
the first to the subsequent trials to ensure that their energy intake was 
standardized across the trials. The food diaries were analyzed using 
nutrition analysis software (Excel Eiyoukun Ver 9.0, Kenpakusha, 
Tokyo, Japan) by a registered dietician to determine the energy intake of 
the participants and the macronutrient content of the foods. Moreover, 

the participants were instructed to avoid any strenuous exercise for 1 
day before each main trial. They wore a uniaxial accelerometer (Life-
coder-EX; Suzuken Co. Ltd., Nagoya, Japan) on their hips to objectively 
monitor their daily activity during this period. The accelerometer 
defined 11 levels of activity intensity (0, 0.5 and 1–9), with 0 indicating 
the lowest intensity and 9 being the highest intensity. A level of 4 cor-
responds to an intensity of approximately three metabolic equivalents.28 

Levels 1–3 corresponded to light physical activity, levels 4–6 corre-
sponded to moderate physical activity and levels 7–9 corresponded to 
vigorous physical activity. On the day before each main trial, the par-
ticipants received text messages from a researcher asking them to 
replicate their energy intake and physical activity patterns. The 
compliance with replicating each main test condition was verbally 
confirmed upon arrival at the laboratory. 

2.4. Study design and protocol 

The lead investigator enrolled the participants in the research and 
randomly assigned the participants to each experiment using computer- 
generated random numbers. Eligible participants completed three half- 
day laboratory-based experimental trials (i.e., high-intensity exercise, 
low-intensity exercise and control) in random order. The interval be-
tween trials was at least 7 days. A schematic illustration of the study 
protocol is presented in Fig. 2. 

Fig. 1. Consolidated Standards of Reporting Trials (CONSORT) diagram showing participant flow. Numbers in bold indicate the number of individuals/participants.  

Table 1 
Physical and physiological characteristics of the participants (n = 15).  

Characteristic 

Age (years) 22.7 ± 1.8 
Body mass (kg) 66.6 ± 9.1 
Height (m) 1.73 ± 0.66 
Body mass index (kg/m2) 22.2 ± 2.6 
Waist circumference (cm) 76.9 ± 7.6 
Body fat (%) 15.9 ± 5.1 
Systolic blood pressure (mm Hg) 121 ± 10 
Diastolic blood pressure (mm Hg) 72 ± 9 
Maximum oxygen uptake (mL/kg/min) 56.3 ± 4.2 

Values are mean ± standard deviation. 
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On the day of each main trial, the participants were asked to drink 
200 mL of water upon waking up at home and reported to the laboratory 
at 08:45 after a 10-h overnight fast (except for water). Upon arrival, each 
participant was asked to drink an additional 50 mL of water to make sure 
they were sufficiently hydrated before each main trial. Then, body mass 
and body fat percentage were measured to the nearest 0.1 kg and 0.1 % 
respectively using a digital scale (TANITA MC-780, Tanita Corporation, 
Tokyo, Japan). After a 10-min seated rest, the resting arterial blood 
pressure was measured using a digital monitor (OMRON HEM-907, 
Omron Cooperation, Kyoto, Japan) in a seated position. A heart rate 
monitor (Polar RCX3, Polar Electro, Kempele, Finland) was then fitted (i. 
e., around 09:00) to measure the heart rate continuously throughout the 
trial. Thereafter, subjective appetite was evaluated using a paper-based 
questionnaire (details in “Subjective appetite”) and a fasting venous 
blood sample was collected by venipuncture in a seated position (i.e., 
prior to exercise or rest (just before 09:30)). Then, the participants 
performed a 60-min exercise (i.e., from 09:30 to 10:30) on a treadmill at 
a speed eliciting 70 % of their maximum oxygen uptake (determined 
from the preliminary test) in the high-intensity exercise trial or at a 
speed eliciting 40 % of their maximum oxygen uptake (determined from 
the preliminary test) in the low-intensity exercise trial. An exercise 
duration of 60 min was chosen since this exercise duration was effective 
in increasing BChE activity while decreasing circulating concentrations 
of acylated ghrelin measured after exercise (i.e., running at 70 % of 
maximum oxygen uptake) in young men.16 Although the treadmill speed 
was adjusted occasionally to ensure that the target intensity was ach-
ieved in both exercise trials, it was decreased to ensure that the partic-
ipants were able to perform the exercise for 60 min in the high-intensity 
exercise trial. In the control trial, participants were asked to sit on a 
chair in a comfortable position for 60 min from 09:30 to 10:30. During 
the 60-min period, oxygen uptake, respiratory exchange ratio, fat 
oxidation rate and carbohydrate oxidation rate were measured using a 
stationary gas analyzer (Quark RMR, COSMED Co. Ltd., Roma, Italy) 
and RPE was assessed periodically.27 Further venous blood samples 
were collected by venipuncture for the measurement of circulating 
concentrations of BChE, acylated ghrelin, des-acylated ghrelin, total 
PYY, insulin and glucose, and further subjective appetite was evaluated 
at 10:00, 10:30, 11:00, 11:30 and 12:00 in all trials. Participants 

consumed water ad libitum (except for 50 mL of water consumed at the 
beginning of each main trial) during the first trial, and the volume 
ingested was replicated in subsequent trials. The average water intake 
was 290 ± 196 mL over 3 h (i.e., from 09:00 to 12:00). The mean at-
mospheric temperature and relative humidity during the experimental 
trials were 23.2 ± 0.4 ◦C and 40.8 ± 1.9 % (mean ± standard devia-
tion), respectively. There were no differences in the mean atmospheric 
temperature among trials (high-intensity exercise, 23.2 ± 2.1 ◦C; 
low-intensity exercise, 22.8 ± 2.7 ◦C; and control, 23.7 ± 1.9 ◦C, p =
0.329). There was a difference in the mean relative humidity among 
trials (high-intensity exercise, 42.6 ± 7.2 %; low-intensity exercise, 41.2 
± 6.6 %; and control, 38.7 ± 7.0 %, p = 0.023). The post-hoc analysis did 
not reveal where the between-trial differences were for relative 
humidity. 

2.5. Blood collection and analysis 

For plasma BChE, total PYY and insulin measurements, venous blood 
samples were collected in dipotassium salt-ethylenediaminetetraacetic 
acid (EDTA) tubes (Venoject 2, Terumo Corporation, Tokyo, Japan). 
For plasma glucose measurements, venous blood samples were collected 
in sodium fluoride-EDTA tubes (Venoject 2, Terumo Corporation, 
Tokyo, Japan). Both tubes were centrifuged immediately at 1861×g for 
10 min at 4 ◦C. The plasma was removed, divided into three microtubes, 
and stored at − 80 ◦C until further analysis. For plasma acylated ghrelin 
and des-acylated ghrelin measurements, blood samples were immedi-
ately transferred to EDTA tubes containing aprotinin (Neo tube, Nipro 
Corporation, Osaka, Japan) to prevent the degradation of ghrelin by 
protease. Both tubes were immediately centrifuged at 1861×g for 10 
min at 4 ◦C. The samples were stored at − 80 ◦C until further analysis. 
Enzyme-linked immunosorbent assays (ELISAs) were used to measure 
the plasma BChE (DBCHE0, R&D System, Minneapolis, USA), acylated 
ghrelin (A05306, Bertin Pharma, Montigny-le-Bretonneux, France), des- 
acylated ghrelin (A05319, Bertin Pharma, Montigny-le-Bretonneux, 
France), PYY (YK080, Yanaihara Institute Inc., Shizuoka, Japan) and 
insulin (Mercodia Insulin ELISA, Mercodia AB, Uppsala, Sweden) con-
centrations. Enzymatic colorimetric assays were used to measure plasma 
glucose (GLU-HK(M), Shino-Test Corporation, Kanagawa, Japan). The 

Fig. 2. Schematic representation of the study protocol.  
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intra-assay coefficients of variation were 10.2 % for BChE, 8.2 % for 
acylated ghrelin, 9.0 % for des-acylated ghrelin, 8.6 % for total PYY, 
10.2 % for insulin and 0.6 % for glucose. 

2.6. Subjective appetite 

Subjective appetite (satiety, fullness, hunger and prospective food 
intake) was assessed on a 100-mm visual analog scale using a paper- 
based questionnaire (i.e., each end of the line represents the most 
extreme sensation experienced by the participant) at 09:30, 10:00, 
10:30, 11:00, 11:30 and 12:00.29 From the results of the four appetite 
ratings assessed, an overall subjective appetite score was calculated 
using the following equation: Satiety + fullness + (100 – hunger) + (100 
– prospective food intake)/430 in which 100 indicated less appetite and 
0 indicated more appetite. 

2.7. Calculations and statistical analysis 

We calculated the required sample size based on data from our 
previous study18 using G*Power 3.1.9.6.31 The previous study reported 
no change in BChE concentration after performing 30 min of running 
exercise at 70 % of maximum oxygen uptake in healthy young men. This 
sample size calculation was estimated to detect an effect size of 0.74 
(Cohen’s d) using a paired t-test for comparison between trials and 
revealed that 17 participants would suffice to find a significant effect of 
acute exercise on BChE concentration. However, given that our study 
designed 60 min running exercise with 70 % of maximum oxygen uptake 
in healthy young men, we assumed that a larger effect size (i.e., 0.80) 
would be attainable for the present study. For two trials with an alpha 
level set at 0.05, and a correlation of 0.5, an estimated total sample size 
of 15 would achieve 0.82 % power to detect between-trial differences. 
Data were analyzed with IBM SPSS Statistics for Windows version 28.0 
(IBM Corp., New York, USA). The total area under the curve (AUC) was 
calculated using the trapezoidal rule. Generalized estimating equations 
were used to examine between-trial differences for all parameters. In 
case of difference in values at baseline (09:30), generalized estimating 
equations were used for adjustment of such values when examining 
differences over time among the three trials. Where a main effect of trial 
and/or a significant trial-by-time interaction was identified, post-hoc 
pairwise comparisons were performed using the Bonferroni method. The 
95 % confidence interval (CIs) for the mean absolute pairwise differ-
ences between trials were calculated using the t-distribution and degrees 
of freedom (n − 1). Statistical significance was set at < 5 %. Results are 
reported as mean ± standard deviation. Graphical representations of the 
results are presented as mean ± standard error to avoid distortion of the 
figures. Boxplot analysis of acylated ghrelin total AUC values revealed 
three participants as outliers.32 The mean acylated ghrelin concentra-
tions of these participants were 10, 19 and 27 times higher than the 
mean standard deviation of the remaining participants (range: 

69.2–451.5 pg/mL). Consequently, these three participants were 
removed from the data analysis for both ghrelin and BChE, and the re-
sults are presented for 12 participants. 

3. Results 

3.1. Dietary record data 

The mean self-reported energy intake for the day before each trial 
was 8.1 ± 3.8 MJ (1943 ± 898 kcal). Energy intake equated to 9.4 ± 5.2 
% (45.8 ± 43 g/day) from protein, 24.3 ± 17.7 % (52.4 ± 35 g/day) 
from fat and 66.3 ± 18.6 % (159.3 ± 156 g/day) from carbohydrate. 

3.2. Physical activity data 

The step counts recorded the day before the trials did not differ 
among trials (9120 ± 6363 versus 6223 ± 4462 versus 8833 ± 4253 
steps/day for the high-intensity exercise, low-intensity exercise and 
control trials, respectively; p = 0.130). For the day before each main 
trial, the accelerometer recorded frequencies for light (levels 1–3; 45 ±
36 versus 40 ± 31 versus 60 ± 39 min/day for the high-intensity exer-
cise, low-intensity exercise and control trials, respectively; p = 0.096), 
moderate (levels 4–6; 28 ± 22 versus 22 ± 16 versus 29 ± 16 min/day 
for the high-intensity exercise, low-intensity exercise and control trials, 
respectively; p = 0.321) and vigorous activity (levels 7–9; 4 ± 10 versus 
2 ± 1 versus 4 ± 5 min/day for the high-intensity exercise, low-intensity 
exercise and control trials, respectively; p < 0.001). Vigorous activity 
differed among trials (p < 0.001) and was lower in the low-intensity 
exercise trial than in the control trial (mean difference: 2.9 min; 95 % 
CI: 0.24–5.54 min; p = 0.027). No other levels of activity exhibited 
significant differences among the trials. 

3.3. Responses during exercise 

Exercise characteristics and physiological responses to high- and 
low-intensity exercises are shown in Table 2. The treadmill speed, ox-
ygen uptake, percent maximum oxygen uptake, gross energy expendi-
ture, heart rate, RPE and respiratory exchange ratio were higher in the 
high-intensity exercise trial than in the low-intensity exercise trial (all 
p < 0.005). The relative contribution of fat to energy expenditure was 
lower in the high-intensity exercise trial than in the low-intensity ex-
ercise trial (p = 0.001). The relative contribution of carbohydrates to 
energy expenditure was higher in the high-intensity exercise trial than in 
the low-intensity exercise trial (p < 0.001). 

3.4. Baseline blood parameters 

The baseline blood parameters are shown in Table 3. Plasma acylated 
ghrelin concentrations differed among trials and were higher in the 

Table 2 
Physiological responses during a 60-min high-intensity exercise, low-intensity exercise and control trials (n = 15).   

High-intensity exercise Low-intensity exercise Control p valuea 

Treadmill speed (km/h) 10.6 ± 1.4 6.2 ± 0.7 – < 0.001 
Oxygen uptake (mL/kg/min) 36.2 ± 2.7 21.5 ± 2.6 4.5 ± 0.9 < 0.001 
Percent maximum oxygen uptake (%) 65.1 ± 4.1 38.4 ± 3.1 8.0 ± 1.5 < 0.001 
Gross energy expenditure (MJ) 3.19 ± 0.47 1.81 ± 0.31 0.35 ± 0.07 < 0.001 
Heart rate (beats/min) 160 ± 17 106 ± 13 59 ± 20 < 0.001 
Rating of perceived exertion 14 ± 3 11 ± 2 6 ± 1 < 0.001 
Respiratory exchange ratio 0.87 ± 0.07 0.78 ± 0.03 0.80 ± 0.01 < 0.001 
Fat oxidation (%) 50.96 ± 22.78 73.14 ± 10.22 59.01 ± 20.94 0.001 
Carbohydrate oxidation (%) 49.04 ± 22.78 26.86 ± 10.22 40.99 ± 20.94 < 0.001 

Values are mean ± standard deviation. 
a Values are compared using generalized estimating equations between the high-intensity exercise and low-intensity exercise trials (values in the control trial 

represent as reference values). 
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control trial than the high-intensity exercise trial (mean difference 262.5 
± 140.6 versus 239.3 ± 143.5 pg/mL, 95 % CI: 4.98–41.47 pg/mL, p =
0.007). No other blood parameters displayed significant differences at 
baseline among the trials. 

3.5. Circulating concentrations of BChE, acylated ghrelin, des-acylated 
ghrelin and the ratio of acylated ghrelin to des-acylated ghrelin 

Plasma concentrations of BChE, acylated ghrelin, des-acylated 
ghrelin and the ratio of acylated ghrelin to des-acylated ghrelin (AG: 
DAG ratio) for each trial over 150 min are shown in Fig. 3 and 
Fig. 4A− C. There was no main effect of the trial (p = 0.141) on plasma 
BChE concentration (Fig. 3). There was a main effect of time (p = 0.032) 
and trial-by-time interaction (p < 0.001) on plasma BChE concentration 
(Fig. 3). Post-hoc analysis of the interaction effect did not reveal where 
the between-trial differences at each time point were for plasma BChE 
concentrations. The total AUC values during the first 60 min (i.e., from 
09:30 to 10:30) of the main trial for the total plasma BChE did not differ 
among trials (p = 0.590). 

There was no significant effect of the trial (p = 0.121) on plasma 
acylated ghrelin concentration (Fig. 4A). There was a significant effect 
of time (p = 0.046) and a trial-by-time interaction (p < 0.001) on the 
plasma acylated ghrelin concentration (Fig. 4A). Post-hoc analysis of an 
interaction effect revealed that plasma acylated ghrelin concentration 
was lower in the high-intensity exercise trial than the control trial (mean 
difference: 74.8 pg/mL; 95 % CI: 9.02–140.62 pg/mL; p = 0.007) and 
the low-intensity exercise trial (mean difference: 119.4 pg/mL; 95 % CI: 
33.40–205.55 pg/mL; p < 0.001) at 10:00. Further post-hoc analysis of 
an interaction effect revealed that plasma acylated ghrelin concentra-
tion was lower in the high-intensity exercise trial than the low-intensity 
exercise trial (mean difference: 107.0 pg/mL; 95 % CI: 30.04–183.86 

pg/mL; p < 0.001) at 10:30. The total AUC values during the first 60 min 
(i.e., from 09:30 to 10:30) of the main trial for plasma acylated ghrelin 
differed among trials (p < 0.001). Post-hoc analysis revealed that total 
plasma acylated ghrelin AUC was lower in the high-intensity exercise 
trial than the control trial (mean difference: 62.6 pg/mL; 95 % CI: 
23.97–101.28 pg/mL; p < 0.001) and the low-intensity trial (mean 
difference: 87.7 pg/mL; 95 % CI: 47.69–127.73 pg/mL; p < 0.001). 

There was a significant effect for trial (p = 0.028), time (p < 0.001) 
and trial-by-time interaction (p < 0.001) on plasma des-acylated ghrelin 
concentration (Fig. 4B). Post-hoc analysis of an interaction effect 
revealed that plasma des-acylated ghrelin concentration was lower in 
the high-intensity exercise trial than the low-intensity exercise trial 
(mean difference: 91.4 pg/mL; 95 % CI: 15.69–167.12 pg/mL; p =
0.002) at 10:30. The total AUC values during the first 60 min (i.e., from 
09:30 to 10:30) of the main trial for plasma des-acylated ghrelin differed 
among the trials (p = 0.028). Post-hoc analysis revealed that total plasma 
des-acylated ghrelin AUC was lower in the high-intensity exercise trial 
than the control trial (mean difference: 31.4 pg/mL; 95 % CI: 
1.60–61.29 pg/mL; p = 0.035) and the low-intensity exercise trial (mean 
difference: 43.0 pg/mL; 95 % CI: 1.14–84.92 pg/mL; p = 0.042). 

There was no significant effect for trial (p = 0.659) or time (p =
0.056) on the AG: DAG ratio (Fig. 4C). There was a significant effect for 
the trial-by-time interaction (p < 0.001) on the AG:DAG ratio (Fig. 4C). 
Post-hoc analysis of an interaction effect revealed that the AG: DAG ratio 
was lower in the high-intensity exercise trial than the low-intensity ex-
ercise trial (mean difference: 0.24; 95 % CI: 0.07–0.41; p < 0.001) at 
10:00. The total AUC values during the first 60 min (i.e., from 09:30 to 
10:30) of the main trial for the AG:DAG ratio differed among trials (p =
0.001). Post-hoc analysis revealed that total the AG:DAG ratio AUC was 
lower in the high-intensity exercise trial than in the control trial (mean 
difference: 62.6; 95 % CI: 23.97–101.28; p < 0.001) and the low- 

Table 3 
Fasting concentrations of acylated ghrelin, des-acylated ghrelin, the ratio of acylated ghrelin to des-acylated ghrelin (AG:DAG ratio), butyrylcholinesterase, total 
peptide tyrosine-tyrosine (PYY), insulin and glucose at baseline for the high-intensity exercise, low-intensity exercise and control trials.   

High-intensity exercise Low-intensity exercise Control p valuea 

Acylated ghrelin (pg/mL) 239.3 ± 143.5b 244.2 ± 165.4 262.5 ± 140.6 0.017 
Des-acylated ghrelin (pg/mL) 274.2 ± 114.2 270.7 ± 87.3 288.2 ± 119.1 0.564 
AG:DAG ratio 0.93 ± 0.57 0.94 ± 0.66 0.95 ± 0.48 0.922 
Butyrylcholinesterase (ng/mL) 3634.4 ± 1195.9 3346.3 ± 1933.0 4203.6 ± 1716.6 0.401 
Total PYY (ng/mL) 0.59 ± 0.29 0.59 ± 0.31 0.65 ± 0.33 0.224 
Insulin (pmol/L) 22.0 ± 10.5 22.3 ± 20.1 21.1 ± 9.1 0.774 
Glucose (mmol/L) 5.01 ± 0.28 5.02 ± 0.34 4.98 ± 0.32 0.862 

Values are mean ± standard deviation. n = 12 for acylated ghrelin, des-acylated ghrelin and butyrylcholinesterase. n = 15 for all others. 
a Values are compared using generalized estimating equations. Post-hoc analysis was adjusted for multiple comparisons using the Bonferroni method. 
b Post-hoc analysis revealed a significant difference between the high-intensity exercise and control trials (p = 0.007). 

Fig. 3. Butyrylcholinesterase (BChE) during the high-intensity exercise, low-intensity exercise and control trials. Values are mean ± standard error represented by 
unidirectional bars. n = 12. Horizontally rectangle indicates a 60-min run/walk or rest. Values were compared using generalized estimating equations. 
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intensity exercise trial (mean difference: 87.7; 95 % CI: 47.69–127.73; p 
< 0.001). 

3.6. Circulating concentrations of PYY, insulin and glucose 

Circulating concentrations of plasma total PYY, plasma insulin and 
plasma glucose for each trial over 150 min are shown in Table 4. There 
was no main effect of the trial (p = 0.077) or time (p = 0.278) on the 

plasma total PYY concentration (Table 4). There was a main effect of the 
trial-by-time interaction (p < 0.001) (Table 4). Post-hoc analysis of the 
interaction effect did not reveal where the between-trial differences at 
each time point were for plasma total PYY. The total AUC values during 
the first 60 min (i.e., from 09:30 to 10:30) of the main trial for plasma 
total PYY did not differ among trials (p = 0.676). There was no signifi-
cant effect of the trial (p = 0.282) on plasma insulin concentration 
(Table 4). There was a significant effect of time (p = 0.001) and a trial- 

Fig. 4. Acylated ghrelin (AG), des-acylated ghrelin (DAG), and the ratio of acylated ghrelin to des-acylated ghrelin (AG:DAG ratio) during the high-intensity exercise, 
low-intensity exercise and control trials. Values are mean ± standard error represented by unidirectional bars. n = 12. Horizontally rectangle indicates a 60-min run/ 
walk or rest. Values were compared using generalized estimating equations. Post-hoc analysis was adjusted for multiple comparisons using the Bonferroni method. 
aSignificantly lower in the high-intensity exercise than the control (p = 0.007) and low-intensity exercise (p < 0.001) trials at 10:00. bSignificantly lower in the high- 
intensity exercise trial than the low-intensity exercise trial (p < 0.001) at 10:30. cSignificantly lower in the high-intensity exercise trial than the low-intensity exercise 
trial (p = 0.002) at 10:30. dSignificantly lower in the high-intensity exercise trial than the low-intensity exercise trial (p < 0.001) at 10:00. 
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by-time interaction (p < 0.001) on plasma insulin concentration 
(Table 4). Post-hoc analysis of the interaction effect did not reveal where 
the between-trial differences at each time point were for plasma insulin. 
The total AUC values during the first 60 min (i.e., from 09:30 to 10:30) of 
the main trial for plasma insulin differed among trials (p = 0.001). Post- 
hoc analysis revealed that total insulin AUC was lower in the high- 
intensity exercise trial than in the control trial (mean difference: 5.7 
pmol/L; 95 % CI: 0.1–11.3 pmol/L; p = 0.044). There was no significant 
effect of the trial (p = 0.121) on plasma glucose concentration (Table 4). 
There was a significant effect of time (p < 0.001) and trial-by-time 
interaction (p < 0.001) on plasma glucose concentration (Table 4). 
Post-hoc analysis of an interaction effect revealed that plasma glucose 
concentration was lower in the high-intensity exercise trial than in the 
control trial (mean difference: 0.30 mmol/L; 95 % CI: 0.01–0.58 mmol/ 
L; p = 0.028) at 12:00. The total AUC values during the first 60 min (i.e., 
from 09:30 to 10:30) of the main trial for plasma glucose did not differ 
among trials (p = 0.310). 

3.7. Subjective appetite 

The subjective appetite score for each trial over 150 min is shown in 
Fig. 5. There were no significant differences at baseline among the trials. 
There was a significant effect of the trial (p = 0.005), time (p = 0.001) 
and trial-by-time interaction (p < 0.001) on subjective appetite score 
(Fig. 5). Post-hoc analysis of the interaction effect did not reveal where 
the between-trial differences at each time point were for subjective 
appetite score. The total AUC values during the first 60 min (i.e., from 
09:30 to 10:30) of the main trial for the subjective appetite score differed 

among trials (p = 0.008). Post-hoc analysis revealed that the total sub-
jective appetite score AUC was higher in the high-intensity trial than in 
the control trial (mean difference: 10.4; 95 % CI: 1.83–19.02; p = 0.011) 
and the low-intensity exercise trial (mean difference: 7.6; 95 % CI: 
0.19–15.12; p = 0.042). 

4. Discussion 

The main findings of the present study were as follows: 1) BChE 
concentration was not altered by an acute session of high-intensity ex-
ercise or low-intensity exercise in healthy young men and 2) an acute 
session of high-intensity exercise transiently suppressed acylated ghrelin 
and des-acylated ghrelin concentrations compared with low-intensity 
exercise and sitting rest. These findings suggest that BChE does not 
mediate the suppression of acylated ghrelin after high-intensity exercise. 
The interpretation is also confirmed by the fact that an acute bout of 
high-intensity exercise, but not low-intensity exercise, transiently sup-
pressed des-acylated ghrelin concentrations. 

The key finding of the present study was that BChE concentration 
remained unchanged among different intensities of exercise and control 
conditions, despite high-intensity exercise inducing both acylated 
ghrelin and des-acylated ghrelin suppression in healthy young men. 
These findings also indicate that BChE may not be involved in the sup-
pression of acylated ghrelin induced by high-intensity exercise. In 
addition, the present findings aligned closely with the previous study, 
which was a single-arm design (i.e., no controlled trial) that reported 
BChE concentrations were unchanged while acylated ghrelin, but not 
des-acylated ghrelin, concentrations were reduced after a 30-min of run 

Table 4 
Circulating concentrations of total peptide tyrosine-tyrosine (PYY), insulin and glucose measured at each time-point in the high-intensity exercise, low-intensity 
exercise and control trials.    

09:30 10:00 10:30 11:00 11:30 12:00 p valuea 

Total PYY (ng/mL) High-intensity exercise 0.59 ± 0.29 0.64 ± 0.32 0.66 ± 0.37 0.65 ± 0.36 0.66 ± 0.33 0.63 ± 0.33  
Low-intensity exercise 0.59 ± 0.31 0.60 ± 0.31 0.63 ± 0.30 0.59 ± 0.33 0.55 ± 0.23 0.58 ± 0.28 < 0.001 
Control 0.65 ± 0.33 0.63 ± 0.31 0.65 ± 0.37 0.66 ± 0.31 0.63 ± 0.29 0.63 ± 0.28  

Insulin (pmol/L) High-intensity exercise 22.0 ±10.5 14.8 ± 16.5 8.1 ± 6.8 21.2 ± 9.8 12.3 ± 5.3 16.0 ± 11.6  
Low-intensity exercise 22.3 ± 20.1 13.3 ± 9.3 13.3 ± 11.2 19.5 ± 13.5 17.5 ± 12.3 17.4 ± 8.0 < 0.001 
Control 21.1 ± 9.1 20.1 ± 15.5 21.2 ± 16.2 18.9 ± 14.0 17.6 ± 11.8 17.2 ± 15.2  

Glucose (mmol/L) High-intensity exercise 5.01 ± 0.28 5.11 ± 0.61 4.78 ± 0.65 4.59 ± 0.36 4.66 ± 0.43 4.59 ± 0.33b  

Low-intensity exercise 5.02 ± 0.34 4.88 ± 0.31 4.84 ± 0.35 4.84 ± 0.37 4.82 ± 0.32 4.79 ± 0.35 < 0.001 
Control 4.98 ± 0.32 5.01 ± 0.30 4.98 ± 0.35 4.87 ± 0.32 4.91 ± 0.34 4.89 ± 0.32  

Values are mean ± standard deviation. n = 15. 
b 

a Values are compared using generalized estimating equations. Post-hoc analysis was adjusted for multiple comparisons using the Bonferroni method. 
b Post-hoc analysis revealed a significant difference at the same time-point between the high-intensity exercise and control trials (p = 0.028). 

Fig. 5. Subjective appetite score during the high-intensity exercise, low-intensity exercise and control trials. Values are mean ± standard error represented by 
unidirectional bars. n = 15. Horizontally rectangle indicates a 60-min run/walk or rest. Values were compared using generalized estimating equations. 
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at 70 % of maximum oxygen uptake in healthy young men.18 

Conversely, increased BChE activity while reduced acylated ghrelin and 
des-acylated ghrelin concentrations were observed when acute running 
exercise was performed 60 min at 70 % of peak oxygen uptake in young 
men with and without obesity risk genes (i.e., obesity-associated 
genes).16 It is worth noting that the authors of this study addressed 
that several mechanisms are involved in exercise-induced suppression of 
acylated ghrelin.16 This postulation is possibly derived from the notion 
that if BChE is the main mediator of ghrelin hydrolysis, it would be 
expected to observe increased hydrolysis of acylated ghrelin to 
des-acylated ghrelin (i.e., decreased acylated ghrelin and increased 
des-acylated ghrelin, leading to a lower AG:DAG ratio). It is also worth 
mentioning that the exercise-induced suppression of the AG:DAG ratio 
(i.e., the total AUC values, but not the trial-by-time interaction effect, 
possibly due to slightly increased acylated ghrelin concentrations 
measured at 10:30 compared with its corresponding value at 10:00) was 
greater in the high-intensity exercise trial than the low-intensity exercise 
and control trials in the present study, despite no changes in BChE 
concentrations among trials. Collectively, the response of the 
des-acylated ghrelin to an acute bout of exercise in the present and 
previous studies16 implies that other factors may be related to ghrelin 
hydrolysis. It has been suggested that the primary enzyme responsible 
for ghrelin hydrolysis may differ depending on the species and specific 
tissue context.33 Furthermore, previous studies have demonstrated that 
BChE was not the only enzyme that contributed to the hydrolysis of 
ghrelin,25 but carboxylesterase33 and lysophospholipase 134 may also be 
involved in ghrelin degradation. However, a limited number of relevant 
studies have made it difficult to thoroughly assess the association be-
tween BChE and both acylated and des-acylated forms of ghrelin in 
response to acute exercise. Further mechanistic research is required to 
determine the role of BChE, along with other potential enzymes for the 
hydrolysis of ghrelin, in exercise-induced acylated ghrelin suppression. 

It is well documented that acylated ghrelin concentrations are 
transiently suppressed in response to acute moderate-to high-intensity 
exercise in humans.13 This response pattern was also observed in the 
present study with a 60-min run at 65 % of maximum oxygen uptake in 
young men. In addition, des-acylated ghrelin concentration was also 
measured in the present study, as it has long been known that 
des-acylated ghrelin is an inert degradation product of acylated ghrelin.4 

The previous studies have demonstrated that acute exercise performed 
60 min at 70 % or 59 % of peak oxygen uptake on a treadmill suppressed 
both acylated ghrelin and des-acylated ghrelin concentrations in young 
men with and without obesity risk genes (i.e., obesity-associated 
genes),16 and in middle-aged adults with lean and overweight/-
obesity.15 Another key finding of the present study was that it extended 
the findings of the previous findings15,16 by demonstrating that 
des-acylated ghrelin decreased after acute high-intensity exercise, but 
not after low-intensity exercise. Collectively, these findings indicate that 
exercise intensity may be involved in the alteration of des-acylated 
ghrelin along with acylated ghrelin which has been established for a 
while. However, this speculation should be interpreted with caution 
given that des-acylated ghrelin is considered a degradation product of 
acylated ghrelin4 and has a slower clearance rate than acylated ghrelin 
under resting conditions in systemic circulation.35 Indeed, a previous 
study demonstrated that infusion of acylated ghrelin resulted in 
increased des-acylated ghrelin concentrations in healthy men and 
women.35 Moreover, studies directly investigating both acylated ghrelin 
and des-acylated ghrelin in response to acute exercise in humans17,18,36 

reported no significant alterations in circulating concentrations of 
des-acylated ghrelin measured in the post-exercise period, whereas 
there was a reduction in acylated ghrelin. Although the reasons for the 
discrepancy are unclear among the acute exercise studies15–18,36 and the 
present study, the potential explanation may be related to the combined 
factors, including key variations in the protocols applied, such as dif-
ferences in exercise duration/intensity,37 lack of a controlled trial18 and 
inter-individual differences.38 Although no research has extensively 

explored the effect of exercise on des-acylated ghrelin, an alternative 
view is that des-acylated ghrelin may have specific physiological roles. 
Indeed, it has been suggested that des-acylated ghrelin may have specific 
binding sites and act as an antagonist to acylated ghrelin,4 although a 
previous infusion study reported no changes in acylated ghrelin after 
des-acylated ghrelin administration to humans.35 More mechanistic 
studies are needed to further understand how the two forms of ghrelin 
interact with exercise to provide valuable insights for guiding future 
therapeutic approaches and developing personalized exercise pre-
scriptions to optimize ghrelin concentrations in specific clinical 
populations.14 

Despite the reduced acylated ghrelin, a circulating orexigenic 
appetite hormone, in the high-intensity exercise trial, both intensities of 
exercise did not alter total PYY, a circulating anorexigenic appetite 
hormone, concentrations although there was a tendency to elevate 
throughout the high-intensity exercise trial in the present study. This 
supports the previous findings in healthy young men with a similar study 
design,39,40 but is not reported universally with evidence of elevated 
total PYY after exercise.38 Although the findings are inconsistent, our 
measurement of total PYY may not be physiologically relevant to 
appetite regulation as PYY3-36 is primarily responsible for appetite 
regulation.41 Indeed, the previous review suggested that the exercise 
intensity may not influence total PYY secretion, but rather PYY3-36.42 

Previous infusion and postprandial studies have demonstrated that there 
is a reciprocal pattern between insulin and acylated ghrelin concentra-
tions in humans.43,44 In the present study, decreased insulin and no 
changes in glucose concentrations were observed immediately after 
high-intensity exercise despite decreased acylated ghrelin concentra-
tions, which is consistent with the findings of previous acute exercise 
studies.15,36,37 In addition, no correlation was observed between the 
magnitude of change in insulin and acylated ghrelin concentrations 
following acute high-intensity exercise (data not exhibited). Therefore, 
our findings indicate that insulin and glucose are unlikely to contribute 
to the suppression of plasma acylated ghrelin during exercise. It is 
possible that the reduction in insulin concentration was a consequence 
of enhanced local and systemic fuel mobilization during exercise,45 and 
this suppressive effect of insulin was often observed in higher-intensity 
exercise as a result of inhibition of insulin secretion rates.46 Nonetheless, 
the temporal changes in insulin and ghrelin (both acylated ghrelin and 
des-acylated ghrelin) during exercise highlight important areas for 
further work, as an in vitro study reported that ghrelin-producing cells 
express insulin receptors.47 

In the present study, the subjective ratings of appetite were tran-
siently suppressed (i.e., increased appetite score) following an acute 
bout of high-intensity exercise, but not after low-intensity exercise. 
These findings are in line with the previous findings of exercise-induced 
anorexia observed from land-based exercise performed at or greater 
than 60 % of peak oxygen uptake.48 As the perceptions of individual 
appetite were evaluated in the present study, it is difficult to ascertain 
the mechanisms responsible for changes in subjective appetite. How-
ever, decreased acylated ghrelin during acute exercise, at least in part, 
has been proposed to explain the appetite-suppressive effect following 
exercise.49 However, a large inter-individual variation in subjective 
appetite (i.e., hunger) was observed in the pooled dataset of 17 studies.48 

Indeed, this was the case in the present study with appetite scores 
ranging from a marked suppression (+46.0 mm) to appetite stimulation 
(− 26.5 mm) measured before and immediately after exercise in the 
high-intensity exercise trial. Given that appetite control is influenced by 
a complex interplay of physiological, psychological and environmental 
processes that merge in the brain to reflect human eating behavior,50 

future research needs to examine exercise-induced appetite suppression 
comprehensively using multi-dimensional approaches.51 In addition, it 
has been reported that subjective appetite and energy intake show a 
dissociation response.20,52 For instance, a temporary suppression of 
appetite was observed after 90 min of high-intensity running, yet exer-
cise did not influence absolute short-term energy intake.52 Additionally, 
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brisk walking for 60 min did not impact subjective appetite or absolute 
short-term energy intake.20 Although we did not evaluate energy intake 
in the present study, the inclusion of energy intake evaluation greatly 
enhances the understanding of appetite-related human eating behavior 
in response to acute exercise. Further research is required to develop 
behavioral understanding of the exercise-induced suppression of 
appetite. 

The mechanisms responsible for altering ghrelin, including redistri-
bution of blood flow, sympathetic nervous system activity, gastrointes-
tinal motility, and the production of lactate and interleukin-6 which are 
influenced by exercise intensity, have been addressed.42 It is worth 
noting that carbohydrate oxidation was significantly higher in the 
high-intensity exercise trial than the low-intensity exercise trial in the 
present study. High-intensity exercise produces energy quickly, and 
therefore often use more of the glycolytic system which increase the 
production of the carbohydrate oxidation and lactic acid.53–55 In the 
meantime, a recent review suggested that lactate inhibits ghrelin pro-
duction from gastric cells, which is possibly one of the peripheral 
mechanisms of exercise-induced appetite suppression.56 Indeed, a pre-
vious study has reported that vigorous intensity exercise (85 % of 
maximum oxygen uptake) suppressed acylated ghrelin concentrations 
and increased blood lactate concentrations, and postexercise changes in 
the AUC values of lactate concentrations correlated with acylated 
ghrelin concentrations.57 These findings indicate that exercise-induced 
changes in metabolites and cytokine may be involved in the regulation 
of ghrelin. Also, a previous research study reported that plasma con-
centrations of interleukin-6 was increased after exercise in young men.58 

In the meantime, the high doses of interleukin-6 suppressing ghrelin 
mRNA and protein expression in pancreatic cell lines in a 
dose-dependent manner.59,60 These findings suggest that 
exercise-induced changes in acylated ghrelin may be mediated by 
interleukin-6 in a dose-dependent manner suggesting it is possibly one of 
the peripheral mechanisms of the effects of exercise intensity on appetite 
suppression. Thus, to have a further understanding of potential mech-
anisms underline the high-intensity exercise-induced acylated ghrelin 
suppression, further research work also should be concentrated on the 
relationship between high-intensity exercise-induced appetite suppres-
sion and energy-related metabolic markers. 

A key strength of the present study was the inclusion of a low- 
intensity exercise trial in the study design. The study design allowed a 
better insight into whether circulating concentrations of BChE truly 
influence acylated ghrelin responses to low-intensity exercise, as this 
exercise intensity does not often alter acylated ghrelin concentrations in 
humans.13 Furthermore, the extension of the observation period allowed 
us to evaluate BChE responses over time with and without acute exer-
cise, since previous studies have measured only BChE activity before and 
immediately after a 60-min high-intensity run16 or have evaluated 
post-exercise BChE responses without the rest control trial.18 It is 
important to note some limitations. The recruitment of a small sample of 
healthy young men was difficult to generalize from the present findings 
to larger, more diverse groups, including women, and individuals with 
overweight and obesity who typically blunted the suppression of post-
prandial appetite-related hormones.61 It should be noted that there are 
well known methods to work around menstrual cycle in women by 
testing in the same phase of the early follicular cycle. Although this has 
been used in the previous studies examining post-exercise appetite-re-
lated hormones,62,63 concerning potential body composition changes 
due to a long-testing period (i.e., at least three months to complete all 
three trials), which may affect our outcomes. Thus, due to this feasibility 
of the present study (i.e., maintain lifestyle including diet and physical 
activity throughout the whole experimental period), it has not been 
feasible for us to conduct the study in women yet. Another limitation is 
that our blood parameters were not measured in duplicate or triplicate. 
Indeed, the intra-assay coefficients of variation for BChE, acylated 
ghrelin, des-acylated ghrelin, total PYY and insulin were higher than 
manufacture’s stated values (BChE, 1.8–3.1 %; acylated ghrelin, 2.6 % 

and 2.8 % for 150 pg/mL and 200 pg/mL respectively; des-acylated 
ghrelin, 6.8 % and 4.2 % for 150 pg/mL and 200 pg/mL respectively; 
total PYY, 6.1–8.5 %; insulin, 2.8–4.0 % (depending on the concentra-
tion). Although we measured total PYY concentrations, other satiety 
hormones, including PYY3-36 and glucagon-like peptide-1 (7–36 amide) 
which are more sensitive to appetite regulation64,65 and energy intake, 
were not assessed in the present study. In addition, we did not measure 
the functional BChE activity in the microcirculation but we did measure 
BChE protein mass in the circulation. Although the previous study re-
ported the rate limiting step in the ghrelin hydrolysis reaction is 
dependent on the concentration of BChE,25 it is unlikely that the BChE 
protein mass we measured is directly involved in the hydrolysis of 
ghrelin in the circulation. Thus, future studies integrating these mea-
sures are required to provide a better overview of exercise and appetite 
regulation. 

5. Conclusion 

In conclusion, the present study demonstrated that a 60-min high- 
intensity run transiently suppressed circulating concentrations of both 
acylated ghrelin and des-acylated ghrelin in healthy young men. The 
present study also showed that circulating concentrations of total PYY, 
insulin and glucose were not altered (at least for the first 60-min of the 
experimental trial) in response to high- or low-intensity exercise 
whereas subjective appetite was suppressed only after high-intensity 
exercise. Despite the transient suppression of both forms of ghrelin, 
high-intensity running did not alter the circulating concentrations of 
BChE, an enzyme responsible for converting acylated ghrelin into des- 
acylated ghrelin. These findings indicate that the potential mecha-
nisms underlying exercise-induced suppression of acylated ghrelin, 
which were typically observed following high-intensity exercise, may 
not be explained by BChE. 
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