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Ewa Śliwicka,
Poznan University of Physical Education,
Poland

*CORRESPONDENCE

Shiming Li

haiyanglishiming@163.com

Peng Zheng

872374492@qq.com

†These authors have contributed equally to
this work

RECEIVED 06 September 2023

ACCEPTED 20 November 2023
PUBLISHED 05 December 2023

CITATION

Li S, Guo R, Wang J, Zheng X, Zhao S,
Zhang Z, Yu W, Li S and Zheng P (2023)
The effect of blood flow restriction
exercise on N-lactoylphenylalanine and
appetite regulation in obese adults: a
cross-design study.
Front. Endocrinol. 14:1289574.
doi: 10.3389/fendo.2023.1289574

COPYRIGHT

© 2023 Li, Guo, Wang, Zheng, Zhao, Zhang,
Yu, Li and Zheng. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 05 December 2023

DOI 10.3389/fendo.2023.1289574
The effect of blood flow
restriction exercise on N-
lactoylphenylalanine and
appetite regulation in obese
adults: a cross-design study
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Shuo Zhao3, Zhiru Zhang3, Wenbing Yu3, Shiming Li3*

and Peng Zheng3*

1School of Sports Science, Nantong University, Nantong, China, 2School of Foreign Languages,
Ludong University, Yantai, China, 3Department of Physical Education, Ocean University of China,
Qingdao, China
Background: N-lactoylphenylalanine (Lac-Phe) is a new form of “exerkines”

closely related to lactate (La), which may be able to inhibit appetite. Blood flow

restriction (BFR) can lead to local tissue hypoxia and increase lactate

accumulation. Therefore, this study investigated the effects of combining

Moderate-intensity Continuous Exercise (MICE) with BFR on Lac-Phe and

appetite regulation in obese adults.

Methods: This study employed the cross-design study and recruited 14 obese

adults aged 18-24 years. The participants were randomly divided into three

groups and performed several tests with specific experimental conditions: (1) M

group (MICE without BFR, 60%VO2max, 200 kJ); (2) B group (MICE with BFR, 60%

VO2max, 200 kJ); and (3) C group (control session without exercise). Participants

were given a standardized meal 60 min before exercise and a ad libitum 60 min

after exercise. In addition, blood and Visual Analogue Scale (VAS) were collected

before, immediately after, and 1 hour after performing the exercise.

Results: No significant difference in each index was detected before exercise.

After exercise, the primary differential metabolites detected in the M and B

groups were xanthine, La, succinate, Lac-Phe, citrate, urocanic acid, and myristic

acid. Apart from that, the major enrichment pathways include the citrate cycle,

alanine, aspartate, and glutamate metabolism. The enhanced Lac-Phe and La

level in the B group was higher than M and C groups. Hunger of the B group

immediately after exercise substantially differed from M group. The total ghrelin,

glucagon-like peptide-1 and hunger in the B group 1 hour after exercise differed

substantially from M group. The results of calorie intake showed no significant

difference among the indexes in each group.
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Conclusions: In conclusion, this cross-design study demonstrated that the

combined MICE and BFR exercise reduced the appetite of obese adults by

promoting the secretion of Lac-Phe and ghrelin. However, the exercise did not

considerably affect the subsequent ad libitum intake.
KEYWORDS

moderate-intensity continuous exercise, blood flow restriction, obesity, appetite
regulation, N-lactoylphenylalanine, ad libitum
Introduction

The prevalence of obesity is gradually rising in line with the

continuous improvement of living standards (1). Obesity can easily

trigger metabolic-related diseases, such as hypertension and

diabetes, that are harmful to human health (2–4). In this regard,

exercise is essential in alleviating obesity complications (5) and

promotes negative energy balance by consuming more energy (6).

Moreover, exercise has been reported to help individuals control

hunger, satiety, and body weight by directly influencing the

secretion level of certain appetite-related hormones in the blood

circulation (7, 8).

A large number of previous studies have examined the reactions

related to appetite during and after a single sustained aerobic

exercise, with most of these studies conducted in physically active

male (9–12). Overall, these studies indicate that subjective appetite

is temporarily suppressed during exercise with an intensity greater

than 60% of the maximum oxygen uptake. This phenomenon is

called anorexia caused by exercise (13). Appetite perception usually

returns to resting control values within 30 to 60 minutes after

stopping exercise (13, 14), and they do not affect energy or constant

nutrient intake on the day of exercise (15). However, the

mechanism by which exercise affects appetite is currently unclear,

and it is speculated that it may be related to the secretion of appetite

hormones (7).

Apart from appetite-regulating hormones, an increasing

number of metabolites have been shown to indicate metabolic

spillovers and significantly mediate cross-talk between different

organs and cells, thus providing favorable effects of physical

activities (16, 17). N-lactoylphenylalanine (Lac-Phe) is a type of

pseudo-dipeptide synthesized from lactate (La) and phenylalanine

(Phe) that increases rapidly in the blood, specifically during and

right after performing physical exercise (18). Recent studies have

considered Lac-Phe as a new form of “exerkines” that can inhibit

appetite in obese mice and reduce their weight and mass of adipose

tissues (19, 20). In addition, the significant secretion of Lac-Phe

during high-intensity exercise is closely linked to the La secretion

level (21).

Blood Flow Restriction (BFR) exercise has received considerable

interest over the past years as a new exercise intervention method

(22). Generally, BFR limits the blood flow during exercise, elevates

the mechanical pressure of working muscles, and causes local

hypoxia/ischemia (23, 24). BFR exercise also generates higher
02
lactic acid accumulation than non-BFR exercises (25). Despite

that several research have demonstrated the reduction of fat mass

over long-term BFR exercise (26, 27), the exact mechanism remains

unclear, and the influence of BFR on regulating appetite is still

ambiguous. Therefore, this study investigated the effects of

combining moderate-intensity continuous exercise (MICE) with

BFR on Lac-Phe and appetite regulation in obese adults.
Methods

Selection of participants

Participants were recruited from Ocean University of China via

email, social networks, posters, and leaflets. The selection of

participants in this study was based on the following criteria:

obese adults aged 18-24 years, possess a Body Mass Index (BMI)

of 30–39.9 kg/m2, were previously sedentary, and had not been

prescribed any medication. In addition, those with respiratory and

cardiovascular diseases, grade 3 obesity (BMI ≥ 40 kg/m2), diabetes,

arterial hypertension, anemia, and cancer were excluded. The

experimental procedures involving human subjects in this study

follow the principles of the Declaration of Helsinki and were

approved by the Ocean University of China research ethics

committee (protocol No.:OUC-HM-2023-005). All participants

agreed and filled out a written informed consent.
Study design

This study employed the cross-design study. Before the

experimental sessions, the participants were briefed on the test

content and baseline measurement before performing the

incremental test using an LC6 novo ergometer (Monark, Sweden)

to determine the exercise intensity in the trial. Figure 1 presents the

flow diagram of the three experimental sessions. Prior to the trial,

participants were required to fast for 12 hours in order to avoid the

effect of diet at night on the baseline appetite. They were then

instructed to enter the laboratory at 8 a.m. and undergo each session

until the test was completed. In the follow-up session, the

participants were randomly divided into three groups and

performed several tests with specific experimental conditions: (1)

M group (MICE without BFR, 60% VO2max, 200 kJ); (2) B group
frontiersin.org
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(MICE with BFR, 60%VO2max, 200 kJ); and (3) C group (control

session without exercise). The seat height was maintained

consistently during each exercise, and heart rate and Rating of

Perceived Exertion (RPE) data were collected every 5 minutes

during the exercise.

Participants were given a standardized meal 60 min before

exercise (8 a.m) and a ad libitum 60 min after exercise. In addition,

considering the changes pattern in lac-phe after exercise, blood and

Visual Analogue Scale (VAS) were collected before, immediately

after, and 1 hour after performing the exercise. The collected plasma

was used to test appetite hormones and metabolomics. To minimize

fluctuation, participants were instructed to register their food intake

24 hours before the first experimental session and eat the same food

24 hours before each follow-up session. Participants were reminded

to avoid strenuous exercise, caffeine, and alcohol intake. In addition,

the washout period was 7 days for males and 28 days for females to

ensure all experimental sessions were conducted during the

follicular phase of the menstrual cycle (Determined by luteinizing

hormone test paper).
Anthropometric and body fat
percentage assessment

At baseline measurement, the weight of each participant

(barefooted and wearing light clothes) was measured using an

MI2 digital scale (Xiaomi, Beijing, China) with a maximum

weight capacity of 100 kg and an accuracy of 50 g. Next, the

participants’ height was measured using a fixed height ruler with an

accuracy of 1 mm. Finally, the body fat percentage of each

par t i c ipant was ca lcu la ted us ing dual -energy X-ray

absorptiometry (Discovery Wi, Hologic Inc, USA).
Maximum oxygen uptake test

The gradient cycling exercise protocol was employed to

measure the VO2max, beginning from 60 W with a pedal

frequency of 60 revolutions per minute (rpm). The power output

was increased every 2 min at 40 and 20 W for males and females

until they became exhausted. During the test period, the Heart Rate

(HR) and VO2 were evaluated using an H12 Heart Rate monitor
Frontiers in Endocrinology 03
(Polar, Finland) and Quark-PFT gas metabolism analyzer

(COSMED, Italy), respectively. Oxygen uptake is collected by

breath by breath, and the average value is extracted every 30

seconds. Note that the VO2max represents the highest mean value

in 30 seconds.
Exercise protocol

Participants performed different exercise protocols in each

group. Participants in the M group were instructed to exercise on

an electronically braked cycle ergometer (Monark, Sweden) under

continuous movement at a working rate corresponding to 60%

VO2max and a pedal frequency of 60 rpm, with a total work of 200

kJ. Participants in the B group also performed the same exercise

protocol as those in the M group. However, they were fitted with an

inflatable cuff with 60% Limb Occlusive Pressure (LOP) at the

proximal end of the thigh to limit blood flow. On the contrary,

participants in the C group only sat still for the same period and did

not perform any exercise.

During the exercise, the HR and RPE of each participant in the

M and B groups were recorded every 5 min. The work rate

corresponding to 60% VO2max intensity was also determined

based on the linear regression between the steady-state VO2 and

power output established in the maximum oxygen uptake test

before the test session. Subsequently, the total exercise time of the

two exercise groups to complete 200 kJ (200 kJ work done/exercise

work rate) was calculated.
Limb occlusive pressure

Prior to the LOP measurement, all participants were fitted with

an around 7 cm wide BFR cuff (Occlusion Cuff, Belfast, Northern

Ireland). After laying on a bed, an ultrasonic Edan pocket Doppler

probe (Northampton, United Kingdom) was put onto the

participant’s tibial artery to measure auscultation pulses on the

leg arterial occlusive pressure (mmHg) (28). Then, the cuff was

placed at the thigh groin region before being slowly inflated. The

LOP is defined as when the cuff pressure is interrupted by an

auscultation pulse.
FIGURE 1

The flowchart of the experimental sessions.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1289574
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Li et al. 10.3389/fendo.2023.1289574
Standardized meal

After 12 hours of fasting, a standardized liquid meal

(UP&GO™, Sanitarium, Australia) was provided to each

participant 60 min before the exercise. According to the

manufacturer, each 100 g of the commercial liquid meal powder

contains 328 kcal (carbohydrates = 61.4%, proteins = 20.8%, and

lipids = 17.8%), providing each participant 4.5 kcal × body weight

(kg). The content of the commercial meal complies with the

recommended nutritional intake for pre-exercise calorie amount

and macronutrient distribution (29).
Ad libitum

The ad libitum program in this study follows the method used

by Matos et al. (30). The ad libitum was served in a reserved room as

a “buffet” 1 hour after the experimental sessions, and the

participants could intake food “until they felt comfortably

satisfied” in the room. The buffet contains an assortment of foods,

including apples, bananas, boiled eggs, chocolate, fruit juice, jam,

natural yoghurt, potato chips, and toast (Table S6). Each type of

food was weighed before and after being served, and the dietary

intake was evaluated using Dietwin Professional plus® version 2.0

food analysis software (Porto Alegre, RS, Brazil).
Appetite perception

Referring to previous testing methods (30), subjective appetite

perception was conducted in each group at three time intervals: pre-

exercise, post-exercise, and post-1-hour exercise. Subsequently, a

visual analogue scale was utilized to record the appetite perception

measurements based on four aspects: fullness, hunger, Perspective

of Food Consumption (PFC), and satiety. The scale, which is an

effective and reproducible tool (31, 32), comprises four 100 mm

horizontal lines indicating the appetite perception level, with full

perception on the left side of the scale and minimal or no perception

on the right extremity. Before collecting data, participants were

already familiar with the content of the scale, with the text marked

“not at all” on the far right and “extremely” on the far left. At the

above three time points, participants were instructed to indicate

their perception level by marking a vertical line on the

horizontal scale.
Blood collection and enzyme-linked
immunosorbent assay

Participants were seated, and approximately 5 mL of venous

blood was drawn from the anterior cubital vein by venipuncture.

The blood sample was collected in a heparin anticoagulant tube and

centrifuged at 2000 g for 10 min at 4 °C. Then, the upper plasma

layer was extracted and stored in a refrigerator at -80 °C. The total

ghrelin (Millipore, Burlington, USA; % coefficient of variation (CV):
Frontiers in Endocrinology 04
6.2%) and peptide YY (PYY) (Millipore, Burlington, USA; %CV:

4.8%) in the extracted sample were determined using radio-

immunoassays, while glucagon-like peptide-1 (GLP-1) (Cusabio;

%CV: 5.7%) and high sensitivity interleukin-6 (IL-6) (Multi science,

Hangzhou, China; %CV: 6.7%) was measured using ELISA.
Metabolite sample preparation

The samples were first lyophilized using a lyophilizer (Toffon,

Shanghai, China). Then, a mix mill (Retsch, Haan, Germany)

equipped with zirconia beads was used to ground the sample into

powder form at 35 Hz for 1 min. Approximately 100 mg of the

powder sample was then mixed with 70%methanol to achieve 0.1 g/

mL of aqueous solution. The metabolites were extracted by

ultrasonicating the aqueous sample mixture at 40 Hz for 10 min,

followed by centrifugation and filtering.
Untargeted metabolomics analysis

The collected plasma samples before and after exercise were

subjected to untargeted metabolomics analysis using High-

performance Liquid Chromatography. In addition, each sample

was analyzed using Q Exactive Focus Orbitrap Liquid

Chromatography-Mass Spectrometry/Mass Spectrometry (LC-

MS/MS) (Thermo Scientific, Waltham, USA) operated in the full-

scan mode. The electrospray ionization source parameters were

conducted as follows: nebulising gas flow of 3 L/min; the heating gas

flow of 10 L/min; interface temperature of 500 °C; DL temperature

of 250°C; heat block temperature of 400°C; and drying gas flow of

10 L/min. The obtained raw data was analyzed using Compound

Discoverer 3.3 software.

In the Compound Discover 3.3 software, high-quality (S/N >

10) metabolic signals from the MS2 spectral information were first

compared with the database, and the metabolic signals were

annotated in batches. Metabolic signals that were unmatched by

the information in the database were identified by querying the MS2

spectral data from past literature or searching in other online

databases, such as METLIN and MassBank. Compounds with

standards were identified by comparing the Retention Time (RT),

accurate m/z values, and fragmentation patterns with those

obtained by injecting the standards under similar conditions.
Targeted metabolomics analysis

Targeted metabolomics analysis was performed to determine the

Lac-Phe, La, and Phe levels in the collected plasma samples using a

Vanquish Ultra High-performance Liquid Chromatography-Mass

Spectrometry coupled with a Q Exactive operated in negative ion

mode, as described by Hoene et al. (21) with minor adjustments.

Approximately 50 µL of the plasma sample was mixed with 250 µL of

methanol and vortexed for 30 seconds before being centrifuged at

16,000 g for 20 min at 4 °C. After aliquots of 200 µL supernatant were
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vacuum-dried, the dried samples were resuspended in 50 µL of 25%

ACN/water mixture.

An ACQUITY UPLC HSS T3 column (pore size = 1.8 µm,

length = 2.1 × 100 mm) (Waters, Milford, USA) was equipped to

carry out the separation. The mobile phases comprised (A) 6.5 mM

ammonium bicarbonate ((NH4)HCO3) in water and (B) 6.5 mM

(NH4)HCO3 in 95% methanol/water mixture. At a flow rate of 0.35

mL/min and a column temperature of 50 °C, the elution was

initiated as follows: 2%B for 1 min, linearly changed to 100%B

within 20 min, and reverted to 2%B before equilibrating for 2.9 min.

The Q Exactive was operated in full-scan mode at 140,000

resolution with a mass scan range of 70–1050 m/z.

The spray voltage was operated at 3.00 kV. Nitrogen sheath gas

and nitrogen auxiliary gas were fixed at a flow rate of 45 and 10 AU,

respectively, while capillary and aux gas heater temperatures were

set at 300 °C and 350 °C, respectively. Parallel reaction monitoring

was employed to achieve high-resolution of the Lac-Phe MS/MS

spectra (m/z = 236.093) at 17,500 resolution and collision energy of

30 eV. The signal intensities were normalized by adding 0.8 µg/mL

of internal standard d5-Phe (615870, Merck, Germany) in the

extraction solvent.
Randomization and blinding

An online randomization tool (randomizer.org) was applied to

generate the randomized sequences. After the generated sequences

were placed and sealed in opaque envelopes. The envelopes were

delivered to each participant before their first experimental session.

Participants were informed of the type of study session (B, M, or C

group session) upon arrival for each study session.
Data analysis

MetaboAnalyst 5.0 (33) is a practical multi-tool to perform and

interpret metabolomics analysis (www.metaboanalyst.ca) and was

used to process the obtained dataset. When required to use each

module, data was uploaded in the form of a complete dataset

containing the chemical name or as a restricted list of Human

Metabolome Database (HMDB) IDs. Data filtering was utilized

based on the Interquartile Range (IQR) specifically for untargeted

metabolomics datasets. Abundance data was uploaded in the form

of a csv. file in unpaired rows, and sample normalization was

obtained using log transformation and Pareto scaling (mean-

centered divided by the square root of the standard deviation of

each variable). Besides, Partial Least Squares Discriminant Analysis

(PLS-DA) was employed to predict the model’s reliability. A Fold

Change (FC) ≥1.5 or ≤0.67 and P value < 0.05 were applied to

screen distinctly expressed metabolites. The KEGG database was

then searched to enrich the metabolic pathways.

G-Power software version 3.1.9.6 (University of Trier,

Germany) was utilized to calculate the sample size. Additionally,

the normal distribution of the variables was assessed using the

Shapiro-Wilk normality test, while the differences in appetite scale,

appetite hormone, and targeted metabolomics were evaluated
Frontiers in Endocrinology 05
across the varying time intervals and different participant groups

using the two-way repeated-measure Analysis of Variance

(ANOVA). For significant interactions, Post-hoc ANOVA was

applied based on the Bonferroni test to identify the simple main

effects. Paired sample t-test was used to analyze the calorie intake of

the ad libitum in each group. Results for statistical significance are

indicated with a P < 0.05. Data were expressed as the mean ±

standard deviation (SD).
Results

Table 1 displayed the physical features of 14 participants who

completed the three sessions without adverse events, while Table 2

lists the exercise protocol of the M and B groups. Accordingly, the

average HR and RPE of the B group were significantly greater than

the M group (P<0.05). The power in the post hoc test is 0.98.

The PLS-DA model score plots in Figure 2 indicate the trend of

major metabolite levels between the M and B groups before and

after exercise. Except for Pre-B and Pre-M, all other groups

exhibited high distinguishability. After exercise, the primary

differential metabolites detected in the M and B groups were

xanthine, La, succinate, Lac-Phe, citrate, urocanic acid, and

myristic acid. Apart from that, the major enrichment pathways

include the citrate cycle, alanine, aspartate, and glutamate
TABLE 1 Physical characteristics of participants (n=14).

Item Value

Age(y) 20.6±1.5

Gender(Female:Male) 7:7

Weight(kg) 88.7±15.1

Height(cm) 168.5±12.7

BMI(kg/m2) 31.1±2.0

BF(%) 38.8±3.7

VO2max(ml/min/kg) 33.1±4.5
fron
BMI, Body mass index; BF, Body fat percentage; VO2max, Maximal oxygen uptake.
TABLE 2 Details of exercise protocol (n=14).

Item M group B group

HR(beat/min) 133.4±3.6 145.6±4.4*

RPE 12.7±0.9 14.4±0.8*

Work rate(W) 71.6±17.9 71.6±17.9

Work done(kJ) 200 200

Duration(min) 49.5±13.2 49.5±13.2

LOP(mmHg) 202.9±11.6

60%LOP(mmHg) 121.8±7.0
HR, Heart rate; RPE, Rating of perceived exertion; LOP, Limb occlusive pressure.*, There is a
significant difference compared to M group. The statistical method uses paired sample t-tests.
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metabolism. Figure 3 shows the top 25 metabolites linked to Lac-

Phe, and the correlation diagrams of other metabolites in the citrate

cycle are provided in the appendix.

The untargeted metabolomics LC-MS/MS analysis identified

103 metabolites, and the presence of Lac-Phe after exercise was

confirmed. The analysis also detected three metabolites directly

related to Lac-Phe, including Lac-Phe, La, and Phe, and was used in

subsequent analyses. As shown in Figure 4A, the LC-MS/MS

analysis identified Lac-Phe in all samples and were quantified.

Comparatively, Figure 4B shows the level of Lac-Phe after

exercise. The results indicated an insignificant difference in Lac-

Phe levels between each group before exercise. However, the Lac-

Phe level immediately and 1 hour after exercise in the B group was

substantially increasing than in the M and C groups (P<0.05). The

repeated ANOVA measurement results also showed significant

interactions between the B, M, and C groups, where the enhanced

Lac-Phe level in the B group was higher than M and C

groups (P<0.05).

Furthermore, Figure 4C depicts the La level after exercise. The

results imply an insignificant difference in La levels among the three

groups before exercise. Nevertheless, the La level immediately after

exercise in the B group was noticeably increasing than that of the M

group and C group (P<0.05), and the La level 1 hour after exercise

in the B group was substantially increasing than that of C group

(P<0.05). Besides, the repeated ANOVA measurement results

showed a significant interaction effect in the B group and M

group compared to the C group (P<0.05), and the improved La

level in the B group was significantly higher than that of the M and

C groups (P<0.05). On the contrary, the Phe level after exercise in
Frontiers in Endocrinology 06
Figure 4D indicates no significant difference among the groups

before exercise, immediately after exercise, and 1 hour

after exercise.

Figure 5 presents the correlation of difference in Lac-Phe with

La (Figure 5A) and Phe (Figure 5B) before and after exercise. The

findings highlighted the significant correlation between Lac-Phe

and La and Phe (P<0.01), with a strong association between Lac-

Phe and La (R2 = 0.80).

Figures 6A–C illustrate the line chart of the total ghrelin, GLP-1,

and PPY before and after exercise. No significant difference in each

index was detected before exercise. However, the indexes of the B

and M groups immediately after exercise substantially differed from

C group (P<0.05). Interestingly, the total ghrelin and GLP-1 in the B

and M groups 1 hour after exercise differed substantially from C

group (P<0.05). Note that the total ghrelin in the B group was

substantially decreased than M group (P<0.05). Figure 6D shows

the IL-6 level before and after exercise. The level of IL-6 in the B

group immediately after exercise was significantly higher than in the

C group. The IL-6 level in the B group was also significantly higher

than in the M and C groups 1 hour after exercise.

Figure 7 shows the four VAS appetite subscales before and after

exercise. No significant difference in each index was detected before

exercise. In contrast, the hunger level immediately after exercise and

1 hour after exercise was substantially lower in the B group than in

the M and C groups. Similarly, the PFC level immediately after

exercise was significantly lower in the B group than in the C group.

Figure 8 and Table 3 present the macronutrients and calorie

intake in the ad libitum after exercise, respectively. The results

showed no significant difference among the indexes in each group.
FIGURE 2

PLS-DA score plots and the trend of major metabolite levels (n=14). Note: The panels under the diagonal display PLS-DA score plots demonstrate
the different metabolic profiles between study interventions (Pre-B, cyan; Post-B, blue; Pre-M, red; and Post-M, black).
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FIGURE 3

Top 25 metabolites correlated with Lac-Phe (n=14).
B

C D

A

FIGURE 4

Detection of (A) Lac-Phe and the changing level of (B) Lac-Phe, (C) La, and (D) Phe after exercise in each group (n=14). Lac-Phe, N-lactoylphenylalanine;
La, Lactate; Phe, Phenylalanine; * = significant difference between B group and C group; # = significant difference between M group and C group;
& = significant difference between B group and M group. The statistical method uses one-way analysis of variance.
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Discussion

This study explored the acute effect of BFR exercise on appetite

regulation. The results showed that the combined MICE with BFR

could significantly reduce the subjective appetite perception after

exercise compared to MICE without BFR but recorded no impact

on the calorie intake of the ad libitum after exercise. The combined

MICE with BFR also significantly increased the secretion of La and

Lac-Phe and inhibited the secretion of appetite-related hormones.

Note that BFR exercise could reduce subjective appetite perception

by promoting the secretion of Lac-Phe.

The exercise program employed in this study was based on the

previous MICE protocol specifically for obese individuals (34),

which was proven to effectively enhance the body composition

and reduce the body fat mass of obese women. The average HR of

MICE was approximately 67.04% HRmax, which fulfilled the

definition of moderate-intensity. Moreover, the HR of MICE with

BFR was substantially greater than that of MICE without BFR,

consistent with past studies (5, 35).

Recently, Li et al. (19) recognized Lac-Phe as a new metabolite

related to appetite regulation and showed that the concentration of
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Lac-Phe surged after performing the exercise. Following exogenous

Lac-Phe injection in obese mice, their weekly calorie intake, body

weight, and body fat were reduced without major changes in

physical activities. In another study, the reduced visceral fat in

obese individuals after long-term exercise intervention was

predicted based on the increase in Lac-Phe level during acute

exercise (21). However, a conclusive finding on the reduction of

calorie intake could not be established since the type of diet

consumed was not recorded in the study.

According to the present study, participants in the B group

(MICE with BFR) recorded a higher Lac-Phe level immediately after

exercise and 1 hour after exercise than participants in the M group

(MICE without BFR). The outcome could be attributed to BFR

preventing venous blood reflux and increased metabolic pressure

during exercise (36). As a result, a higher accumulation of La after

BFR exercise was recorded. In addition, the delay of the peak time of

plasma Lac-Phe after exercise could be due to the need to synthesize

Lac-Phe from La and Phe under the catalytic action of carnosine

dipeptidase 2 (CNDP2) (19). A previous study by Li et al. (19) also

revealed that the peak generation of plasma Lac-Phe occurred 30–

60 min after exercise, which agrees with this study’s findings.
B

A

FIGURE 5

Correlation of difference in Lac-Phe with (A) La and (B) Phe (n=14). Lac-Phe, N-lactoylphenylalanine; La, Lactate; Phe, Phenylalanine. Pearson test
was used for correlation analysis.
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At the physiological and cellular level, human calorie intake and

appetite are controlled by the neuro-endocrine system (37).

Hormones secreted by the gastrointestinal tract mediate hunger

and satiety to regulate appetite and calorie intake (38). So far,

ghrelin is the sole orexigenic peripheral peptide known to be
Frontiers in Endocrinology 09
predominantly secreted by the gastric oxyntic cells and endocrine

glands of the gastric mucosa (39). Ghrelin has three distinct forms:

total, acylated, and des-acylated (40).

Based on the assessment of three appetite-related hormones (Lac-

Phe, La, and Phe) in this study, it was revealed that only ghrelin
B

C D

A

FIGURE 6

Line chart of the (A) total ghrelin, (B) GLP-1, (C) PPY, and (D) IL-6 before and after exercise (n=14). PPY, Peptide YY; IL-6, Interleukin-6; GLP-1,
Glucagon-like peptide-1. * = significant difference between the B group and C group; # = significant difference between the M group and C group;
& = significant difference between the B group and M group. The statistical method uses one-way analysis of variance.
B

C D

A

FIGURE 7

Line chart of (A) fullness, (B) hunger, (C) PFC, and (D) satiety before and after exercise (n=14). PFC, Perspective of Food Consumption.
* = significant difference between B group and C group; & = significant difference between B group and M group. The statistical method uses
one-way analysis of variance.
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showed different levels between the B and M groups. Ghrelin also

showed a significant linear correlation with Lac-Phe (R2 = 0.29, P <

0.01), which could be due to the mediation of La. Ghrelin-releasing

gastric cells are highly enriched with G-protein-coupled receptor 81

(GPR81) (M.S. 41), where La acts as a ligand. Thus, La stimulation of

the GPR81 dependently inhibits total ghrelin secretion in gastric

mucosal cells (Maja S. 42). It should be highlighted that the secretion

of total ghrelin in the present study was inhibited as a result of La

treatment, implying that the La-mediated GPR81 signaling attenuates

both the synthesis and activation of total ghrelin within these cells

(42, 43).

The role of La in exercise-induced appetite inhibition with sodium

bicarbonate (NaHCO3) supplement was explored in a cross-over trial

research (7). A total of 11 healthy adult men performed high-intensity

intermittent exercise twice with 90% HRmax. Under the same exercise

mode, the La level in blood samples of the experimental group was

higher after exercise, which led to higher ghrelin levels, thus

supporting the conclusion of this study. Therefore, BFR exercise

may inhibit ghrelin production through La. Despite the secondary

results assuming that BFR exercise could also promote GLP-1

secretion through IL-6 (15), the results were inconsistent with the

previous hypothesis due to the irregular movement form or crowd. In

addition, no differences in PYY between Group B and Group M were

observed in this study, whichmay be due to the fact that PYY secretion

is not related to lactate. In a previous study (15), the effects of different

intensities of intermittent exercise on three appetite hormones were

evaluated, and the correlation results showed that there was no

significant correlation between PYY secretion after exercise and La

and IL-6, which to some extent supports the results of this study.
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While the results of this study demonstrated the impact of the

combined MICE with BFR exercise on subjective appetite, total

ghrelin, and Lac-Phe to a certain extent, the effect on the

subsequent ad libitum intake was negligible. Similar inconsistent

trends among overweight and obese subjects have also been

reported in previous studies (30, 44). The acute change may not be

sufficient to influence the clinical response since the desire and eating

behavior are not entirely regulated by hormonal changes (45).

Subjective appetite perception may not be a relevant parameter to

predict calorie intake level, although it reflects the eating latency (46).

Hence, any observed relationship with appetite perception may not

necessarily represent the calorie intake in daily diet.

In addition, Lac-Phe had no impact on the calorie intake,

probably due to the prolonged effect of Lac-Phe in mediating the

eating behavior, although the observation time in this study was

relatively short (60 min). In comparison, Li et al. (19) reported that a

single exogenous Lac-Phe injection may have a long-term effect on

changing the signal pathway of eating behavior in mice by up to 12

hours. Another study involving 17 overweight men who performed

exercise with different intensities showed that a more intense exercise

led to a higher La level after exercise, consequently reducing food

intake on the following day (47). In short, BFR exercise coupled with

MICE can enhance Lac-Phe and ghrelin secretion and reduce

subjective appetite perception after exercise but has no impact on

the subsequent ad libitum intake.

The procedure and outcome of the present study exhibit several

limitations. Firstly, the sample size of this study only involved obese

adults, which makes the results insignificant for other populations.

Secondly, the impact of subsequent days and long-term BFR exercise

on dietary calorie intake was not evaluated before performing this

single acute study. Since the role of untargeted metabolomics analysis

is only to screen and determine metabolites linked to Lac-Phe, it was

not undetected 1 hour after exercise. Finally, this study emphasized

only the effect of Lac-Phe induced by BFR exercise on appetite

regulation and disregarded the influence of different exercise

intensities and the number of exercise duration on Lac-Phe.

Therefore, it is recommended that future studies employ broader
TABLE 3 Macronutrients in ad libitum meal after exercise (n=14).

Items B group M group C group

Carbohydrate(g) 104.29±19.19 118.95±30.32 110.99±26.48

Protein(g) 23.16±7.24 21.41±7.14 25.39±9.75

Lipids(g) 30.44±6.85 33.45±12.85 31.03±6.31
FIGURE 8

Calorie intake in ad libitum after exercise (n=14). The statistical method uses one-way analysis of variance.
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and more diverse populations, perform randomized controlled trials

to assess the effect of BFR exercise on dietary calorie intake, and

investigate the mechanism of Lac-Phe in regulating appetite.
Conclusion

In conclusion, this cross-design study demonstrated that the

combined MICE and BFR exercise reduced the appetite of obese

adults by promoting the secretion of Lac-Phe and ghrelin. However,

the exercise did not considerably affect the subsequent ad

libitum intake.
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4. Močnik M, Zagradisňik B, Marčun Varda N. Assessing 48 SNPs in hypertensive
paediatric patients and young adults with review of genetic background of essential
hypertension. Children (2022) 9(8):1262. doi: 10.3390/children9081262

5. Li S, Guo R, Yu T, Li S, Han T, Yu W. Effect of High-Intensity Interval Training
Combined with Blood Flow Restriction at Different Phases on Abdominal Visceral Fat
among Obese Adults: A Randomized Controlled Trial. Int J Environ Res Public Health
(2022) 19(19):11936. doi: 10.3390/ijerph191911936

6. Catenacci VA, Wyatt HR. The role of physical activity in producing and
maintaining weight loss. Nat Clin Practice. Endocrinol Metab (2007) 3(7):518–29.
doi: 10.1038/ncpendmet0554

7. Vanderheyden LW, McKie GL, Howe GJ, Hazell TJ. Greater lactate accumulation
following an acute bout of high-intensity exercise in males suppresses acylated ghrelin
and appetite postexercise. J Appl Physiol (Bethesda Md. : 1985) (2020) 128(5):1321–8.
doi: 10.1152/japplphysiol.00081.2020

8. Tobin SY, Cornier M-A, White MH, Hild AK, Simonsen SE, Melanson EL, et al.
The effects of acute exercise on appetite and energy intake in men and women. Physiol
Behav (2021) 241:113562. doi: 10.1016/j.physbeh.2021.113562

9. King NA, Burley VJ, Blundell JE. Exercise-induced suppression of appetite: effects
on food intake and implications for energy balance. Eur J Clin Nutr (1994) 48(10):715–
24. doi: 10.1016/0261-5614(94)90059-0

10. King JA, Wasse LK, Ewens J, Crystallis K, Emmanuel J, Batterham RL, et al.
Differential acylated ghrelin, peptide YY3-36, appetite, and food intake responses to
equivalent energy deficits created by exercise and food restriction. J Clin Endocrinol
Metab (2011) 96(4):1114–21. doi: 10.1210/jc.2010-2735

11. Beer NJ, Jackson B, Dimmock JA, Guelfi KJ. Attenuation of post-exercise energy
intake following 12 weeks of sprint interval training in men and women with
overweight. Nutrients (2022) 14(7):1362. doi: 10.3390/nu14071362

12. McCarthy SF, Bornath DPD, Jarosz C, Tucker JAL, Medeiros PJ, Kenno KA,
et al. Intense interval exercise induces lactate accumulation and a greater suppression of
acylated ghrelin compared with submaximal exercise in middle-aged adults. J Appl
Physiol (2023) 134(5):1177–87. doi: 10.1152/japplphysiol.00709.2022

13. Dorling J, Broom D, Burns S, Clayton D, Deighton K, James L, et al. Acute and
chronic effects of exercise on appetite, energy intake, and appetite-related hormones:
the modulating effect of adiposity, sex, and habitual physical activity. Nutrients (2018)
10(9):1140. doi: 10.3390/nu10091140

14. King JA, Garnham JO, Jackson AP, Kelly BM, Xenophontos S, Nimmo MA.
Appetite-regulatory hormone responses on the day following a prolonged bout of
moderate-intensity exercise. Physiol Behav (2015) 141:23–31. doi: 10.1016/
j.physbeh.2014.12.050

15. Islam H, Townsend LK, McKie GL, Medeiros PJ, Gurd BJ, Hazell TJ. Potential
involvement of lactate and interleukin-6 in the appetite-regulatory hormonal response
to an acute exercise bout. J Appl Physiol (2017) 123(3):614–23. doi: 10.1152/
japplphysiol.00218.2017

16. Yang YR, Kwon K-S. Potential roles of exercise-induced plasma metabolites
linking exercise to health benefits. Front Physiol (2020) 11:602748. doi: 10.3389/
fphys.2020.602748

17. Maurer J, Hoene M, Weigert C. Signals from the circle: tricarboxylic acid cycle
intermediates as myometabokines. Metabolites (2021) 11(8):474. doi: 10.3390/
metabo11080474

18. Jansen RS, Addie R, Merkx R, Fish A, Mahakena S, Bleijerveld OB, et al. N-
lactoyl-amino acids are ubiquitous metabolites that originate from CNDP2-mediated
reverse proteolysis of lactate and amino acids. Proc Natl Acad Sci United States America
(2015) 112(21):6601–6. doi: 10.1073/pnas.1424638112

19. Li VL, He Y, Contrepois K, Liu H, Kim JT, Wiggenhorn AL, et al. An exercise-
inducible metabolite that suppresses feeding and obesity. Nature (2022) 606
(7915):785–90. doi: 10.1038/s41586-022-04828-5

20. Lund J, Clemmensen C, Schwartz TW. Outrunning obesity with lac-phe? Cell
Metab (2022) 34(8):1085–7. doi: 10.1016/j.cmet.2022.07.007

21. Hoene M, Zhao X, Machann J, Birkenfeld AL, Heni M, Peter A, et al. Exercise-
induced N-lactoylphenylalanine predicts adipose tissue loss during endurance training
in overweight and obese humans. Metabolites (2022) 13(1):15. doi: 10.3390/
metabo13010015

22. Li S, Li S, Wang L, Quan H, Yu W, Li T, et al. The effect of blood flow restriction
exercise on angiogenesis-related factors in skeletal muscle among healthy adults: A
systematic review and meta-analysis. Front Physiol (2022) 13:814965. doi: 10.3389/
fphys.2022.814965

23. Li S, Shaharudin S, Abdul Kadir MR. Effects of blood flow restriction training on
muscle strength and pain in patients with knee injuries: A meta-analysis. Am J Phys
Med Rehabil (2021) 100(4):337–44. doi: 10.1097/PHM.0000000000001567

24. Spitz RW, Wong V, Bell ZW, Viana RB, Chatakondi RN, Abe T, et al. Blood flow
restricted exercise and discomfort: A review. J Strength Conditioning Res (2022) 36
(3):871–9. doi: 10.1519/JSC.0000000000003525
Frontiers in Endocrinology 12
25. Chen Y, Wang J, Li S, Li Y. Acute effects of low load resistance training with
blood flow restriction on serum growth hormone, insulin-like growth factor-1, and
testosterone in patients with mild to moderate unilateral knee osteoarthritis. Heliyon
(2022) 8(10):e11051. doi: 10.1016/j.heliyon.2022.e11051

26. Chen Y, Ma C, Wang J, Gu Y, Gao Y. Effects of 40% of maximum oxygen uptake
intensity cycling combined with blood flow restriction training on body composition
and serum biomarkers of chinese college students with obesity. Int J Environ Res Public
Health (2021) 19(1):168. doi: 10.3390/ijerph19010168

27. Kargaran A, Abedinpour A, Saadatmehr Z, Yaali R, Amani-Shalamzari S,
Gahreman D. Effects of dual-task training with blood flow restriction on cognitive
functions, muscle quality, and circulatory biomarkers in elderly women. Physiol Behav
(2021) 239:113500. doi: 10.1016/j.physbeh.2021.113500

28. Libardi C, Chacon-Mikahil M, Cavaglieri C, Tricoli V, Roschel H, Vechin F, et al.
Effect of concurrent training with blood flow restriction in the elderly. Int J Sports Med
(2015) 36(05):395–9. doi: 10.1055/s-0034-1390496

29. Thomas DT, Erdman KA, Burke LM. American college of sports medicine joint
position statement. Nutrition and athletic performance. Med Sci Sports Exercise (2016)
48(3):543–68. doi: 10.1249/MSS.0000000000000852

30. Matos VAF, Souza DC, Santos VOA, Medeiros Í.F, Browne RAV, Nascimento
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